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ABSTRACT
Cannabidiol (CBD), the major nonpsychotropic phytocanna-
binoid, induces apoptosis in both immortalized and primary
lymphocytes and monocytes. However, contrasting effects of
CBD on the apoptosis between normal and immortalized
glial cells have been reported. This study investigated the
proapoptotic effect of CBD on primary microglial cells.
Treatment of murine primary microglial cultures with CBD
resulted in a time- and concentration-dependent induction
of apoptosis, as shown by increase in hypodiploid cells and
DNA strand breaks, and marked activation of both caspase-
8 and 29. Mechanistic studies revealed that antioxidants,
including N-acetyl-L-cysteine and glutathione, the G pro-
tein-coupled receptor 55 agonist abnormal-CBD and specific
antagonists for vanilloid, and CB1 and CB2 cannabinoid
receptors did not counteract the apoptosis induced by CBD.
In contrast, methyl-b-cyclodextrin (MCD), a lipid raft dis-
ruptor, potently attenuated CBD-induced microglial apopto-
sis and caspase activation. Furthermore, CBD induced lipid
raft coalescence and augmented the expression of GM1 gan-
glioside and caveolin-1, all of which were attenuated by
MCD. Taken together, these results suggest that CBD indu-
ces a marked proapoptotic effect in primary microglia
through lipid raft coalescence and elevated expression of
GM1 ganglioside and caveolin-1. VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Cannabidiol (CBD), the major nonpsychoactive phyto-
cannabinoid, exhibits a wide spectrum of pharmacologi-
cal activities, including anticonvulsive, anti-inflamma-
tory, antitumor, anxiolytic, immunomodulatory, and neu-
roprotective effects (Mechoulam et al., 2007). Because of
its nonpsychotropic property, CBD is considered as a
promising phytocannabinoid for therapeutic application.
The clinical potential of CBD is substantiated by the ap-
proval of Sativex�, a cannabis-based preparation con-
taining approximately equal amount of CBD and D9-tet-
rahydrocannabinol for managing neuropathic symptoms
associated with multiple sclerosis, a chronic neuroin-
flammatory disorder (Perez, 2006).

The anti-inflammatory property of CBD has been
shown in many rodent models. CBD suppressed the joint
inflammation in collagen-induced arthritis in mice and
reduced carrageenan-induced paw edema in rats (Costa
et al., 2004; Malfait et al., 2000). CBD inhibited the
expression of inducible nitric oxide (NO) synthase and
interleukin-1b in a murine model of neuroinflammation
induced by b-amyloid (Esposito et al., 2007). In addition,
CBD attenuated the production of NO, reactive oxygen
species (ROS), and tumor necrosis factor-a by microglia
in a rat model of uveitis (El-Remessy et al., 2008). These
studies demonstrated that CBD produced anti-inflamma-
tory and neuroprotective effects and modulated the func-
tions of macrophages and microglia.

The induction of apoptosis of immune cells has been
suggested as a potential mechanism contributing to phy-
tocannabinoid-mediated anti-inflammatory and immuno-
modulatory effects (Blanchard et al., 1986; Coffey et al.,
1996; Jan et al., 2007; Kozela et al., in press; Zhu et al.,
1998). Of relevance to the current study, CBD induces
apoptosis in a number of primary and immortalized
immune cells (Gallily et al., 2003; Lee et al., 2008;
McKallip et al., 2006; Wu et al., 2008, 2010). We previ-
ously reported that CBD induced a comparable proapop-
totic effect in both normal and immortalized lympho-
cytes, including murine splenocytes, thymocytes, and
EL4 thymoma cells, through an oxidative stress-depend-
ent mechanism (Lee et al., 2008; Wu et al., 2008). More
recently, we showed that CBD induced apoptosis in
monocytes freshly isolated from human peripheral blood
(Wu et al., 2010). However, contradictory results exist
pertaining to the proapoptotic effect of CBD on glial
cells, in which primary mixed glial cultures were rela-
tively insensitive, whereas U87 glioma cells were sensi-
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tive to CBD-mediated apoptosis (Massi et al., 2006). Col-
lectively, these reports suggested that CBD induced apo-
ptosis in primary immune cells (lymphocytes, thymo-
cytes, and monocytes), which are in contrast to the docu-
mented insensitiveness of primary mixed glial cells.

In light of the reported proapoptotic effect of CBD in
primary lymphocytes and monocytes, the objective of this
study was to scrutinize the apoptotic effect of CBD on
primary microglia. We reported here for the first time
that CBD induced apoptosis in primary microglial cells,
which was mediated by lipid raft-related mechanisms.

MATERIALS AND METHODS
Reagents

All reagents were purchased from Sigma (St. Louis,
MO) unless otherwise stated. CBD was purchased from
THC Pharm GmbH (Frankfurt am Main, Germany).
CBD was dissolved in absolute ethanol (99.8%; Merck,
Darmstadt, Germany) and stored at 220�C. CBD was
further diluted to the desired concentrations with Dul-
becco’s modified Eagle medium (DMEM; Hyclone, Logan,
UT). Fetal bovine serum (FBS), horse serum (HS), and
cell culture reagents were purchased from Gibco BRL
(Gaithersburg, MD).

Culture of Murine Microglial Cells

Primary mix glial cultures were prepared as previ-
ously described with minor modifications (Correa et al.,
2009). In brief, after decapitation, forebrains of new-
born BALB/c mice were dissociated mechanically and
resuspended in DMEM supplemented with 10% FBS,
10% HS, 4 mM L-glutamine, 100 U/mL penicillin, and
100 lg/mL streptomycin. The cells were cultured on
poly-D-lysine (25 lg/mL)-coated flasks, and the medium
was replenished 7 days after initial seeding. On reach-
ing confluence (12216 days), loosely adherent microglial
cells were harvested by shaking at 165 rpm at 37�C for
3 h. The enriched microglial cells were cultured on cul-
ture plates for 2 h to allow attachment, and then the
medium was changed to DMEM containing 1% HS, 4
mM L-glutamine, 100 U/mL penicillin, and 100 lg/mL
streptomycin for experiments with CBD exposure. In all
cases, the cells were cultured at 37�C in 5% CO2. The
purity of microglial culture was >90% as determined by
flow cytometry with CD11b staining.

Cell Cycle Analysis

Cell cycle distribution was measured by flow cytome-
try using propidium iodide (PI) staining. Microglial cells
(4 3 105 cells/mL) were cultured in triplicate in a 24-
well plate (0.5 milliliter per well). The cells were either
left untreated (NA) or treated with CBD (1224 lM) and/
or VH (0.1% ethanol) for designated time. For experi-
ments with antioxidants, receptor agonists and antago-

nists, and methyl-b-cyclodextrin (MCD) pretreatment,
the cells were pretreated with aforementioned drugs 30
min prior to CBD and/or VH exposure. All drugs were
added to microglial cells by spiking into the culture me-
dium. At the end of incubation, the cells were collected
and fixed with 70% cold ethanol overnight followed by
incubation with RNase (0.1 mg/mL) and PI (50 lg/mL)
for 30 min at 37�C in the dark. The single-cell fluores-
cence of 5,000 cells for each sample was measured using
a flow cytometer (BD FACS Calibur, San Jose, CA) at
emission of 575 nm. Cellular debris was excluded from
cell cycle analysis by setting the forward scatter thresh-
old (5 53) and PI fluorescence threshold (5 6). Cell cycle
analysis was performed using the software ModFit LT
3.0. The software automatically detected the fluores-
cence peaks of cells in G1 and G2/M phase and identi-
fied cells with fluorescence intensity less than the G1
peak as hypodiploid apoptotic cells.

Terminal dUTP Nick-End Labeling Assay

Microglial cells (4 3 105 cells/mL) were treated with
CBD (16 lM) and/or VH (0.1% ethanol) for 24 h and
fixed with ethanol as described above. The DNA strand
breaks of apoptotic cells were determined using a com-
mercial terminal dUTP Nick-End Labeling (TUNEL)
assay kit (Roche Diagnostics GmbH, Penzberg, Ger-
many) following the manufacturer’s instructions. Briefly,
fixed microglial cells were stained with terminal deoxy-
nucleotidyl transferase and fluorescein-labeled dUTP for
1 h at 37�C in the dark. Cells were then washed twice
with phosphate-buffered saline (PBS; pH 7.4), and the
single-cell fluorescence of 5,000 cells for each sample
was measured using a flow cytometer at emission of 525
nm. The data were analyzed using the software Flowjo
5.7. The threshold for TUNEL-positive cell was set by
comparing the fluorescence intensity of unstained cells
with TUNEL-stained cells. The fluorescence intensity of
unstained cells was less than 20 under the used experi-
mental conditions; therefore, cells with fluorescence in-
tensity greater than 20 were identified as TUNEL-posi-
tive (Fig. 1D).

Detection of Caspase Activation

The activation of caspase-8 and -9 was measured
using specific cell-permeable substrates of caspase-8
(FAM-LETD-FMK) and -9 (FAM-LEHD-FMK; CaspaTag
Assay Kit, Chemicon International, Temecula, CA) fol-
lowing the manufacturer’s instructions. In brief, micro-
glia were treated with CBD (16 lM) and/or VH (0.1%
ethanol) for 1–24 h. One hour before the end of incuba-
tion, the cells were incubated with either FAM-LETD-
FMK or FAM-LEHD-FMK for 1 h at 37�C in 5% CO2.
The cells were collected and washed twice with PBS.
The single-cell fluorescence of 5,000 cells for each sam-
ple was measured using a flow cytometer at emission of
525 nm and visualized on a Leica TCS SP5 II scanning
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confocal microscope (Leica Microsystems, Wetzlar, Ger-
many).

Hoechst Staining

Microglial cells cultured on the poly-D-lysine-coated
cover slips were treated with CBD (16 lM) and/or VH
(0.1% ethanol) for 12 h and fixed in 4% paraformalde-
hyde for 15 min on ice. The fixed cells were washed with
PBS and stained with Hoechst 33258 (1 lg/mL) for 10
min on ice in the dark. After washing, nuclear morphol-
ogy was examined and photographed using a Leica TCS
SP5 II scanning confocal microscope.

Confocal Imaging of Lipid Rafts

Microglial cells were treated with CBD in the absence
or presence of MCD as described above. At the end
of incubation, the cells were fixed with 4% paraformal-
dehyde and 80% cold acetone for staining the lipid
raft markers, GM1 ganglioside and caveolin-1, respec-
tively. For staining GM1 ganglioside, the cells were
incubated with Alexa 488-labeled cholera toxin B
[Alexa 488-cholera toxin B (CTxB); 1 lg/mL; Invitro-
gen, Carlsbad, CA] for 25 min on ice in the dark. For

staining caveolin-1, the cells were incubated with
mouse anti-caveolin-1 antibody (1:125; BD PharMin-
gen, San Diego, CA) overnight at 4�C followed by the
staining with secondary Cy5-goat anti-mouse IgG anti-
body for 1 h at room temperature in the dark (1:250;
Rockland, Gilbertsville, PA). After washing, the cells
were analyzed using a Leica TCS SP5 II scanning con-
focal microscope.

Flow Cytometric Analyses of GM1 Ganglioside
and Caveolin-1 Expression

Microglial cells were treated with CBD in the absence
or presence of MCD as described above. At the end of
incubation, the cells were fixed with 4% paraformalde-
hyde and 70% ethanol for staining GM1 ganglioside and
caveolin-1 expression, respectively. GM1 staining proto-
col was the same with that described above. For staining
caveolin-1, the cells were incubated with mouse anti-
caveolin-1 antibody (1:50; BD PharMingen) for 1 h on
ice followed by the staining with secondary Cy5-goat
anti-mouse IgG antibody for 30 min on ice in the dark
(1:150; Rockland). After washing, the single-cell fluores-
cence of 5,000 cells for each sample was measured using
a flow cytometer at emission of 525 nm and 670 nm (BD

Fig. 1. Enhancement of apoptosis in murine microglial cells by can-
nabidiol (CBD). A: Microglial cells (4 3 105 cells/mL) were either left
untreated (NA) or treated with CBD (1224 lM) and/or VH (0.1% etha-
nol) for 24 h. B: Microglial cells were treated with CBD (16 lM) and/or
VH (0.1% ethanol) for 1224 h. C: Microglial cells were treated with
CBD (16 lM) and/or VH (0.1% ethanol) for 24 h. The apoptosis was
measured using (A and B) the cell cycle analysis or (C) the TUNEL

assay as described in the Materials and Methods section. D: Represen-
tative histograms of TUNEL analyses performed after 24-h exposure to
CBD (16 lM) and/or VH are shown. Data are expressed as the mean 6
SE of triplicate samples per group. *P < 0.05 when compared with the
matched VH group. Results are a representative of three independent
experiments.
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LSRFortessa, San Jose, CA). The data were analyzed
using the software Flowjo 5.7.

Statistical Analysis

Each mean 6 standard error (SE) was determined for
each treatment group in the individual experiments.
Dunnett’s two-tailed t-test was used to compare CBD-
treated groups with the control group. For experiments
with MCD pretreatment (Figs. 3 and 4), the data were
evaluated by two-way analysis of variance and Duncan’s
multiple-range test using the Statistical Analysis Sys-
tem (SAS Institute, Cary, NC). A P-value of <0.05 was
defined as statistical significance.

RESULTS
CBD Enhanced Apoptosis in Murine

Microglial Cells

We first investigated the effects of CBD on the apopto-
sis of primary microglia. The concentration range of
CBD between 1224 lM was used according to previous
reports showing the efficacy to induce apoptosis in gli-
oma and immune cells (Lee et al., 2008; Massi et al.,
2006; Wu et al., 2010). Murine microglial cultures were

either left untreated (NA) or treated with CBD (1224
lM) and/or vehicle (VH; 0.1% ethanol) for 24 h, and the
cell cycle was analyzed. The relative proportion of hypo-
diploid cells increased from 9.6% in the VH group to
14281.2% in CBD (8224 lM)-treated groups (Fig. 1A),
showing a concentration-dependent proapoptotic effect of
CBD. The induction of apoptosis by CBD was also time
dependent; exposure to CBD (16 lM) for 3224 h gradu-
ally increased the apoptotic rate (Fig. 1B). The apoptosis
was confirmed by the results of TUNEL staining, which
showed a marked increase of DNA strand breaks in
CBD-treated cells (Fig. 1C,D). Supporting the above
data, morphological changes characteristic of apoptosis,
such as small and fragmented nuclei with condensed
chromatin, were also observed in CBD-treated cells
using Hoechst staining (Figs. 2 and 4). These results
demonstrated the induction of apoptosis in primary mu-
rine microglial cells by CBD.

CBD Induced the Activation of Caspase-8 and -9

The extrinsic and intrinsic apoptotic pathways are two
major intracellular signaling pathways of cell apoptosis,
in which caspase-8 and -9 are the key initiator caspases,
respectively. Hence, the activation of these two caspases
was examined. Flow cytometric analysis showed that

Fig. 2. CBD induced the activation of caspase-8 and 29 in murine
microglial cells. Microglial cells (4 3 105 cells/mL) were treated with
CBD (16 lM) and/or VH (0.1% ethanol) for 1–24 h (A and C) and 12 h
(B and D). The activation of caspase-8 (A and B) and caspase-9 (C and
D) was measured by flow cytometry (A and C) or confocal imaging (B
and D). A and C: Data are expressed as the mean 6 SE of triplicate

samples per group. *P < 0.05 when compared with the matched VH
group. Results are a representative of three independent experiments.
Representative images of the caspase-8 and -9 activation are shown.
The cells emitting green fluorescence were caspase-activated cells.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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treatment of microglial cells with CBD (16 lM) for 12–
24 h markedly activated caspase-8 and caspase-9 (Fig.
2A,C). Confocal imaging revealed that both caspases
were activated in CBD-treated microglia cells, as evi-
denced by an increased number of cells emitting green
fluorescence, the positive signal (Fig. 2B,D).

Antioxidants, GPR55 Agonist, and Specific
Antagonists for CB1, CB2, and Vanilloid Receptors
Did Not Alter CBD-Induced Apoptosis in Microglia

Oxidative stress has been shown to play a role in
CBD-induced cell apoptosis (Ligresti et al., 2006; Massi
et al., 2006; McKallip et al., 2006). In particular, the
thiol antioxidant N-acetyl-L-cysteine (NAC) attenuated
CBD-mediated apoptosis in lymphocytes and monocytes
(Lee et al., 2008; Wu et al., 2008, 2010). We investigated
the potential involvement of oxidative stress in CBD-
induced apoptosis using NAC and glutathione (GSH).
The results showed that pretreatment of microglial cells
with NAC and GSH (10 mM of each) failed to counteract
CBD (16 lM)-induced apoptosis (Table 1).

Vallinoid receptors (TRP-V) and the cannabinoid
receptors CB1 and CB2 have been implicated in CBD-
mediated proapoptotic effects (Ligresti et al., 2006;
McKallip et al., 2006; Yamada et al., 2010). In addition,
CBD has been shown to be an antagonist to G protein-
coupled receptor 55 (GPR55) that participates in the
regulation of cell survival and proliferation (Andradas et
al., 2010; Ryberg et al., 2007). Furthermore, microglial
cells express GPR55, TRP-V, CB1, and CB2 receptors
(Pietr et al., 2009; Stella, 2009). Hence, we investigated
whether these receptors were involved in CBD-induced
apoptosis in microglia using the specific GPR55 agonist
abnormal-CBD (Abn-CBD) and antagonists AM-251,
AM-630, and capsazepine for CB1, CB2, and TRP-V,
respectively. However, the presence of AM-251, AM-630

(5 lM of each), capsazepine (1 lM), or Abn-CBD (2 lM)
did not alter CBD-induced apoptosis (Table 2).

The Lipid Raft Disruptor MCD
Attenuated CBD-Induced Proapoptotic

Effect in Primary Microglia

Lipid rafts control membrane fluidity, protein traffick-
ing, cell survival, and cell death signaling (Gajate et al.,
2009; Simons and Toomre, 2000). To explore the poten-
tial role of lipid rafts in CBD-induced apoptosis in micro-
glia, MCD, which disrupted lipid rafts by depleting
membrane cholesterol, was used. Pretreatment of micro-
glia with MCD (0.0521 mM) markedly attenuated CBD
(16 lM)-mediated microglial apoptosis in a concentra-
tion-dependent manner (Fig. 3A). The highest concentra-
tion (1 mM) of MCD by itself did not affect microglial
apoptosis (Fig. 3A). In addition, MCD (1 mM) abrogated
CBD-induced activation of caspase-8 and 29 (Fig. 3B).
These results implicated the involvement of lipid rafts
in CBD-mediated microglial apoptosis.

CBD Induced Lipid Raft Coalescence and
Elevated the Expression of GM1 Ganglioside

and Caveolin-1

Confocal imaging was used to examine the effect of
CBD on lipid rafts. The lipid raft marker GM1 ganglio-
side was stained with Alexa 488-CTxB. In the VH group,
microglial cells exhibited a diffused distribution of lipid
rafts as evidenced by the green fluorescence throughout
the membrane (VH group; Fig. 4A), whereas CBD treat-
ment remarkably induced lipid raft coalescence as
shown by the bright and platform-like green fluores-
cence (CBD group; Fig. 4A). When compared with the
VH control, the nuclei of CBD-treated cells were smaller
and condensed, confirming the occurrence of apoptosis
(Fig. 4A). In the presence of MCD, CBD-induced lipid
raft coalescence and condensed nuclei were prevented,
and the cell morphology was similar to that of VH group
(CBD 1 MCD group; Fig. 4A). We further quantified the
expression of GM1 ganglioside using flow cytometry. The
results showed an increased expression of GM1 in CBD-
treated cells (Fig. 4B). In addition, we confirmed the
effect of CBD on lipid rafts using confocal imaging with
caveolin-1 staining and measured the expression of cav-
eolin-1, a component of caveolae, which is a special type
of lipid raft. Consistent with the results on GM1, CBD
markedly induced lipid raft coalescence and increased

TABLE 1. Effect of Antioxidants on CBD-Induced Apoptosis
in Microglia

Control
NAC
(10 mM) GSH (10 mM)

VH 4.27 6 0.14 5.82 6 1.16 4.18 6 0.51
CBD (16 lM) 62.40 6 4.18 73.36 6 2.36 71.30 6 1.29

Microglial cells (4 3 105 cells per milliliter) were treated with CBD (16 lM) and/or
VH (0.1% ethanol) for 24 h in the absence (control group) or presence of NAC and
GSH (10 mM of each). The apoptosis was measured using cell cycle analysis. Data
(%) are expressed as the mean 6 SE of triplicate cultures. Results are a represen-
tative of two independent experiments.
Abbreviations: NAC, N-acetyl-L-cysteine; GSH, glutathione.

TABLE 2. Effect of Specific Antagonists for CB1, CB2, and Vanilloid Receptors (TRP-V) and the GPR55 Agonist Abnormal-CBD (Abn-CBD) on
CBD-Induced Apoptosis in Microglia

Control
AM-251 AM-630 Capsazepine Abn-CBD
5 lM 5 lM 1 lM 2 lM

VH 9.87 6 0.96 10.79 6 0.97 10.35 6 0.22 14.35 6 2.21 10.92 6 0.23
CBD (16 lM) 69.95 6 1.59 66.86 6 1.08 69.11 6 0.78 71.35 6 0.09 69.30 6 2.01

Microglial cells (4 3 105 cells per milliliter) were treated with CBD (16 lM) and/or VH (0.1% ethanol) for 24 h in the absence (control group) or presence of AM-251, AM-
630, capsazepine, and Abn-CBD. The apoptosis was measured using cell cycle analysis. Data (%) are expressed as the mean 6 SE of triplicate cultures.
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the expression of caveolin-1, which was also attenuated
by MCD (Fig. 4C,D).

DISCUSSION

Although CBD induced apoptosis in both immortalized
and primary lymphocytes and monocytes (Gallily et al.,
2003; Lee et al., 2008; McKallip et al., 2006; Wu et al.,
2008, 2010), a differential sensitivity between normal
and immortalized glial cells to CBD-mediated apoptosis
has been reported (Massi et al., 2006). Therefore, we
sought to further investigate the proapoptotic effect of
CBD on glia. As we focused on immune cells, primary
microglial cells instead of mixed glial cultures were
used. Our data showed that CBD induced apoptosis in
microglia, which is in contrast to the reported insensi-
tiveness of mixed glia (Massi et al., 2006). We also
showed that CBD triggered the activation of both cas-
pase-8 and 29, suggesting caspase-dependent mecha-

nisms with both extrinsic and intrinsic pathways
involved.

Accumulating evidence indicates that CBD interferes
with the functionality of macrophages and microglia in a
number of model systems (El-Remessy et al., 2008;
Esposito et al., 2007; Sacerdote et al., 2005; Weiss et al.,
2006). Of notice, CBD exerted anti-inflammatory effects
in a rat model of uveitis by suppressing the production
of ROS and the activation of p38 mitogen-activated pro-
tein kinase in microglia (El-Remessy et al., 2008). More-
over, CBD attenuated microglial accumulation in a mu-
rine model of Type I diabetic peripheral neuropathic
pain (Toth et al., 2010). These results indicate that pri-
mary microglial cells are a sensitive target for CBD. In
the current study, we showed that CBD induced a direct
proapoptotic effect on primary microglia. Therefore,
CBD regulates functionality and induces the cell death
of microglia. As microglia participate in the pathophysi-
ology of many neuroinflammatory disorders, such as
multiple sclerosis, the attenuation of functionality and
the induction of apoptosis by CBD in microglia might
contribute together to its anti-inflammatory effects.
Whether CBD causes microglial apoptosis in vivo war-
rants further investigations.

The underlying mechanisms for CBD-mediated apo-
ptosis have not been fully elucidated. Several studies
have suggested that ROS play a crucial role in CBD-
mediated apoptosis in primary lymphocytes, thymocytes,
glioma, leukemia, and thymoma cells (Lee et al., 2008;
Massi et al., 2006; McKallip et al., 2006; Wu et al., 2008,
2010). In contrast to these reports, our data using the
antioxidants NAC and GSH did not support a significant
role for oxidative stress in CBD-mediated apoptosis in
microglia. We further addressed the possible contribu-
tion of GPR55, vanilloid receptors (TRP-V), and the can-
nabinoid receptors CB1 and CB2 as these receptors have
been implicated in cell survival, proliferation, or apopto-
sis induced by several cannabinoids (Andradas et al.,
2010; Downer et al., 2007; McKallip et al., 2006; Widmer
et al., 2008; Yamada et al., 2010). However, specific ago-
nist and antagonists for the receptors failed to counter-
act CBD-mediated apoptosis. Therefore, it is apparent
that the four receptors may not play a major role in the
microglial apoptosis induced by CBD.

Lipid rafts, enriched in cholesterol, sphingomyelin,
and glycolipids, are tightly packed and liquid-ordered
phase microdomains in plasma membranes. Lipid rafts
participated in various cellular functions, including pro-
tein trafficking, transcytosis, endocytosis, cell survival,
and cell death (Chen et al., 2010; Gajate et al., 2009;
Lajoie and Nabi, 2010; Malorni et al., 2007; Simons and
Toomre, 2000). For example, lipid rafts are involved in
the endocannabinoid anandamide-induced cell death in
C6 glioma, HL-60, Jurkat, PC12, and hepatic stellate
cells (Sarker and Maruyama, 2003; Yang et al., 2010).
Our study shows that this is now also true for primary
microglia. In addition, our findings are in line with a
recent report showing that MCD prevented CBD-
induced cell death in BV-2 microglial cell line (Rim-
merman et al., 2011).

Fig. 3. Attenuation by methyl-b-cyclodextrin (MCD) of CBD-medi-
ated microglial apoptosis. Microglial cells (4 3 105 cells/mL) were
treated with CBD (16 lM) and/or VH (0.1% ethanol) for 24 h in the ab-
sence (control group) or presence of MCD (A: 0.01–1 mM; B: 1 mM). A:
The apoptosis was measured using cell cycle analysis. B: The activation
of caspase-8 and caspase-9 was determined by flow cytometry. Data are
expressed as the mean 6 SE of triplicate cultures. *P < 0.05 when com-
pared with the matched control group. Results are a representative of
three independent experiments.
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Our results from confocal imaging revealed that CBD
induced lipid raft coalescence. Lipid rafts are highly
dynamic entities and their coalescence has been linked
to critical signaling pathways, such as apoptosis (Drze-
wiecka et al., 1999; Ko et al., 1999). A line of evidence
further indicates that apoptosis can be prevented by
blocking lipid raft coalescence (Gajate et al., 2009; Lin-
coln et al., 2006). In addition to coalescence, alteration
in the composition of lipid rafts has been shown to be
involved in apoptosis (Malisan and Testi, 2002; Miyaji
et al., 2005). Gangliosides are one of the major compo-
nents of lipid rafts participating in pivotal biological
processes (d’Azzo et al., 2006; Miljan and Bremer,
2002). For example, elevation of GM1 ganglioside has
been shown to induce apoptosis in neuronal cells, thy-
mocytes, and lymphocytes (Nashar et al., 1996; Tessi-
tore et al., 2004; Zhou et al., 1998). Notably, we demon-
strated that both apoptosis and the expression of GM1
ganglioside were enhanced in CBD-treated microglial
cells, implicating that GM1 may be a critical player in
the apoptosis.

Caveolin-1 is a key structural component of caveolae,
a specific type of lipid raft. Overexpression of caveolin-
1 sensitized cells to apoptotic stimulation, including
NIH-3T3 and Rat-1 fibroblasts, T24 bladder carcinoma
cells, GH3 pituitary adenoma cells, and HEK293T cells
(Jiang et al., 2007; Liu et al., 2001; Torres et al., 2006).
In addition to these cell lines, elevated expression of
caveolin-1 has been linked to the induction of apoptosis
in mouse peritoneal macrophages (Gargalovic and Dory,
2003). In parallel with these reports, we showed that
the level of caveolin-1 was increased in microglial cells
exposed to CBD. In addition, MCD attenuated both the
elevation of caveolin-1 and the induction of apoptosis
induced by CBD, further substantiating the involve-
ment of caveolin-1 and lipid rafts in CBD-mediated ap-
optosis.

In addition to the aforementioned alterations in lipid
raft distribution and composition, recruitment of death
receptors in lipid rafts has been implicated in the signal-
ing for lipid raft-mediated apoptosis (Gajate and Molli-
nedo, 2005, 2007; Psahoulia et al., 2007). In the current

Fig. 4. CBD induced lipid raft coalescence and enhanced the expres-
sion of GM1 ganglioside and caveolin-1. Microglial cells were treated
with CBD (16 lM) and/or VH (0.1% ethanol) for 12 h (A and C) and 24 h
(B and D) in the absence or presence of MCD (1 mM). Lipid rafts and
nuclei were stained with (A) Alexa 488-CTxB (green fluorescence), (C)
caveolin-1 (red fluorescence) and Hoechst staining (blue fluorescence),
respectively. A and C: The representative images were taken using a

confocal scanning microscope. The expression of (B) GM1 ganglioside
and (D) caveolin-1 was quantified by flow cytometry. Data are expressed
as the mean 6 SE of triplicate cultures. *P < 0.05 when compared with
the matched control group. Results are a representative of three inde-
pendent experiments. Abbreviation: MFI, mean fluorescence intensity.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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study, the onset of caspase-8 activation (from 12-h post-
CBD treatment; Fig. 2A) was later than that of apopto-
sis induction (from 3-h post-CBD treatment; Fig. 1B) in
CBD-treated cells. As caspase-8 is the key initiator cas-
pase associated with death receptor-mediated apoptotic
signaling, we speculate that death receptors may not
play a significant role in the initiation of lipid raft-de-
pendent apoptosis induced by CBD.

In summary, this study demonstrated the proapoptotic
effect of CBD in primary microglia, which was closely
associated with lipid raft coalescence and the elevation
of GM1 ganglioside and caveolin-1. These findings
extend our current understanding on the spectrum of
CBD-mediated apoptosis in primary immune cells and
provide new insights to the apoptotic mechanism in pri-
mary microglia. The induction of microglial apoptosis
may be a critical mechanism contributing to the immu-
nomodulatory and anti-inflammatory properties of CBD.
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