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Abstract. Anandamide triggers various cellular activities
by binding to cannabinboid (CB1/CB2) receptors or vanil-
loid receptor 1 (VR1). However, the role of these receptors
in anandamide-induced apoptosis remains largely un-
known. Here, we show that SR141716A, a specific in-
hibitor of cannabinoid receptor (CB1-R), did not block
anandamide-induced cell death in endogenously CB1-R
expressing cells. In addition, CB1-R-lacking Chinese ham-
ster ovary (CHO) cells underwent cell death after anan-
damide treatment. SR144528, a specific inhibitor of CB2-
R also failed to block anandamide-induced cell death in
HL-60 cells. Capsazepine, a specific antagonist of VR1
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could not prevent anandamide-induced cell death in con-
stitutively and endogenously VR1 expressing PC12 cells.
Moreover, anandamide noticeably triggered cell death in
VR1-lacking human embryonic kidney (HEK) cells. In
contrast, methyl-b cyclodextrin (MCD), a membrane cho-
lesterol depletor, completely blocked anandamide-induced
cell death in a variety of cells, including PC12, C6, Neuro-
2a, CHO, HEK, SMC, Jurkat and HL-60 cells. MCD also
blocked anandamide-induced superoxide generation,
phosphatidyl serine exposure and p38 MAPK/JNK activa-
tion. Thus, our data imply a novel role for of membrane
lipid rafts in anandamide-induced cell death. 
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Anandamide, an arachidonic acid derivative, chemically
defined as arachidonoylethanolamide (AEA), has been
isolated from porcine brain lipid extract by Devane et al.
[1]. Anandamide activates brain cannabinoid receptors,
and mimics the pharmacological effects of D9-tetrahydro-
cannabinol (THC), the active principle of hashish and
marijuana, and is termed endocannabinoid [1, 2]. Cellu-
lar effects of anandamide are thought be mediated
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through to binding to cannabinoid receptors. Two
cannabinoid receptors, CB1-R and CB2-R, have been
identified thus far. CB1-R is primarily expressed in the
central nervous system (CNS), while CB2-R is expressed
in peripheral tissues [1]. Recently, anandamide has been
found to be a ligand for vanilloid receptor 1 (VR1) [3],
the site of action of the pungent component of hot red
peppers, capsaicin [4]. Expression of VR1 has been iden-
tified in sensory neurons and in selected areas of the CNS
of rats and humans [5]. 
p38 mitogen-activated protein kinase (MAPK) and c-Jun
N-terminal kinase (JNK) belong to the family of
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serine/threonine protein kinases, and are activated in re-
sponse to inflammatory cytokines [6], environmental [7]
and oxidative stresses [8, 9], resulting in cell differentia-
tion and apoptosis.
Plasma membranes have been demonstrated to be com-
partmentalized into lipid raft and non-raft microdomains
[10], the raft domains being abundant in glycosphin-
golipids, saturated phospholipids and cholesterol. A sub-
set of cellular proteins has been reported to be present in
lipid rafts [10]. Lipid rafts have been implicated in cy-
toskeletal reorganization, protein sorting and membrane
trafficking in many cell types [10]. The cholesterol-rich
region can include or exclude proteins to varying degrees,
and may serve as foci for the recruitment and concentra-
tion of signaling molecules at the plasma membrane, and
thus have been implicated in signal transduction from cell
surface receptors [11, 12]. Depletion of cholesterol in
lipid rafts inhibits anti-tumor drug-induced apoptosis
[13].
Anandamide has been reported to induce apoptosis in a
number of cell types such as lymphocytes [14], pheochro-
mocytoma [15] and neuroblastoma [16]. Recently, we re-
ported that p38 MAPK and JNK relay anandamide-in-
duced cell death signaling in PC12 cells [17]. However,
the molecular mechanism(s) of anandamide-induced cell
death at the receptor level is not yet defined. In the pre-
sent study, we provide evidence that anandamide medi-
ates cell death in a manner independent of CB-Rs or
VR1. Methyl-b cyclodextrin (MCD), a membrane cho-
lesterol depletor [18], abolishes anandamide-induced cell
death, superoxide generation, phosphatidyl serine (PS)
exposure, and p38 MAPK/JNK activation, suggesting the
involvement of membrane lipid rafts in anandamide-in-
duced cell death. 

Materials and methods

Materials
Anandamide, capsaicin, 2-arachidonoylglycerol (2-AG),
palmitoylethanolamide (PEA) and arachidonic acid (AA)
were purchased from Calbiochem (San Diego, Calif.).
MCD was purchased from Sigma (St. Loius, Mo.).
SR141716A and SR144528 were kindly provided by
Sanofi Researche (France) and Ono Phamaceutical Co.
(Osaka, Japan), respectively.

Antibodies
MAPK assay kits (containing polyclonal antibody to 
p38, and JNK/SAPK, and polyclonal antibody to phos-
pho-p38 MAPK, and phospho-JNK/SAPK) were pur-
chased from Cell Signaling Techonology Inc. (Beverly,
Mass.). Cannabinoid rabbit polyclonal antibody was pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
Calif.).

Cell culture
Rat pheochromocytoma (PC12) cells were cultured in
RPMI 1640 (Gibco BRL, Rockville, Md.) media supple-
mented with 10% horse serum (HS) and 5% fetal bovine
serum (FBS) plus antibiotics at 37°C in the presence of
95% air and 5% CO2. Mouse neuroblastoma (Neuro-2a),
rat glioblastoma C6, human vascular smooth muscle
(HVSM) and human embryonic kidney (HEK) 293 cells
were cultured in 10%-FBS-containing D-MEM medium.
Human neuroblastoma (NB-1) cells were maintained in a
combination of RPMI and DMEM (1:1) containing 10%
HS and 10% FBS. Chinese hamster ovary (CHO) cells
were maintained in 10%-FBS-containing a-MEM. Jurkat
and HL-60 cells were cultured in 10%-FBS-containing
RPMI medium with appropriate antibiotics.
For differentiation, PC12 cells were seeded onto colla-
gen-coated dishes (Iwaki, Osaka, Japan) and differenti-
ated by incubating the cells in the medium containing low
serum (0.2% HS) plus nerve growth factor (NGF) 100 ng/
ml for 7 days. Cells with neurites longer than double of
the cell body were considered differentiated cells. All ex-
periments were carried out in the presence of low serum
(0.2%).

Cell viability
Cell viability was assessed by fluorescence-activated cell
sorting (FACS) analysis. At the end of treatment, total
cells (floating and adherent) were harvested and pelleted
by centrifugation (200 g). Cells were fixed in 70%
ethanol for 20 min at –20°C. Cells were then incubated
with propidium iodide (PI) (10 mg/ml) and RNase (5 mg/
ml) for 20 min. Cell death was evaluated by counting PI-
positive cells, using a FACS can analyzer (EPICS; Coul-
ter; New York).

Preparation of cell lysates and Western blotting
Preparation of cell lysates and activation of MAPKs were
undertaken as described by Sarker et al. [9]. 

RT-PCR for VR1
Expression of VR1 in PC12 cells was determined by RT-
PCR. Total RNA was extracted from cells (5 ¥ 106) using
TRIzol-Reagent (Invitrogen, Burlington, Canada) ac-
cording to the manufacturer’s instructions. After treat-
ment with RNase-free DNase, the purified total RNA 
(2 mg) was converted to cDNA by reverse transcriptase
(Gibco BRL). The reaction mixture (50 ml) consisted of
100 ng of cDNA, 1 mM of each primer, 200 mmol of each
deoxynucletide triphosphate, and 2.0 units of Taq poly-
merase (Takara Biomedicals, Osaka, Japan). The amplifi-
cation profile consisted of an initial denaturation of 3 min
at 95°C and 30 cycles of 1 min at 95°C, 1 min at 55°C,
and 2 min at 72°C. A final extension of 3 min was carried
out at 73°C. The primers used were VR1 sense primer, 5¢-
TGTCAGCTCTGTTCTAAC, and VR1 antisense primer,
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5¢-CTTCACAATGGCCAGCTG. The expected size of
the amplification product was 564 bp. b-Actin was used
as the housekeeping gene. PCR products (20 ml) were
electrophoresed on a 2% agarose gel and visualized by
ethidium bromide fluorostaining. No PCR product was
detected in the absence of cDNA or primers. DNA ladder
of 1 Ab was run as marker.

Determination of PS externalization by FACS
Externalization of PS was determined as described previ-
ously by Sarker et al. [15].

Superoxide anion assay
The cytochrome c reduction method was used to measure
intracellular superoxide by a slight modification of Pick
et al. [19]. Briefly, cells (1 ¥ 106/ml) were suspended in

Hank’s balanced salt solution containing cytochrome c
(100 mM). One hundred microliters of cell suspension
was incubated with anandamide (10 mM) in the presence
or absence of the cholesterol depletor, MCD (1 mM) at
37°C for 1 h. Superoxide production was measured by a
UV-spectrophotometer (Ultrospec III; Pharmacia LKB)
at 550 nm.

Results

CB-Rs do not appear to mediate anandamide-
induced cell death
To determine whether anandamide-induced cell death is
mediated by CB1-R, endogenously CB1-R expressing C6
and PC12 cells (fig. 1A) were pre-incubated with

Figure 1. CB1 activation is not required in anandamide-induced cell death. (A) Expression of CB1-R in C6 and PC12 cells determined by
Western blotting. (B) After 24 h plating, cells were pre-treated with micromolar concentrations of SR141716A (SR) for 30 min, and then
treated with 10 mM anandamide (AEA), or with solvent ethanol (0.1%) as a control for 24 h. After the treatment, cells were harvested, and
viable cells were counted by a PI-dye exclusion method by FACS-can analyzer as described in Materials and methods. (C) CHO cells were
plated onto 60-mm dishes (5¥105 cells/dish). After 24 h plating, cells were exposed to micromolar concentrations of anandamide for 
24 h. Viable cells were counted by the PI-dye exclusion method. (D) Photomicrographs of CHO cells treated with anandamide (15 mM) for
24 h. Results are given as mean ±SD of the three independent experiments in triplicate. (E) Comparison of anandamide (AEA)-induced
cell death with 2-arachidonoylglycerol (2-AG), palmitoylethanolamide (PEA), and arachidonic acid (AA). PC12 cells were exposed to
AEA (10 mM), 2-AG (20 mM), PEA (20 mM) or AA (20 mM) for 24 h. Viable cells were counted by the PI-dye exclusion method. Values
are given as mean ±SD of three separate experiments.
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SR141716A (0–10 mM), a potent and specific antagonist
of CB1-R [20], followed by exposure to 10 mM anan-
damide. There was no inhibition of anandamide-induced
cell death in the presence of SR141716A. Figure 2B
shows that pre-treatment of the cells with SR141716A re-
sulted in an increase in, rather than an inhibition of, cell
death in both cell lines. SR141716A also failed to affect
anandamide-induced cell death in CB1-R-expressing
Neuro-2a cells (data not shown). We then investigated
whether CB2-R mediated anandamide-induced cell
death. As PC12 cells do not express CB2-R, HL-60 cells,
which express CB2-R (data not shown), were pre-treated
with SR144528. Like SR141716A, SR144528, a specific
and potent inhibitor of CB2-R, failed to block anan-
damide-induced HL-60 cell death (fig. 1B, right panel).
SR141716A or SR144528 alone up to 10 mM did not in-
duce any cytotoxic effects; however, substantial cell death
was observed when they were applied in combination (at
levels greater than 5 mM) with 10 mM anandamide (data
not shown).
We then investigated whether anandamide could induce
cell death in CHO cells, which do not express CB1-R
[21]. Anandamide, at a concentration of 10 mM, slightly

induced cell death, while at 15 mM, cell death increased
dramatically (fig. 1C). Anandamide (15 mM) triggered
31 ± 6.5% cell death at 24 h versus 8.6 ± 2% in the con-
trol (without anandamide). Cytotoxic effects of anan-
damide on CHO cells were also confirmed by morpho-
logical changes such as rounded cells and the phase be-
coming bright (fig. 1D).
The potential role of anandamide in triggering cell death
was then compared with the second endogenous cannabi-
noid 2-AG, as well as with PEA, and AA. A 10-mM con-
centration of anandamide induced some degree of cell
death, but none of the other agents, at concentrations sim-
ilar to or higher than that of anandamide, induced cell
death in PC12 cells (fig. 1E), suggesting a distinct sig-
naling pathway in anandamide-induced cell death.

VR1 does not appear to mediate anandamide-
induced cell death
Our next approach was to investigate whether VR1 medi-
ates anandamide-induced cell death, using the VR1 an-
tagonist, capsazepine, the agonist, capsaicin, and cells ex-
pressing or lacking VR1. PC12 cells, which express VR1
(as determined by RT-PCR; fig. 2A), were incubated with

Figure 2. Anandamide-induced cell death appears to be independent of VR1 activation. (A) expression of vanilloid receptor in PC12 cells
determined by RT-PCR. Lane 1, marker; lane 2, PC12 cells; lane 3, H2O; lane 4, b-actin; lane 5, HEK 293 cells. (B) PC12 cells plated onto
60-mm dishes (5¥105 cells/dish) pre-treated with micromolar concentrations of capsazepine (Capz) for 30 min, followed by anandamide
(10 mM) exposure. Viable cells were counted by the PI-staining method. (C) PC12 cells were treated with micromolar concentrations of
capsaicin (Caps). Viable cells were counted after 24 h of treatment by the PI-staining method. (D) HEK 293 cells were exposed to micro-
molar concentrations of anandamide for 24 h. Cell death was evaluated by the PI-staining method. (B–D) Results are given as the mean 
± SD of three independent experiments in triplicate.
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capsazepine (0–1 mM) before anandamide (10 mM) treat-
ment. Capsazepine failed to prevent cell death when
anandamide exposure continued for 24 h (fig. 2B). Sim-
ilar results were obtained with Neuro-2a and NB-1 cells
(data not shown). Capsazepine alone at a concentration
up to 10 mM did not exert a cytotoxic effect; however,
capsazepine (≥2.5 mM) in combination with 10 mM
anandamide did induce cytotoxic effects in PC12 cells.
To determine whether capsaicin can mimic anandamide-
induced cell death, PC12 cells were treated with a dose of
capsaicin similar to or higher than anandamide. Concen-

trations of capsaicin similar to those of anandamide in-
duced no cell death, and even a 20 mM concentration did
not affect the viability of PC12 cells (fig. 2C). 
To confirm that anandamide can induce cell death with-
out VR1 activation, HEK 293 cells, which do not express
VR1 [22; K. P. Sarker and I. Maruyama, unpublished re-
sults], were incubated with increasing concentrations of
anandamide. A dose of anandamide as low as 5 mM in-
duced cell death slightly, and cell death increased to
32.93 ± 4.1% when cells were exposed to 10 mM anan-
damide (fig. 2D). Morphological changes reflecting

Figure 3. Effects of MCD on anandamide-induced cell death. (A) MCD dose-dependently inhibits anandamide-induced cell death. Fol-
lowing 18 h plating, cells were pre-treated with the indicated concentrations of MCD for 30 min and then exposed to 10 or 20 mM anan-
damide for 24 h. Viable cells were counted by the PI-dye exclusion method. (B–E) MCD potently inhibits anandamide-induced superox-
ide production, PS exposure and stress-activated protein kinase p38MAPK/JNK activation. (B) A PC12 cell suspension in Hank’s balanced
salt solution was pre-incubated with MCD for 15 min, followed by addition of 10 mM anandamide for 1 h. Superoxide anion was measured
as described in Materials and methods. (C) PC12 cells were pre-incubated with MCD for 30 min and then treated with 10 mM anandamide
for 24 h. After 2 h of treatment, PS exposure was determined using annexin-V-FITC. The panel is representative of three experiments. (D,
E) Inhibition of p38 MAPK and JNK activation by MCD. After 18 h of plating, cells were pre-treated with 1 mM MCD 30 min prior to the
addition of 10 mM anandamide (AEA) or ethanol (0.1%). Activation of MAPKs was determined by immunoblotting using phospho-spe-
cific antibodies to p38 MAPK or JNK. The blots are representative of three independent experiments. 
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signs of cell death, such as rounding of cells, and bright-
ness of the cell body, were noted in anandamide-treated
cells (data not shown), consistent with the above results. 

MCD abolishes anandamide-induced cell death
Plasma membranes are enriched in cholesterol, and deple-
tion of cellular cholesterol can disrupt cellular functions
[11]. To explore the role of membrane cholesterol-rich re-
gions/lipid rafts in anandamide-induced apoptosis, we dis-
rupted membrane cholesterol by incubating cells with
MCD, which specifically removes cholesterol from the
plasma membrane [18]. PC12 cells pre-incubated with
MCD were exposed to 10 or 20 mM anandamide for 24 h.
MCD was observed to dose-dependently block anan-
damide-induced cell death. As shown in figure 3A, 1 mM
MCD completely abolished anandamide-induced cell death.
Surprisingly, complete inhibition of cell death was observ-
ed in cells exposed to even 20 mM anandamide (fig. 3A,
right panel). MCD alone, at concentrations up to 5 mM, 
appeared to have no cytotoxic effect on PC12 cells.
Anandamide triggers superoxide generation and PS ex-
posure in PC12 cells [15]. To determine whether MCD
blocks the anandamide-induced superoxide generation,
PC12 cells were pre-treated with 1 mM MCD followed
by the addition of anandamide (10 mM). Figure 3B
shows that MCD markedly inhibited anandamide-in-
duced superoxide generation. PS is believed to be a
membrane ‘flag mark’ of apoptosis, appearing on outer
membranes during early stages of apoptosis, and helping
macrophage or neighboring cells to engulf apoptotic
cells [23]. We further investigated whether MCD can
block anandamide-induced PS externalization. An al-
most complete inhibition of anandamide-induced PS ex-
posure was observed with MCD (fig. 3C). Recently, we
showed that anandamide fails to trigger substantial cell
death when cells were pre-treated with an inhibitor of
p38 MAPK or overexpressed with mutants of JNK, sug-
gesting that p38 MAPK and JNK mediate anandamide-
induced PC12 cell death [17]. We then examined
whether MCD blocks the activation of anandamide-in-

duced stress-activated protein kinase p38 MAPK and
JNK. MCD drastically reduced anandamide-induced 
activation of p38 MAPK and JNK  (fig. 3D, E). Cy-
tochrome c release and caspase-3 activation have been
found to occur in anandamide-induced apoptosis of
PC12 cells [15, 17]. MCD was found to block anan-
damide-induced cytochrome c release, mitochondrial
dysfunction, and caspase-3 activation, consistent with
the above results (data not shown). 
We then addressed whether inhibition of anandamide-in-
duced apoptosis by MCD is confined to PC12 cells. A
number of cell types such as C6, Neuro-2a, HEK 293,
CHO, HVSM cells, Jurkat, HL-60 and nerve growth fac-
tor (NGF)-differentiated PC12 (d-PC12) cells were incu-
bated with MCD, followed by anandamide (2.5–10 mM)
exposure. As shown in table 1, MCD concentrations rang-
ing from 500 mM to 1 mM produced a marked inhibitory
effect on anandamide-induced cell death, demonstrating

Figure 4. Timely MCD treatment is required for protection from
anandamide-induced cell death. PC12 cells were treated with 1 mM
MCD 30 min prior to, at the same time, or at the indicated times fol-
lowing exposure to 10 mM anandamide. Cell viability was deter-
mined 24 h after anandamide treatment. Values are the mean ± SD
of three independent experiments.

Table 1. MCD blocks anandamide-induced cell death regardless of cell type.

Cell types AEA con. Cell death percentage (%) MCD conc.
(mM) (mM)

AEA Cont MCD+AEA

HL-60 2.5 33.56 ± 4.4 8.30 ± 1.7 12.1 ± 3.4 0.5
C6 10 24.86 ± 2.8 6.56 ± 2.2 7.16 ± 1.8 1
Neuro-2a 10 41.33 ± 3.2 13.6 ± 1.38 15.23 ± 1.9 1
HEK 10 28.73 ± 1.9 8.1 ± 1.8 10.0 ± 2.0 1
CHO 15 32.16 ± 3.6 8.83 ± 0.51 11.1 ± 3.5 1
SMC 5.0 31.23 ± 4.8 12.2 ± 0.5 14.03 ± 2.1 1
Jurkat 2.5 28.96 ± 7.6 10.03 ± 2.68 12.83 ± 2.3 0.5
d-PC12 10 35.83 ± 5.8 11.76 ± 1.9 10.16 ± 3.5 1

After 18 h of plating, cells were pre-treated with the indicated concentration of MCD for 30 min and then exposed to anandamide for 
24 h. Cell viability was counted by the PI-dye exclusion method as described in Materials and methods. 
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that anandamide triggers apoptosis in a variety of cells
via a general mechanism at the plasma membrane level,
where membrane lipid raft acts as platforms in control-
ling anandamide-induced cell death.
To determine whether time is crucial to achieving the in-
hibitory effects of MCD on anandamide-induced cell
death, PC12 cells were either incubated with MCD prior
to or following anandamide exposure. As shown in figure
4, pre-incubation or treatment with 1 mM MCD within 
10 min following the addition of 10 mM anandamide al-
most completly inhibited anandamide-induced cell death.
A marked inhibition of cell death was also observed when
MCD was added 30 min after anandamide exposure.
However, MCD showed no marked inhibitory effect
when treatment was delayed for 60 min or more follow-
ing anandamide exposure. Similar results were also ob-
tained with other cell lines (data not shown).
To rule out the possibility that the protecting effect 
of MCD against anandamide-induced cell death was me-
diated by simple binding to anandamide, PC12 cells were
incubated with 1 mM MCD and washed before addition
of anandamide into the fresh medium. Consistent with
the results presented above, a notable inhibition of anan-
damide-induced cell death was observed when cells were
incubated with anandamide after washing MCD from the
cells. Figure 5 shows that anandamide-induced cell death

dropped sharply from 34.43 ± 5.4% to 13.9 ± 3.13% af-
ter removal of MCD from the culture medium. 

Model 1: proposed signaling pathway of 
anandamide-induced apoptosis
Based on our findings, we propose that (1) an anan-
damide membrane transporter or carrier is present in the

Figure 5. Effects of removal of MCD before addition of anan-
damide. PC12 cells were incubated with 1 mM MCD for 30 min.
After this treatment, 10 mM anandamide was added  without wash-
ing (MCD) or after washing MCD (MCD-w) from the cells. Cell vi-
ability was determined 24 h after anandamide exposure. Values are
the mean ± SD of three independent experiments.

Figure 6. Proposed mechanism of the anandamide-induced apoptotic cell death signaling pathway. Anandamide may enter the cells
through an anandamide membrane transporter or carrier located in lipid rafts. Anandamide may cross the membrane through cholesterol-
rich lipid rafts. Accumulation of anandamide may lead to an increase in intracellular reactive oxygen species, which, in turn, triggers the
apoptosis-inducing signaling cascade. Disruption of lipid rafts prevents anandamide-induced apoptosis.



cholesterol-rich lipid rafts, which entraps extracellular
anandamide in a manner dependent on intact membrane
cholesterol and (2) anandamide has greater access to cells
through cholesterol-rich lipid rafts, and depletion of cho-
lesterol results in inhibition of anandamide access, block-
ing subsequent apoptosis-inducing signaling cascades
(fig. 6). 

Discussion

In the present report, we provide evidence for the first
time that anandamide-induced cell death is mediated
through membrane lipid rafts, not via a putative CB-R, or
VR1 or membrane transporter. CB1-R has been shown to
be involved in anandamide-induced proliferation of rat
C6 cells [24]. Anandamide from 10 to 15 mM induces cell
growth and MAPK activation in JB6+ cells without using
CB-Rs [25]. CB1-R has been suggested not to be in-
volved in anandamide-induced apoptosis [16]. Results
presented in this study are in line with the latter reports,
as the selective inhibitors of CB-Rs, were found to not in-
hibit anandamide-induced apoptosis and anandamide-in-
duced cell death in CHO cells, which have been widely
used in studies of heterologous transfection of CB-Rs
[26]. 
Anandamide has been found to mimic the functions of
capsaicin by binding to VR1 [3, 27]. However, a study by
Szolcsanyi [28] has demonstrated that anandamide can
elicit cellular effects independent of VR1 activation. In
this study, we provide evidence that anandamide can in-
duce apoptosis independent of VR1 activation. Cap-
sazepine, an antagonist of VR1 [21] has been shown to
prevent anandamide-induced cellular function [3]. Anan-
damide-induced apoptosis has been shown to be partially
blocked by capsazepine [16]. However, in the present
study, we observed that capsazepine does not block anan-
damide-induced PC12 cell death. The reason for this dis-
crepancy is not clear at present; however, it may be due to
the different experimental systems as well as different
cell types. We also observed that capsaicin, a potent ago-
nist of VR1 [29], did not trigger apoptosis at the same
dose as anandamide. Although the dose of anandamide
that induces apoptosis varies with cell type, the concen-
tration of anandamide inducing apoptosis in VR1-ex-
pressing PC12 cells also affected viability in VR1-lack-
ing HEK 293 cells. These results also support the data ob-
tained with capsazepine. Thus, anandamide may induce
apoptosis through different pathways in different cells
where VR1 may or may not be required. 
Evidence has been mounting in recent years that rafts in
the plasma membrane of mammalian cells, which are en-
riched with cholesterol and glycosphingolipids, play an
important role in delivering a number of intracellular sig-
nals [30–32]. Depletion of membrane cholesterol results

in a reduction in amyloid beta toxicity in hippocampal
neurons and Alzheimer’s disease [33, 34]. Of great inter-
est has been to determine whether depletion of membrane
cholesterol can modulate anandamide-induced cell death.
We found evidence that MCD, which specifically re-
moves cholesterol from the plasma membrane [18], strik-
ingly inhibits anandamide-induced superoxide genera-
tion, PS exposure, p38 MAPK/JNK activation and apop-
totic features in anandamide-treated cells. Jarho et al.
[35] have shown that anandamide may bind to MCD, thus
a possibility arises that MCD entraps anandamide result-
ing in an inhibition of anandamide-induced cell death.
However, a noticeable inhibitory effect of MCD on anan-
damide-induced cell death remains after removal of MCD
from cells prior to the addition of anandamide, suggest-
ing that this is not the case. The inhibition of anandamide-
induced cell death by MCD was found to be twofold.
First, MCD potently inhibited anandamide-induced cell
death in a variety of cells (with or without CB1,2-
R/VR1), suggesting a general phenomenon in anan-
damide-induced cell death. Second, inhibition of anan-
damide-induced cell death by MCD newly suggests a key
role for membrane lipid rafts in the field of anandamide-
induced apoptosis. Our findings are in accordance with
previous reports suggesting that disruption of membrane
lipid rafts by incubation with MCD results in inhibition of
lipid-induced apoptosis [13]. Therefore, future studies
must determine whether there is an anandamide mem-
brane transporter/carrier in lipid rafts, which functions in
a manner dependent on intact membrane cholesterol, or
whether anandamide has access to the cholesterol-rich
lipid rafts, and disruption of lipid rafts results in an inhi-
bition of intracellular anandamide accumulation and of
the subsequent apoptosis-inducing signaling cascade.
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