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Abstract
Anandamide (arachidonoylethanolamide or AEA) is an
endocannabinoid that acts at vanilloid (VR1) as well as at
cannabinoid (CB1/CB2) and NMDA receptors. Here, we show
that AEA, in a dose-dependent manner, causes cell death in
cultured rat cortical neurons and cerebellar granule cells.
Inhibition of CB1, CB2, VR1 or NMDA receptors by selective
antagonists did not reduce AEA neurotoxicity. Anandamide-
induced neuronal cell loss was associated with increased
intracellular Ca2þ , nuclear condensation and fragmentation,
decreases in mitochondrial membrane potential, transloca-
tion of cytochrome c, and upregulation of caspase-3-like
activity. However, caspase-3, caspase-8 or caspase-9 in-
hibitors, or blockade of protein synthesis by cycloheximide
did not alter anandamide-related cell death. Moreover, AEA
caused cell death in caspase-3-deficient MCF-7 cell line and
showed similar cytotoxic effects in caspase-9 dominant-
negative, caspase-8 dominant-negative or mock-transfected
SH-SY5Y neuroblastoma cells. Anandamide upregulated
calpain activity in cortical neurons, as revealed by a-spectrin
cleavage, which was attenuated by the calpain inhibitor
calpastatin. Calpain inhibition significantly limited ananda-
mide-induced neuronal loss and associated cytochrome c
release. These data indicate that AEA neurotoxicity appears
not to be mediated by CB1, CB2, VR1 or NMDA receptors and
suggest that calpain activation, rather than intrinsic or
extrinsic caspase pathways, may play a critical role in
anandamide-induced cell death.
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Introduction

Anandamide (arachidonoylethanolamide, AEA) belongs to a
family of N-acyl-ethanolamines that is formed in mammalian
tissue (for review see Fride1 and van der Stelt et al.,2).
Intracellular levels of AEA are regulated by a specific
phospholipase D-like enzyme through hydrolysis of N-
arachidonoyl-phosphatidyl-ethanolamine (NarPE);3,4 by an
uptake mechanism controlled by anandamide transporter;
and through degradation regulated by a fatty acid amide
hydrolase (FAAH).5–7 Anandamide was first isolated from
brain and initially characterized as an endogenous ligand for
cannabinoid receptors. Although agonist activity at both CB1
and CB2 receptors has been demonstrated,8,9 anandamide
also acts as an agonist at a vanilloid (VR1) or capsaicin
receptor.10–13 In addition, direct modulation of NMDA receptor
activity by AEA has also been described.14 Anandamide
appears to regulate a number of crucial cellular events,
including cytosolic Ca2þ levels and cell proliferation.15–17

Endogenous cannabinoids, such as 2-arachidonoyl-glycer-
ol (2-AG), are generally believed to play a neuroprotective role
through actions at CB receptors, and anandamide has also
been reported to provide neuroprotection through activation of
CB receptors.4,18–21 However, in human neuroblastoma
CHP100 and lymphoma U937 cell lines, anandamide induces
apoptotic cell death through actions at VR1 receptors, leading
to caspase activation.17

In the present studies, we show that anandamide induces
dose-dependent cell death in both rat cortical neuronal and
cerebellar granule cells. Such cell death is morphologically
consistent with apoptosis and associated with changes in
mitochondrial membrane potential, translocation of cyto-
chrome c, activation of caspase-3, and increased levels of
intracellular Ca2þ . Administration of anandamide also upre-
gulates calpain activity and treatment with calpain inhibitors
significantly reduced cell death. In contrast, treatment with
caspase inhibitors, cannabinoid or vanilloid receptor antago-
nists, or an NMDA antagonist does not provide protection
against anandamide-induced neuronal cell death.

Results

Anandamide induces cell death in rat cortical
neuronal and cerebellar granule cells cultures

Administration of anandamide to rat cortical neuronal cultures
(RCN) caused cell death in a dose-dependent manner. The
neurotoxic effects of anandamide were observed beginning at
a 25 mM concentration showing an almost two-fold increase in
lactate dehydrogenase (LDH) release (Figure 1a). Application
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of anandamide at concentrations of 10 mM and lower had no
effect on RCN viability. Similar results were obtained using a
calcein AM cell viability assay (Figure 1b). Anandamide also
caused cell death in cerebellar granule cell cultures. In this
model, anandamide-induced cell death was evident at doses
of 10 mM and higher, while application of anandamide in
concentrations equal or lesser than 1 mMwaswithout effect on

cell survival, as measured by LDH release (Figure 1a). Again,
similar results were observed using a calcein AM-based cell
viability test (Figure 1b).

Inhibition of cannabinoid, vanilloid or NMDA
receptors by selective antagonists does not
reduce anandamide-induced cell death in rat
cortical neuronal cultures

As shown in Table 1, no protection from anandamide-induced
cell death was observed in cultures pretreated with VR1
antagonists capsazepine, isovelleral or ruthenium red
(Table 1). These compounds have been previously shown
to be effective VR1 antagonists in the dose range used.22–24

At 10 mM dose capsazepine and isovelleral even exacerbated
the injury. Similarly, the CB1 antagonist AM25125 had no
protective effect in cultures given anandamide, while the CB2
antagonist AM63026 at 1mM concentration exacerbated
anandamide neurotoxicity, as measured by LDH release
assay after 24 h of treatment. Application of the NMDA
receptor antagonist MK80127 at a dose of 10 mM did not alter
anandamide-induced cell death in RCN (Table 1).

The metabolically stable anandamide analog meth-
anandamide causes cell death in neuronal
cultures; FAAH inhibition does not decrease
anandamide-induced neuronal loss

To test whether the effects of anandamide in neuronal
cultures could be caused by the products of its degradation,
we performed experiments in which anandamide was
replaced with meth-anandamide, a nondegradable form of
the compound, or when anandamide was administered to the
cells in the presence of the FAAH inhibitor, phenylmethylsul-
fonyl fluoride (PMSF).28,29 As shown in Figure 2a, meth-
anadamide also induced cell death in primary neuronal
cultures, albeit at somewhat higher concentrations than
required for anandamide. Significant decreases of cell viability
were observed in meth-anandamide-treated cells at concen-
trations of 25 and 50 mM in CGC and RCN cultures,
respectively. Co-application of PMSF did not alter ananda-
mide-induced cell death in cortical neuronal cultures at a dose
of 0.1mM, but exacerbated cell loss at 1 mM (Figure 2b).

Figure 1 Anandamide induced dose-dependent cell death in cultured rat
cortical neurons and cerebellar granule cells. Rat cortical neurons or cerebellar
granule cells were treated with the indicated concentrations of anandamide. Cell
viability was measured after 24 h of treatment by the LDH release assay (a) or
calcein AM method (b). Each point represents the mean7S.D. of eight wells.
The data are representative of 3–5 separate experiments. *Po0.05 and
**Po0.01 versus untreated controls compared by ANOVA, followed by
Dunnett’s test

Table 1 Treatment with cannabinoid, vanilloid or NMDA receptor antagonists does not provide protection against anandamide-induced cell death in rat cortical
neuronal cultures

Antagonist Targeted receptor Anandamide-induced LDH release, % Concentration (lM)

Capsazepine VR1 113.579.9 1
125.575.5* 10

Isovelleral VR1 130.3711.6* 10
Ruthenium Red VR1 98.774.2 1
AM251 CB1 104.775.6 0.1

129.1723.5 1
AM630 CB2 118.6717.6 0.1

161.8715.1* 1
MK801 NMDAR 114.1715.5 10

Cell viability was measured by LDH release 24h after incubation with 25 mM anandamide with or without 30min pretreatment with indicated concentrations of the
antagonists. Data indicate LDH release as a percentage of that in cultures treated with anandamide alone7S.D.; n¼ 8–16 cultures per condition. *Po0.05, versus
cultures received anandamide alone compared by ANOVA, followed by Dunnett’s test. The results are representative of 3–5 separate experiments.
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Anandamide increases the number of cells with
apoptotic morphology and causes caspase-3
activation in cortical neuronal cultures

To examine whether anandamide-induced neuronal cell
death was apoptotic, we evaluated characteristic features of
apoptosis, such as nuclear condensation and fragmentation,
as well as changes of active caspase-3 protein levels and
caspase-3-like enzymatic activity in anandamide-treated
cells. Morphological evaluation of cortical neuronal cultures
using Hoechst 33258 staining and fluorescent microscopy
revealed amarked increase in the number of cells with nuclear
condensation and fragmentation after 24 h of treatment with
25mM anandamide, as compared to control cultures (Figure
3a,b). Immunoblot analysis of cytosolic protein extracts from
cortical neuronal cells, incubated for different time periods
with 25 mM anandamide, showed a significant increase in

active caspase-3 protein levels after 16 and 24h of treatment
(Figure 4a). Caspase-3-like activity was also examined in
cytosolic protein extracts from cortical neuronal cells treated
with 25 mM anandamide for 24 h, and compared to that in
sister control cultures. The fluorometric assay, using DEVD-
AMC as a substrate, showed an approximate four-fold
increase in the caspase-3-like activity in anandamide-treated
cells (Figure 4b). Parallel experiments where anandamide-
induced cell death was measured using LDH assay revealed
that significant reduction in cell viability occurred before
caspase activation. Thus, levels of LDH release in cells
treated with 25 mM of anandamide for 4 and 8h were
138.63718.2 and 149716.8, respectively, as compared to
control cultures.

Selective caspase inhibition or blockade of protein
synthesis does not attenuate anandamide-induced
neuronal loss

Because anandamide caused cell death associated with
caspase-3 activation, we examined whether caspase inhibi-
tors could modify anandamide-induced neuronal loss.
Surprisingly, pretreatment with the caspase inhibitors z-
DEVD-fmk, z-LEHD-fmk, or z-IETD-fmk had no effect on cell
death induced in cortical neuronal cultures by treatment with
30 mM anandamide, as assessed by LDH release at 24 h
(Figure 5a). Although none of these antagonists are highly
selective, they are believed to have some selectivity to

Figure 3 Treatment with anandamide significantly increased the number of
cells with apoptotic morphology in rat cortical neuronal cultures. Cultures were
treated with 25 mM anandamide and after indicated periods of time, cells were
stained by Hoechst 33258 and examined using fluorescent microscopy.
Representative images of control and anandamide-treated cells (a). Hoechst
33258 staining revealed many condensed, fragmented, brightly stained nuclei
after anandamide treatment, which is suggestive of apoptosis (a). Number of
apoptotic cells was assessed using Hoechst 33258 staining and fluorescent
microscopy (b). Histograms indicate the percentage of cells with apoptotic
morphology as compared with untreated controls 7S.D.; n¼ 300–400 cells per
condition. *Po0.01 versus untreated controls compared by ANOVA, followed by
Dunnett’s test

Figure 2 Meth-anandamide induced cell death in cultured rat cortical neurons
and cerebellar granule cells. Rat cortical neurons or cerebellar granule cells were
treated with the indicated concentrations of meth-anandamide. Cell death was
measured after 24 h of treatment by the LDH release assay (a). Coadministration
of anandamide with phenylmethylsulfonyl fluoride (PMSF) did not reduce, but
rather exacerbated the neurotoxic effect of anandamide. Indicated concentra-
tions of PMSF were added to rat cortical neurons with or without 30 mM of
anandamide, and cell death was measured after 24 h of treatment by LDH
release assay (b). Each point reflects the mean7S.D. of eight wells. The data
are representative of three separate experiments. *Po0.05 and **Po0.01
versus untreated controls, #Po0.01 versus cultures treated with anandamide
alone compared by ANOVA, followed by the Dunnett’s test
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caspase-3, -9 and -8, respectively; at the concentrations
used, these inhibitors have been shown to attenuate caspase-
mediated cell death.30,31 Notably, pretreatment with cyclo-
heximide (CHX), an inhibitor of protein synthesis, also did not
decrease anandamide-induced cell death in the cultures. In
contrast, the same dose of CHX was protective against
etoposide-induced cell death (Figure 5b), a well-established
model of caspase-mediated neuronal apoptosis.32

Anandamide induces cell death in caspase-9
and -8 dominant-negative SH-SY5Y cells and
caspase-3-deficient MCF-7 cells

Because peptide caspase inhibitors used in our experiments
are known to have only limited specificity,33 we also utilized
dominant-negative caspase-9 and -8 SH-SY5Y neuroblasto-
ma cells stably transfected with mutant caspase-9 and -8
constructs (seeMaterials andMethods).We further examined
the effect of anandamide on cell viability in caspase-9 and -8
dominant-negative SH-SY5Y cells in comparison to that for
cells transfected with the empty vector (pcDNA3). As shown in
Table 2, anandamide induced cell death in SH-SY5Y cells in a
dose-dependent manner, as measured by LDH assay after
24 h of treatment. However, cell death caused by anandamide
was not significantly reduced in caspase-8 or -9 dominant-
negative SH-SY5Y cells, as compared to SH-SY5Y cells

transfected with empty vector (Table 2). In addition, effects of
anandamide on cell viability were tested in MCF-7 human
breast carcinoma cells that lack expression of caspase-3 as a
result of a deletion in the caspase-3 gene.34,35 In this system,
anandamide was able to induce significant cytotoxicity at 20
and 50 mM concentrations (Table 2).

Anandamide stimulates calpain activation and
calpain inhibitors provide protection against
anandamide-induced cell death

In parallel studies, we have recently found that intracerebro-
ventricular (icv) administration of anandamide in rats causes

Figure 4 Treatment with anandamide significantly increased active caspase-3
protein levels and upregulates caspase-3-like activity in rat cortical neuronal cells.
Cultures were treated with 30 mM anandamide; after indicated time periods, cells
were harvested and subjected to immunoblot analysis as described in Materials
and Methods. b-Actin was used as an internal control (a). After 24 h of treatment
with anandamide, caspase-3-like activity was measured fluorometrically as
described in Materials and Methods (b). Histograms represent caspase-3-like
activity as a percentage of the activity in control cells. *Po0.01 versus untreated
controls compared by Student’s two-tailed t-test

Figure 5 Pretreatment with the caspase-3 inhibitor z-DEVD-fmk, the caspase-
9 inhibitor z-LEHD-fmk, the caspase-8 inhibitor z-IETD-fmk, or protein synthesis
inhibitor cycloheximide did not reduce anandamide-induced cell death in rat
cortical neuronal cultures. In contrast, cycloheximide treatment blocked
etoposide-induced cell death. Cell death was measured by LDH release assay
after 24 h of incubation with 30 mM anandamide with or without 1 h pretreatment
with selective caspase inhibitors (each at 150mM) (a) or after 2 h pretreatment
with 10 mM cycloheximide (CHX) followed by administration of indicated
concentrations of anandamide (AEA) or 50 mM etoposide (Eto) (b). The data
are representative of 3–5 separate experiments. Histograms indicate LDH
release as percentage of controls 7S.D.; n¼ 8 cultures per condition; *Po0.01
versus etoposide-injured cells compared by ANOVA, followed by the Dunnett’s
test
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activation of calpain in the brain and associated pathological
changes (I Cernak et al., unpublished observation). Calpain
has long been implicated in many models of cell death, both in
vivo and in vitro.36–40 Cleavage of aII-spectrin leading to
formation of 150/145 kDa fragments is a well-recognized
marker for the calpain-generated protein breakdown.36,41 We
utilized immunoblot analysis of cleaved aII-spectrin protein to
examine anandamide-induced alterations in calpain activity.
As shown in Figure 6a, treatment with anandamide caused
significant increase in 145 kDa fragment of cleaved aII-
spectrin in cortical neuronal cells, as compared to intact
cultures. Moreover, anandamide-induced aII-spectrin clea-
vage was almost entirely blocked by coadministration of
25mM calpastatin, a calpain inhibitor (Figure 6b). It should be
noted that levels of 120KDa aII-spectrin fragment, known to
be generated by caspase-3-induced cleavage,42 remained
unchanged until 24 h of treatment with anandamide
(Figure 6a), when caspase-3 activity was also detected by
immunoblot or fluorometric assay (Figure 4).
To explore a possible involvement of calpain-regulated

pathway/s in anandamide-induced neuronal death, we also
examined effects of various calpain inhibitors on survival of
anandamide-treated cortical neuronal cultures. Pretreatment
with cell-permeable calpain inhibitor calpastatin markedly
enhanced viability of cortical neurons exposed to ananda-
mide, as shown by calcein AM assay (Figure 7a). Similar
results were obtained by measurements of LDH release (data
not shown). It should be noted that application of the same
dose (25 mM) of this calpain inhibitor blocked aII-spectrin
cleavage in anandamide-treated cortical neuronal cultures
(Figure 6b). Administration of another cell-permeable calpain
inhibitor, calpeptin, also caused significant protection against
anandamide–induced cell death in neuronal cultures (Figure
7b,c). Notably, calpeptin markedly reduced anandamide
toxicity at 4, 8, and 24 h, whereas the caspase-3 inhibitor z-
DEVD-fmk did not provide protection, as measured by LDH
release assay (Figure 7c). Treatment with calpastatin also
provided significant protection against anandamide-induced
cell death in SH-SY5Y and MCF-7 cells, as revealed by
calcein AM assay (Figure 7d,e).

Intracellular Ca2þ levels are increased in
anandamide-treated cortical neurons

Given that upregulation of intracellular Ca2þ is known to be
crucial for calpain activation (especially for m-calpain)43 and is

a known action of anandamide,15,44,45 we examined effects of
anandamide on Ca2þ levels in cortical neuronal cells. We
employed imaging analysis using the fluorescent indicator
Fluo-3 for assessment of intracellular free calcium ion
concentration. As shown in Figure 8, Ca2þ levels were
significantly increased in cortical neurons treated with
anandamide in the presence of 1mM extracellular Ca2þ ,
whereas in cells incubated in Ca2þ -free solution anandamide

Table 2 Treatment with anandamide induces cell death in caspase-8 dominant-negative (C8�/�), caspase-9 dominant-negative (C9�/�), and mock-transfected
(EV) SH-SY5Y cells, as well as in caspase-3-deficient MCF-7 cells

LDH release, % control

Anandamide (lM) SH-SY5Y (EV) SH-SY5Y(C8�/�) SH-SY5Y(C9�/�) MCF-7

10 10074.6 100.272.4 104.9712.3 98.1675.07
20 116.9714.7 107.875.4 117.3710.7 165.73679.08*
50 282.6736.4* 254.6710.7* 354.2742.2* 198.9579.17*
100 313.2721.7* 299.9713.3* 382.4719.5* Not tested

Cultures were treated with indicated concentrations of anandamide and 24h after cell death was measured by LDH release assay. Data indicate LDH release as a
percentage of untreated controls 7S.D.; n¼ 8–16 cultures per condition. *Po0.01 versus untreated control cells compared by ANOVA, followed by Dunnett’s test.

Figure 6 Anandamide induced significant upregulation of cleaved aII-spectrin
in rat cortical neuronal cultures. Treatment with calpastatin abolishes
anandamide-induced aII-spectrin cleavage. Cultures were treated with 30 mM
anandamide and after indicated periods of time, harvested, fractionated by 5%
SDS-PAGE and subjected to immunoblot analysis as described in Materials and
Methods (a). Cells were pretreated for 30 min with 25 mM calpastatin, followed by
the addition of 30 mM anandamide, and after 4 h of incubation harvested,
fractionated by 5% SDS-PAGE and subjected to immunoblot analysis (b). To
ensure equal protein loading aliquots from the same samples were subjected to
12% SDS-PAGE following by immunoblot analysis using b-actin antibody. A
measure of 25 mg of protein from rat cortical neuronal cell lysates incubated with
m-calpain, as described in Materials and Methods, were used as a positive
control for cleaved aII-spectrin (RCN þ calpain)
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did not alter intracellular Ca2þ concentration. Although
baseline measurements appear to have slight fluctuations at
approximately 10 s prior to perfusion of anandamide, recorded
values were not significantly different from baseline values.
Such fluctuation was periodically caused by the proximity of
the Y-tubing perfusion system to the region of interest.

Anandamide reduces mitochondrial membrane
potential and causes cytochrome c translocation,
which can be attenuated by calpain inhibition

We also have investigated whether anandamide-induced cell
death in cortical neuronal cultures is associated with changes
in mitochondrial membrane potential and cytochrome c
release. Evaluation of changes in mitochondrial membrane
potential by assessments of the emission shifts in JC-1
fluorescence revealed significant decrease of mitochondrial
membrane potential in anandamide-treated cells (Figure 9).
Immunoblot analysis of protein extracts from the cells

incubated with anandamide showed marked upregulation in
cytochrome c protein levels in the cytosol (Figure 10a).
Application of caspase-3 inhibitor z-DEVD-fmk did not alter
anandamide-stimulated cytochrome c translocation, whereas
incubation with calpastatin significantly attenuated upregula-
tion of cytochrome c levels in cytosolic extracts from
anandamide-treated cortical neurons (Figure 10b). Moreover,
administration of calpastatin markedly decreased ananda-
mide-induced elevation of active caspase-3 levels, as
revealed by immunoblot assay (Figure 10c).

Figure 7 Pretreatment with the calpain inhibitors reduced anandamide-
induced cell death in rat cortical neuronal cultures, SH-SY5Y, and MCF-7 cells.
Cell viability was measured by calcein AM assay 24 h after incubation with 30 mM
anandamide with or without 45 min pretreatment with indicated concentrations of
calpain inhibitor calpastatin (a, d, e) or calpeptin (b). LDH release was measured
after indicated periods of time following incubation with 30 mM anandamide with
or without 45 min pretreatment using 150 mM z-DEVD-fmk or 0.1 mM calpastatin
(c). The data are representative of 3–5 separate experiments. Histograms
indicate cell viability (calcein AM fluorescence) as percentage of controls or LDH
levels as a percentage of anandamide-induced release 7S.D.; n¼ 8 cultures
per condition; *Po0.05 and **Po0.01 versus cells treated with anandamide
alone compared by ANOVA, followed by the Dunnett’s test

Figure 8 Anandamide increased intracellular Ca2þ levels in rat cortical
neuronal cells. Cortical neuronal cells cultured on glass coverslips were loaded
with 2 mM Fluo-3, and then treated with 30 mM anandamide in the presence or
absence of 1 mM CaCl2; after indicated time periods, Fluo-3 fluorescence was
measured using a Sensicam digital fluorescence imaging system as described in
Materials and Methods. Anandamide significantly increased intracellular calcium
from baseline levels in the presence, but not absence, of 1 mM extracellular
Ca2þ , 30 s after initial perfusion; Ca2þ levels remained increased throughout
the remainder of the experiment (n¼ 126, Po0.05 compared by ANOVA
followed by the Bonferroni/Dunn test). Data are expressed as a percentage of
mean baseline control 7S.E.

Figure 9 Anandamide induced changes in mitochondrial membrane potential.
Cortical neurons cultured in 24-well plates were incubated for 30 min with JC-1
followed by the addition of 30 mM anandamide. After indicated periods of time,
changes in mitochondrial membrane potential (Dcm) associated with alterations
in the red/green fluorescence intensity ratio of JC-1 were measured as described
in Materials and Methods. Cells treated for 2 h with 10 mM carbonyl cyanide-4-
trifluoromethoxyphenylhyrazone (FCCP) were used as a positive control for
(Dcm) decrease. The data are representative of three separate experiments.
Each individual treatment/time point reflects four replicates. *Po0.01 versus
untreated controls compared by ANOVA, followed by the Dunnett’s test
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Discussion

Endocannabinoids have generally been considered to
provide neuroprotection, through actions at CB receptors.
For example, 2-AG has been shown to reduce edema
formation and enhance functional recovery after brain
injury in mice.46 Similarly, neuroprotective effects for
anandamide have been reported in a rat model of ouabain-
induced acute brain injury,21 as well as in neuronal cell
cultures, where low doses of anandamide (0.1–0.3mM)
protected cells exposed to hypoxia and glucose deprivation.47

In contrast, we have recently found that anandamide induces
neuronal cell loss after intracerebroventricular (icv) injections
in rat brain (I Cernak et al., unpublished observation).
Anandamide has also been reported to induce apoptosis in
human neuroblastoma cell line,17 and suppress glial cell
proliferation.16

In the present study, we found that the administration of
anandamide, in a dose-dependent manner, caused cell death
in cultured rat cortical neurons and cerebellar granule cells.
These results are supported by our parallel work showing that
significantly low doses of anandamide (0.1–1 mM) exacerbate
injury-induced cell death of CGC subjected to trophic support/

potassium withdrawal; in addition, anandamide increased
neuronal cell death caused by stretch injury in vitro (I Cernak
et al., unpublished observation). Doses of anandamide, which
were effective in our noninjured cell culture systems, are
higher that those required for receptor activation.24,48 How-
ever, since it has been shown that brain injury in rats is
associated with significant (up to 14-fold) upregulation of AEA
levels in the ipsilateral cortex,18 our in vitro models of
anandamide-induced cell death may represent pathophysio-
logical events acquired following neuronal injury.
We also observed cell death following administration of

nondegradable anandamide analog meth-anadamide or after
blockade of anandamide breakdown by FAAH inhibition using
PMSF; together, these observations suggest that ananda-
mide by itself, rather than products of its degradation, may be
responsible for the observed neurotoxic effects. Moreover,
exacerbation of anandamide-induced cell death by PMSF
may reflect additional neurotoxic effects of endogenous AEA
upregulated by the suppression of FAAH activity.
Inhibition of cannabinoid receptors (both CB1 and CB2),

vanilloid receptors (VR1), or NMDA receptors did not reduce
anandamide-induced neuronal loss in RCN, indicating that
these receptors do not mediate the toxic effects of ananda-
mide in this primary neuronal culture. These findings are
consistent with the recent work of Sarker and Maruyama,49

showing lack of effects of CB1, CB2 and VR1 antagonists on
anandamide-induced death in cell lines. Anandamide-induced
cell death in cortical neuronal cultures was associated with
increased numbers of cells showing apoptotic morphology,
reduction of the mitochondrial membrane potential, transloca-
tion of cytochrome c, upregulation of active caspase-3 protein
levels, and enhanced caspase-3-like enzymatic activity.
Changes in the mitochondrial membrane potential and
translocation of cytochrome c have been implicated in the
formation of the apoptosome and activation of caspase-9,
leading to activation of caspase-3 and associated apopto-
sis.50 Although we indeed measured changes in caspase-3
activity following anandamide administration, treatment with
caspase inhibitors at concentrations previously shown to be
able to attenuate classical caspase-3-mediated apoptosis in
neuronal cell cultures30,31 did not modify anandamide-
induced cell death. Thus, coadministration of selective
caspase-3 inhibitor z-DEVD-fmk failed to provide neuropro-
tection against anandamide-induced cell death. Moreover, no
protection was observed by suppression of caspase-8 or -9,
the upstream regulatory caspases, which control caspase-3
activity and modulate the extrinsic or intrinsic pathways of
neuronal apoptosis, respectively.51–54 In addition, ananda-
mide-induced cytotoxicity appeared prior to changes in
caspase activity. These findings were further confirmed using
neuroblastoma cell lines that expressed either caspase-9 or -8
dominant-negative mutants; again, anandamide-induced cell
death was not modified in cells transfected with the dominant-
negative constructs versus the empty vector. Moreover,
anandamide caused cell death in caspase-3-deficient MCF-
7 cells. Collectively, these results suggest that caspase-
driven apoptosis, which can be detected by caspase activa-
tion and morphological changes in cultures exposed to
anandamide, is not a major contributor to anandamide-
generated neuronal cell death.

Figure 10 Immunoblot analysis of anandamide-treated rat cortical neuronal
cultures revealed significant upregulation of cytochrome c protein levels in the
cytosol (a). Treatment with calpastatin-attenuated anandamide-induced cyto-
chrome c release (b). Administration of calpastatin reduced levels of active
caspase-3 in anandamide-treated cultures (c). Cultures were treated with 30 mM
anandamide with or without 45 min pretreatment with 150mM z-DEVD-fmk or
25 mM calpastatin and after indicated time periods harvested and subjected to
immunoblot analysis as described in Materials and Methods. b-Actin was used as
an internal control
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It has been suggested that de novo protein synthesis may
be essential for activation of caspase-regulated apopto-
sis.32,55,56 Consistent with the studies using caspase inhibi-
tors, inhibition of protein synthesis did not protect cortical
neurons from the neurotoxic effects of anandamide. In
contrast, parallel studies using treatment with etoposide, a
classical method of inducing caspase-3-mediated neuronal
apoptosis, showed cycloheximide blockade of apoptosis.
Together, these findings indicate that protein synthesis-
independent pathways are involved in anandamide-induced
neuronal cell loss.
The present findings suggest an important role for calpain in

cell death induced by anandamide. The calpain inhibitors
calpastatin and calpeptin showed significant protective effects
on anandamide-induced cell death in cortical neuronal
cultures. Although, these calpain inhibitors demonstrated
considerable neuroprotective activity in this model, they did
not block cell death completely. This may reflect, in part, the
limited cell permeability of these compounds. Alternatively,
there may be additive (multiple) mechanisms of cell death,
which can be triggered at different time periods after injury, as
suggested previously by our work on caspase inhibitor-
mediated neuroprotection.31 In addition, anandamide stimu-
lated calpain activity (i.e. aII-spectrin cleavage) in cortical
neurons; this effect was abolished by treatment with a calpain
inhibitor. Calpain activation has previously been reported in
anandamide-induced inhibition of C6 glioma cell prolifera-
tion.16 A role for calpain-related pathways in neuronal cell
death has also been well demonstrated previously in various
in vitro and in vivomodels of neuronal injury.36,41,42 Moreover,
we have also recently found that icv administration of
anandamide in rats causes cerebral edema and neuronal cell
loss which are attenuated by calpain inhibitors (I Cernak et al.,
unpublished observation).
Treatment with anandamide caused significant upregula-

tion of intracellular Ca2þ levels, which can serve as a trigger
for calpain activation. The observed increase of Ca2þ

concentration appeared to reflect influx from the extracellular
environment, but not the release of Ca2þ from intracellular
compartments, as Ca2þ upregulation was not detected
when cortical neurons were incubated with anandamide in
a Ca2þ -free medium. This conclusion is supported by pilot
studies indicating that calcium channel blockers, such as
o-agatoxin TK or calcicludine reduce anandamide toxicity
(data not shown).
Anandamide-induced calpain activation in cortical neuronal

cells also caused cytochrome c release from mitochondria,
which was blocked by treatment with a calpain inhibitor. It is
known that m-calpain activation may cause subsequent
increases in caspase activity through direct cleavage/activa-
tion of caspase-3;37 it may also cause truncation of Bcl-2 or
Bid, which induces cytochrome c release from mitochondria,
followed by initiation of the intrinsic apoptotic pathway.57 That
anandamide-induced calpain activation may contribute to
caspase activation, which appeared at later time points in our
model, is supported by our finding showing that levels of active
caspase-3 can be significantly reduced by calpain inhibition in
anandamide-treated cortical neurons. This also suggests that
anandamide-mediated calpain activation in cortical cultures is
upstream of caspase stimulation. Together, these observa-

tions indicate that anandamide causes neuronal cell death
through mechanisms that do not appear to involve known
cannabinoid or vanilloid receptors, but rather reflect activation
of calpain-related pathways.

Materials and Methods

Cell cultures

Rat cortical neuronal cultures
Cortical neuronal cultures were derived from rat embryonic cortices
(Taconic, Germantown, NY, USA) as previously described.58 Briefly,
cortices from 17 to 18-day-old Sprague–Dawley rat embryos were cleaned
from meninges and blood vessels in Krebs-Ringers bicarbonate buffer
containing 0.3% bovine serum albumin (BSA), (Gibco, Gaithersburg, MD,
USA). Cortices were minced and dissociated in the same buffer with
1800 U/ml trypsin (Sigma, St. Louis, MO, USA) at 371C for 20 min.
Following the addition of 200 U/ml DNase I (Sigma) and 3600 U/ml
soybean trypsin inhibitor (Sigma) to the suspension, cells were triturated
through a 5 ml pipet. After the tissue was allowed to settle for 5–10 min, the
supernatant was collected, and the remaining tissue pellet was
retriturated. The combined supernatants were centrifuged through a 4%
BSA layer and the cell pellet was resuspended in neuronal seeding
medium (NSM), which consisted of Neurobasal Medium (Gibco)
supplemented with 1.1% 100� antibiotic–antimycotic solution (Biofluids),
25mM Na-glutamate, 0.5 mM L-glutamine, and 2% B27 Supplement
(Gibco). Cells were seeded at a density of 5� 105 cells/ml onto 96-well
tissue culture plates (Corning, Corning, NY, USA) precoated with poly-D-
lysine (70-150 kDa, Sigma), or on 100 mm Petri dishes (Corning)
precoated with poly-D-lysine. On day 4 in vitro (DIV), feeding media
(NSM without Na-glutamate and B27 supplement) in 1 : 2 proportion was
added to cultures. All experiments were performed on cultures at 7–9 DIV.

Cerebellar granule cells (CGC)
CGC cultures were prepared as previously described.59 Briefly, the
meninges and blood vessels were removed from cerebella of 7-day-old
Sprague–Dawley rat pups (Taconic) while in Krebs–Ringer’s bicarbonate
buffer containing 0.3% bovine serum albumin (BSA, Gibco, Gaithersburg,
MD, USA). The cerebella were dissociated at 371C for 20 min. in the same
buffer with the addition of 1800 U/ml trypsin (Sigma, St. Louis, MO, USA).
The dissociated cells were triturated through a 5 ml pipette following the
addition of 200 U/ml DNase I (Sigma) and 3600 U/ml soybean trypsin
inhibitor (Sigma). The supernatant was collected after the tissue settled for
5–10 min; the pellet was retriturated as noted above. The supernatants
were combined and centrifuged through a 4% BSA solution. The pellet
was resuspended in seeding medium containing Neurobasal Medium
(Gibco), 25 mM KCl, 0.5 mM L-glutamine, 50mg/ml gentamicin, and 2%
B27 supplement (Gibco). Cells were seeded at 5� 105 cells/ml onto 96-
well tissue culture plates (Corning, Corning, NY, USA) precoated with
poly-D-lysine (70–150 kDa, Sigma). All experiments were performed at day
7 in vitro (DIV).

SH-SY5Y and MCF-7 cell lines
SH-SY5Y human neuroblastoma and breast cancer MCF-7 cells were
routinely cultured in DMEM (Gibco) supplemented with 10% FBS (Hyclone
Laboratories, Inc., Logan, UT, USA), 50 U/ml penicillin/streptomycin, and
5mg/ml fungizone (Biofluids) in 250 ml flasks (Corning). For experiments,
cells were detached from the surface by trypsin-EDTA solution (Gibco),
resuspended in fresh media and seeded at 2� 105 cells/ml onto 96-well
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tissue culture plates (Corning, Corning, NY, USA) precoated with poly-D-
lysine (70–150 kDa, Sigma).

Development of stable SH-SY5Y lines expressing
dominant-negative caspase forms
SH-SY5Y neuroblastoma cells were stable transfected with pcDNA3
vector expressing dominant-negative forms of human caspases-8 or -9 as
previously described.30 Briefly, transfections were performed using
lipofectamine reagent (Gibco) and stable transfectants were pooled after
selection for 2 weeks in the presence of G418 (1 mg/ml). Constructs
expressing dominant-negative forms of human caspases-8 and -9 were
kindly provided by Dr. Vishva M Dixit. In the inactive mutant form of
caspase-8, cysteine residue at its active site QACQG was changed to
serine. In the dominant-negative form of caspase-9, cysteine residue at its
active site QACGG was changed to alanine. In addition, both mutants
were fused with a FLAG epitope at their C-termini. Previous studies by Dr.
Dixit’s group have demonstrated that expression of these mutants in
mammalian cells potently and specifically inhibits activation of caspases-8
and -9.60 Expression of the recombinant mutant caspases was confirmed
by immunoblotting using the anti-FLAG (Santa Cruz, Santa Cruz, CA,
USA), anticaspase-8 (Apotech, Epalinges, Switzerland) and anticaspase-
9 (MBL, Naka-ku Nagoya, Japan) antibodies (data not shown). Stable cell
clones transfected with the empty pcDNA3 vector served as a negative
control.

Induction of cell death in neuronal cultures

Stock solutions of anandamide (pure oil) or meth-anandamide (both from
Tocris) dissolved in ethanol were then diluted in culture medium and
added to rat primary neuronal cultures (CGC; RCN) or to cell lines (SH-
SY5Y; MCF-7) preincubated overnight in B27-free Neurobasal or serum-
free DMEM medium, respectively. In experiments using combined
treatments, anandamide was administered to cultures after pretreatment
with capsazepine, isovelleral, AM251, AM630, MK801 (all from Tocris),
ruthenium red, cycloheximide, PMSF (all from Sigma), z-DEVD-fmk, z-
LEHD-fmk, z-IETD-fmk (all from Enzyme Systems), calpastatin, or
calpeptin (both from Calbiochem). Control cultures received vehicle alone.
It should be noted that anandamide (pure oil) (Tocris,#1339) was chosen
for this study because our pilot experiments showed substantial cytotoxic
effect of soya oil/water emulsion used by the manufacturer as a vehicle for
the anandamide in water-soluble emulsion (Tocris, #1017). This vehicle
caused cell death starting at dilutions equal to 1 mM of the drug (data not
shown).

Cell viability assays

Cell viability was measured by LDH release assay61 or retention and de-
esterification of calcein acetoxymethyl (AM) as described previously.31

LDH release was measured using CytoTox 96 nonradioactive cytotoxicity
assay kit (Promega) according to the manufacturer’s protocol. Relative
absorbance was measured at 490 nm using a Multiscan Ascent microplate
reader (Labsystems Inc., Helsinki, Finland). Background LDH release
determined in intact control cultures was subtracted from all experimental
values. For calcein AM assay, culture medium in 96-well plates was
replaced with 5 mM calcein AM (Molecular Probes, Eugene, OR, USA) in
Locke’s buffer containing 154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3,
2.3 mM CaCl2, 1.2 mM MgCl2, 5.6 mM glucose, and 5 mM HEPES, pH 7.4.
After incubation at 371C for 30 min, fluorescence was measured using a

CytoFluor II fluorometer (PerSeptive Biosystems, Framingham, MA, USA)
at 485 nm excitation and 560 nm emission wavelengths.

Hoechst staining

Cells were washed in PBS and stained for 10 min at room temperature in
PBS containing 4% paraformaldehyde and 10 mg/ml Hoechst 33258
(Sigma). Morphological evaluation of nuclear condensation and fragmen-
tation was performed immediately after staining using a Nikon TE300
fluorescent microscope. The number of cells with apoptotic morphology
was assessed in five randomly chosen fields; 300–400 cells per condition
were counted.

Assay for caspase activity

Cells cultured in 96-well plates were lysed for 20 min at 41C in 100 ml/well
of caspase-3 assay buffer consisting of 50 mM HEPES, pH 7.4, 100 mM
NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA, and 10% glycerol, then
40 mM of fluorescent tetrapeptide substrate (Ac-DEVD-AMC, Bachem)
was added. Free aminomethylcoumarin (AMC) accumulation, which
resulted from cleavage of the aspartate-AMC bond, was monitored
continuously in each sample over 30 min in the same 96-well microtiter
plates using a CytoFluor 4000 fluorometer (PerSeptive Biosystems) at
360 nm excitation and 460 nm emission wavelengths. The emission from
each well was plotted against time. Linear regression analysis of the initial
velocity (slope) of each curve yielded an activity for each sample. Results
were normalized to protein level in each well measured at 620 nm using a
Multiscan Ascent microplate reader (Labsystems Inc., Helsinki, Finland)
after staining with Protein Assay Reagent (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Measurement ofmitochondrialmembrane potential
(Dwm)

Rat primary cortical neurons were cultured in 24-well plates. After various
treatments 5, 50, 6, 60-tetrachloro-1, 103, 30-tetraethyl-benzimidazolylcar-
bocyanine iodide (JC-1) was added to each well at a final concentration of
2.5 mM. The plates were kept in the incubator for an additional 30 min, and
the tissue culture supernatant was removed and replaced with 1 ml of
HBSS. The JC-1 fluorescence was sequentially measured at emission 530
and 590 nm with excitation at 480 nm in a CytoFluor 4000 fluorometer
(PerSeptive Biosystems). JC-1 has a potential-dependent accumulation in
the mitochondria demonstrated by a fluorescence emission shift from
green (530 nm) to red (590 nm). A decrease in mitochondrial membrane
potential (Dcm) is associated with a decrease in the red/green
fluorescence intensity ratio. We calculated the ratio between fluorescence
intensity at 590 and 530 nm for each well and expressed the ratio in
treated samples as a percentage control, as previously described.62 Each
individual treatment/time point reflects four replicates.

Immunoblot analysis

Cells were harvested, washed once with ice-cold phosphate-buffered
saline, and lysed on ice in a solution containing 50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM EGTA, 1 mM PMSF, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, leupeptin (5 mg/ml), and aprotinin (5 mg/ml).
After removal of cell debris by centrifugation, the protein concentration of
the cell lysate was determined with the BioRad protein assay reagent.
A portion of the lysate (50 mg of protein) was then fractionated by
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SDS-polyacrylamide gel electrophoresis (PAGE); 5 or 12% gels (Bio-Rad)
were used for immunoblot analysis of aII-spectrin or caspase-3/cytochrome
c, respectively. After separation by PAGE proteins were transferred to a
nitrocellulose membrane (Bio-Rad). The membrane was stained with
Ponceau S (Sigma) to confirm equal loading and transfer of samples, and
was then probed with specific antibodies. Immune complexes were
detected with appropriate secondary antibodies and chemiluminescence
reagents (Pierce). A polyclonal rabbit antibody to active caspase-3 was
obtained from Cell Signaling Technology (New England Biolabs), a
monoclonal mouse antibody to cytochrome c from BD Bioscience (Palo
Alto, CA, USA), a monoclonal mouse antibody to aII-spectrin – from Affiniti
Research Products (Mamhead, UK), and a monoclonal mouse antibody to
b-actin – from Sigma. A measure of 300mg of protein from cell lysates of
intact rat cortical neuronal cultures were incubated 45 min at 371C with 5 U
of recombinant m-calpain (Calbiochem, San Diego, CA, USA) in buffer
containing 5 mM CaCl2, 50 mM HEPES, (pH 7.4), 100 mM NaCl, 1 mM
EDTA, 10 mM DTT, 0.1 % CHAPS, 10% glycerol. A measure of 25mg of
protein from m-calpain-treated lysates were utilized in immunoblot assays
as a positive control for aII-spectrin cleavage.

Assay of cytochrome c release
Cytochrome c release in the cytosol was assessed after subcellular
fractionation as described,63 with some modifications. The culture media
from 10 cm dishes containing rat cortical neurons was aspirated and 5 ml
of Trypsin-EDTA solution (Invitrogen) was added. The dishes were
incubated for 3 min at 371C and then 4.5 ml of the Trypsin-EDTA solution
was aspirated and the dishes were incubated again at 371C for 7 min. The
cells were gently detached from the substrate in 10 ml of Neurobasal
Medium and the cell suspension was centrifuged at 500� g for 15 min at
41C. The supernatant was aspirated and the cell pellet was resuspended
in 100ml of lysis buffer containing KH2PO4 1.06 mM, NaCl 155.17 mM,
Na2HPO4 � 7 H2O 2.96 mM, KCl 80 mM, sucrose 250 mM, AEBSF 1 mM,
aprotinin 10mg/ml, pepstatin 1mM, digitonin 0.1 mg/ml (pH 7.4) and
incubated at 41C for 5 min. The lysate was centrifuged at 15 000� g for
15 min at 41C. The supernatant was transferred to a new tube, centrifuged
again at 15 000� g for 15 min at 41C and the resulting supernatant,
representing the cytosolic fraction, was recovered. A measure of 25 mg of
protein from the cytosolic fraction were analyzed by immunoblotting using
an anti-cytochrome c monoclonal antibody, clone 7H8.2C12 (BD
Biosciences, Palo Alto, CA, USA).

Calcium imaging

Cells were loaded with fluo-3 by incubation with 2 mM fluo-3 acetoxymethyl
(AM) ester (Molecular Probes Inc.; Eugene, OR, USA) in Neurobasal
Medium without phenol red (Gibco) for 30 min, followed by a 30-min de-
esterification period.64 All incubations and experiments were carried out at
room temperature (23.51C). Imaging was performed by transferring a
single glass coverslip into a perfusion chamber mounted on a Zeiss 135
inverted microscope equipped with a 100 W mercury arc lamp (RatioArc;
Atto Instruments). Cells were perfused continuously with extracellular
perfusion media: 145 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl,
5 mM HEPES, 5 mM glucose, and 20mM glycine. Osmolarity was adjusted
to 325 mosm with sucrose, and pH adjusted to 7.4 with NaOH. Drugs were
diluted to final concentration in extracellular perfusion media. Application
of drugs to the cells was via Y tubing controlled by a BPS-4 valve control
system (Scientific Instruments, New York). Fluo-3 fluorescence was
measured using a Sensicam digital fluorescence imaging system (Cooke
Corp., Auburn Hills, MI, USA) controlled by IPLab imaging software

(Scanalytics Inc., Fairfax, VA, USA). The mercury lamp was used at full
power for all of the experiments with a neutral density filter in place.
Excitation light for fluo-3 was filtered through a 460–500 nm excitation filter
and reflected by a 505 nm dichroic mirror before being focused through a
x10 objective lens (Zeiss Fluar x10) onto the cells in the perfusion
chamber. The emitted light was transmitted by the dichroic mirror before
being filtered by a 510–560 nm filter. Image capture and analysis was
performed using the IPLab imaging software. Calcium imaging
fluorescence measurements were normalized to percentages of the
mean baseline value. Only cells exhibiting a steady baseline (1 min before
drug application) were considered for further analysis.

Data analysis

Changes in cell viability and mitochondrial membrane potential were
analyzed by ANOVA, followed by the Dunnett’s test. Statistical analysis of
anandamide-induced increase in fluo-3 intensity was carried out using an
ANOVA, followed by the Bonferroni/Dunn test. Comparisons of alterations
in caspase-like enzymatic activity between treated and control cultures
were analyzed using two-tailed t-tests. A P-value less than 0.05 was
considered statistically significant.
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