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Abstract 2-Arachidonoylglicerol (2-AG) is an endocanna-
binoid that mimics the pharmacological effects of Δ9 tetra-
hydrocannabinol, the psychoactive component of the plant
Cannabis sativa. It is present in many mammalian tissues,
such as brain, liver, spleen, heart and kidney, where it exerts
different biological effects either receptor mediated or inde-
pendently of receptor activation. This work analyzes the
effects of 2-AG on liver mitochondrial functions. It is shown
that 2-AG causes a relevant decrease of calcium induced
cyclosporine A sensitive cytochrome c release from mito-
chondria, a process representing an early event of the apopto-
tic program. Cyclosporin sensitive matrix swelling and ROS
production measured under the same conditions are, on the
contrary, almost unaffected or even enhanced, respectively,
by 2-AG. Furthemore, 2-AG is found to stimulate resting state
succinate oxidase activity and to inhibit oligomycin sensitive
FoF1 ATP synthase activity. All these effects are apparently
associated with 2-AG dependent alteration in the fluidity of
the mitochondrial membranes, which was measured as
generalized polarization of laurdan fluorescence.
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Introduction

The endocannabinoid system is an ubiquitous signalling
network composed of specific receptors and their endoge-
nous agonistic ligands, the so-called endocannabinoids.
Endocannabinoids are bioactive lipid molecules, that com-
prise amides, esters and ethers of long chain polyunsaturated
fatty acids and mimic the pharmacological actions of the
exogenous cannabinoid Δ9-tetrahydrocannabinol, the pri-
mary psychoactive ingredient of hashish and marijuana
(Gaoni and Mechoulam 1971).

Endocannabinoids are involved in a different set of phys-
iological and pathological processes such as immunomodula-
tion, analgesia, cancer, appetite, epilepsy (Di Marzo and
Petrocellis 2006; Zias et al. 1993; Di Marzo 1998; Piomelli
2005; Pacher et al. 2006) and produce their effects by binding
to distinct G protein-coupled receptors identified as the can-
nabinoid CB1 and CB2 receptors (Devane et al. 1988;
Matsuda et al. 1990; Munro et al. 1993). It has been recently
reported that the actions of endocannabinoids may also be
mediated by two orphan G protein-coupled non-CB1/CB2
receptors, GPR55 and GPR119 (Ryberg et al. 2007; Brown
2007). Endocannabinoids are produced on demand through
cleavage of membrane phospholipids precursors. They are
active near the site of their synthesis and, after exerting their
action, are hydrolyzed by specific enzymes.

The two most studied members of the endocannabinoid
family are N-arachidonoylethanolamine (anandamide) and
2-arachidonoylglycerol (2-AG).
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2-AG is a monoacylglycerol with an esterified arachi-
donic acid at the sn-2 position of glycerol backbone. The
enzymatic cleavage of phosphatidylinositol by phospholi-
pase C appears the major source of the 2-AG precursor
diacylglycerol, that subsequently is hydrolyzed by a diacyl-
glycerol lipase to produce 2-AG (Wang and Ueda 2009;
Basavarajappa 2007; Bisogno et al. 2003; Di Marzo et al.
1999). 2-AG production is strongly stimulated by calcium
(Kondo et al. 1998) or after membrane depolarization caus-
ing in turn an increase of intracellular Ca2+ levels (Kano et
al. 2009).

2-AG first found in the central and peripheral nervous
system (Sugiura et al. 1995; Stella et al. 1997), was subse-
quently demonstrated to be present in many other mamma-
lian tissues such as liver, spleen, lung, heart, small intestine,
kidney and colon (Kondo et al. 1998; Schmid et al. 2000;
Pinto et al. 2002; Izzo et al. 2001). This broad distribution
suggests it may play multiple roles with a number of target
sites. Among the various receptor mediated biological
responses produced, inhibition of adenylyl cyclase activity
(Stella et al. 1997; Franklin et al. 2003; Mukherjee et al.
2004), modulation of lymphocyte proliferation (Sipe et al.
2005), inhibition of the hepatic fibroblast (Julien et al. 2005)
and cancer growth (Melck et al. 2000; Ligresti et al. 2003)
have been reported.

Recent reports have, however, shown that endocannabi-
noids exert definite biological effects within the cell, that are
independent of cannabinoid receptor activation. In particu-
lar, mitochondria appear to be involved in the intracellular
anandamide and 2-AG action (Zaccagnino et al. 2011;
Catanzaro et al. 2009; Siegmund et al. 2007).

These observations prompted us to carry out the present
study aimed to better understand the effect of 2-AG on liver
mitochondrial functions. We report here that 2-AG causes a
substantial reduction of Ca2+ induced cytochrome c release
from mitochondria, thus apparently conferring resistance of
mitochondria to proapoptotic signals. This effect, together
with those exerted on oxidative phosphorylation enzymes, is
apparently associated with 2-AG induced alterations of lipid
membrane ordering.

Materials and methods

Chemicals

Alamethicin, safranin-O, 6-Dodecanoyl-2-dimethylamino-
naphthalene (Laurdan), p1,p2-Di (adenosine-5′) pentaphos-
phate pentalithium (Ap5) salt were purchased from Sigma
(St. Louis, MO, USA). Cyclosporin A (CsA) was purchased
from Calbiochem (San Diego, CA, USA). Hexokinase, phos-
phoenolpyruvate (PEP), L-lactate deydrogenase (LDH), pyru-
vate kinase (PK), glucose-6-phosphate deydrogenase (G6P-

DH) and horseradish peroxidase (HRP) were from Roche
Diagnostics Corporation (Indianapolis, IN, USA). 2′,7′-
Dichlorodihydrofluorescein diacetate (DCFH-DA) and calci-
um green-5N were purchased from Invitrogen–Molecular
Probes (Eugene, OR, USA). 2-arachidonoylglycerol (2-AG)
was obtained from Cayman Chemical Company (Ann Arbor,
MI, USA). Mouse anti-cytochrome c antibody was purchased
from Zymed Laboratories Invitrogen Immunodetection
(Carlsbad, CA, USA).

Isolation of rat liver mitochondria

Animal maintenance, handling and sacrifice were conducted
as recommended by the institutional laboratory animal com-
mittee of the University of Bari.

Rat liver mitochondria were isolated by differential cen-
trifugation using an isolation buffer containing 0.22 M man-
nitol, 75 mM sucrose, 10 mM HEPES (pH 7.4), 1 mM
EDTA and 0.25 mM PMSF as reported by Ito et al. (Ito et
al. 1985). The final mitochondrial pellet was resuspended in
the same isolation buffer at a protein concentration of 50–
60 mg/ml as determined by the Biuret method, using bovine
serum albumin as standard.

Detection of cytochrome c release

Cytochrome c release from freshly isolated mitochondria
(0.25 mg/ml) was measured as previously described
(Zaccagnino et al. 2009). Mitochondria were suspended in
a medium containing 75 mM sucrose, 50 mM KCl, 30 mM
TRIS-Cl, (pH 7.4), 2 mM KH2PO4, 5 mM MgCl2 and
20 μM EGTA (Buffer A), supplemented with 10 mM suc-
cinate (plus 2 μg/ml rotenone) and incubated for 2 min at
25 °C. Where indicated 20 μM 2-AG, 180 μM Ca2+ and
2 μM CsAwere added. Densitometric analysis of the bands
were carried out by using Quantity One-4.4.1 imaging soft-
ware (Bio-Rad Laboratories).

Mitochondrial swelling

Mitochondria were suspended at 0.25 mg/ml in a medium
containing 75 mM sucrose, 50 mM KCl, 30 mM TRIS-Cl,
(pH 7.4), 2 mM KH2PO4, 10 mM succinate and 2 μg/ml
rotenone. Swelling was triggered by the addition of 180 μM
Ca2+ and changes in absorbance of the mitochondrial sus-
pension were monitored at 540 nm in an Agilent 8453
diode-array spectrophotometer.

Detection of mitochondrial H2O2 production

The rate of mitochondrial H2O2 production was estimated
by measuring the fluorescence increase (excitation at
475 nm, emission at 525 nm) induced by H2O2 oxidation
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of dichlorofluorescin to the fluorescent compound dichloro-
fluorescein in the presence of horseradish peroxidase.
0.25 mg mitochondrial protein were suspended in Buffer
A also containing 1.36 μM DCFH, 2 μg/ml rotenone and
0.4 μM HRP. The reaction was started by the addition of
10 mM succinate and the fluorescence signal was measured
with a Jasco FP 6200 spectrofluorimeter. Conversion of
fluorescence units to nmoles of H2O2 produced was per-
formed by measuring the fluorescence changes upon addi-
tion of known amounts of H2O2.

Measurement of extramitochondrial Ca2+ concentration

Mitochondria (0.25 mg protein/ml) were suspended in Buff-
er A supplemented with 10 mM succinate (plus rotenone)
and 1 μM calcium green 5 N, at 25 °C. Ca2+ fluxes were
measured spectrofluorimetrically as reported by Di Paola et
al. (Di Paola et al. 2006) following the fluorescence changes
at 505 nm (excitation), 535 nm (emission).

Mitochondrial respiration activity

The respiratory activity of mitochondria was measured po-
larographically with a Clark-type electrode, in an all-glass
reaction chamber magnetically stirred, at 25 °C. Mitochon-
dria were suspended at a final concentration of 0.25 mg/ml
in a respiration medium containing 75 mM sucrose, 50 mM
KCl, 30 mM TRIS-Cl, (pH 7.4), 2 mM KH2PO4, 2 mM
MgCl2 and 10 μM EGTA. Respiration was started by the
addition of 10 mM succinate (plus rotenone). State 3 respi-
ration was determined by adding 0.5 mM ADP.

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential was measured spectro-
fluorimetrically following the safranin-O fluorescence
quenching at 525 nm (excitation), 575 nm (emission). Mi-
tochondria (0.25 mg protein/ml) were suspended in Buffer
A, supplemented with 2 μg/ml rotenone and 5 μM safranin-
O at 25 °C (Di Paola et al. 2000). The transmembrane
potential was generated by the addition of 10 mM succinate.

Measurement of FoF1 ATP synthase activity

FoF1 ATP synthase activity was measured in intact mito-
chondria as previously reported (Zaccagnino et al. 2011).
0.25 mg/ml of mitochondrial proteins were suspended in
200 mM sucrose, 3 mM MgCl2, 1 mM EDTA, 10 mM
KH2PO4, pH 7.4, 20 mM glucose, 5 units hexokinase,
300 μM Ap5, 2 μg/ml rotenone, 10 mM succinate and
0.3 mM ADP, at 25 °C. The concentration of glucose-6-
phosphate was determined spectrophotometrically follow-
ing NADP reduction at 340 nm.

Assessment of mitochondria membrane fluidity

Mitochondrial membrane fluidity was determined by mea-
suring the fluorescence intensity of laurdan. Freshly pre-
pared mitochondria were suspended (0.25 mg/ml) in
Buffer A supplemented with 2 μg/ml rotenone, 10 mM
succinate and incubated with the indicated concentrations
of 2-AG for 8 minutes at 25 °C. Then, 0.25 μM laurdan was
added and the samples were incubated for 30 min at 37 °C.
Laurdan fluorescence emission generalized polarization
readings (GP) were carried out in a thermostated computer-
driven spectrofluorimeter ISS PC1 (ISS Inc, Urbana-
Champaign, IL USA).

Results

Cytochrome c release and matrix swelling

In Fig. 1a the results of an experiment are reported aimed at
analyzing the effects of 2-AG on calcium induced cyto-
chrome c release from rat liver mitochondria.

The addition of 180 μM Ca2+ to mitochondria respiring
with succinate (plus rotenone) caused a CsA sensitive
cytochrome c release amounting to around 70% of the
maximal release produced by alamethicin, a membrane
channel-forming peptide that causes almost complete re-
lease of intermembrane proteins (Andreyev and Fiskum
1999). Preincubation of mitochondria with 20 μM 2-AG
decreased by around 60% the amount of cytochrome c
release caused by Ca2+ overload. 2-AG added to mitochon-
drial suspension in the absence of Ca2+ did not have any
significant effect.

Figure 1b shows that mitochondria underwent CsA sen-
sitive matrix swelling when pulsed with Ca2+. 2-AG added
alone was without effect, neither did it have appreciable
effect on the rate and extent of Ca2+ induced swelling.
Alamethicin induced swelling was used as internal positive
control.

Release of accumulated Ca2+

Figure 2 shows fluorescence traces monitoring extra-
mitochondrial Ca2+ concentration changes. Four subse-
quent additions of 5 μM Ca2+ were required to deter-
mine a release of accumulated intra-mitochondrial Ca2+

(Fig. 2a). When mitochondria were preincubated with
2-AG their Ca2+ retention capacity was found to be
diminished. In fact, no more than three additions of
5 μM Ca2+ were needed to cause Ca2+ release (Fig. 2b).
CsA prevented this spontaneous Ca2+ release, which was,
however, produced by the addition of the protonophore CCCP
(Fig. 2c).
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Reactive oxygen species production

Ca2+ overload of mitochondria oxidizing succinate (plus
rotenone) caused a large CsA sensitive ROS production
whose rate and extent were much higher than those ob-
served in the presence of antimycin. Ca2+ induced ROS

production was significantly enhanced, by around 35%,
when mitochondria were preincubated with 2-AG (Fig. 3).

Mitochondrial respiration and FoF1 ATP synthase activities

The effects of 2-AG on oxygen consumption and transmem-
brane potential in mitochondria oxidizing succinate are
reported in Fig. 4.

A micromolar concentration of 2-AG caused a significant
stimulation of succinate (plus rotenone) supported respira-
tion (resting state) and a considerable inhibition of ADP
stimulated respiration (State III) (Fig. 4a). As a conse-
quence, 2-AG determined a marked drop of the respiratory
control ratio (RCR) calculated as ADP-stimulated vs succi-
nate supported respiration (Fig. 4b). These effects appeared
to be concentration dependent. BSA did and atractyloside
did not reverse the 2-AG stimulation of mitochondrial res-
piration under resting conditions (not shown). The increase

Fig. 1 Cytochrome c release and matrix swelling in rat liver mito-
chondria. (a) Cytochrome c release analysis was carried out as de-
scribed under Materials and Methods. Values from densitometric
measurements of the bands are expressed as the percentage of the
maximal release induced by Alamethicin. Ca2+ and 2-AG were used
respectively at 180 and 20 μM. Values reported are means ± SEM from
five separate experiments. Where indicated 2 μM CsAwas present. (b)
Mitochondrial swelling was followed by absorbance changes at
540 nm in succinate-energized mitochondria. Mitochondrial suspen-
sion was pulsed with 180 μM Ca2+ in the absence (control) and in the
presence of 2 μM CsA or 20 μM 2-AG. Values on the traces represent
rate of absorbance change min−1. Where indicated mitochondria sus-
pension was pulsed with 20 μM 2-AG or 75 μg/mg protein
Alamethicin

Fig. 2 Ca2+ retention capacity measurements in rat liver mitochondria.
Ca2+ fluxes were followed as described under Materials and Methods.
Were indicated (b and c) the mitochondrial suspension was preincu-
bated with 20 μM 2-AG and 2 μM CsA, respectively. CCCP was used
at concentration of 0.25 μM
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of the resting state respiration was not a consequence of a 2-
AG dependent destabilizing effect of the inner membrane,
that might have caused uncoupling. In fact, 2-AG did not
affect the succinate generated CCCP sensitive transmem-
brane potential measured as safranin fluorescence quench-
ing (Fig. 4c).

The inhibition by 2-AG of ADP stimulated succinate
respiration, that was even observed in spite of the 2-AG
dependent stimulation of the resting state oxygen consump-
tion, prompted us to analyze the effect of 2-AG on the FoF1
ATP synthase activity. It was found that the oligomycin
sensitive ATP synthesis was progressively inhibited by 2-

AG in the concentration range of 5–20 μM, with IC50 value
of 10 μM (Fig. 5).

Membrane fluidity

Figure 6 shows the effect of 2-AG on the fluidity of
mitochondrial membranes, measured as Generalized Polar-
ization (GP) of laurdan fluorescence. Membrane fluidity is
inversely proportional to the ratio of laurdan fluorescence
at 440 nm vs that at 490 nm (F440/F490): the higher the ratio,
the lower the membrane fluidity (Palleschi and Silvestroni

Fig. 3 H2O2 production in respiring liver mitochondria, effect of
calcium overload. Mitochondrial suspension (0.25 mg/ml) was
preincubated with 20 μM 2-AG (trace a), 2 μM CsA (trace b)
or vehicle in the control. The reaction was started by the addition
of succinate in the presence of rotenone. Where indicated 180 μM
Ca2+ (traces a, b and control), 2 μg/ml Antimycin A (Ant A, trace
c) and 20 μM 2-AG (trace d) were subsequently added. Numbers
on the traces refer to the rate of H2O2 production as nmol min mg
protein-1. In the bottom of the Figure a statistical analysis of the
effect of 2-AG on calcium induced ROS production is reported.
Where indicated 180 μM Ca2+, 2 μM CsA and 20 μM 2-AG were
used. Values reported are means ± SEM from three separate
experiments (*p<0.05)

Fig. 4 Oxygen consumption and membrane potential measurements in
rat liver mitochondria. (a) Resting state (white bars) and ADP stimu-
lated respiration (gray bars) were measured in mitochondria preincu-
bated with the indicated concentration of 2-AG. (b) Respiratory control
ratio (RCR) values are reported as ADP-stimulated vs succinate sup-
ported respiration. Values reported are means ± SEM from five to ten
separate experiments (*p<0.05; **p<0.01; ***p<0.001). (c) Mem-
brane potential was generated by the addition of succinate to mito-
chondria preincubated with or without 20 μM 2-AG. Vehicle in the
control. CCCP was used at concentration of 0.25 μM
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1996). From the emission fluorescence spectra (excitation
wavelength0360 nm), laurdan GP was calculated as
follows:

GP ¼ I440 � I490ð Þ= I440 þ I490ð Þ
where I440 and I490 are the laurdan emission intensities at
440 nm and 490 nm respectively.

It was found that 2-AG caused a concentration dependent
significant decrease in GP values, i.e. an increase in mito-
chondrial membrane fluidity (Fig. 6).

Discussion

Cytosolic calcium increase and ROS production are essen-
tial factors for opening of MPTP (Mitochondrial Permeabil-
ity Transition Pore), a non specific pore of the inner
mitochondrial membrane, which is permeant to molecules
up to 1.5 kDa of M.W. and opens under conditions of
elevated matrix Ca2+ concentrations. Pore opening causes
the release into the cytosol of intermembrane proteins, such
as cytochrome c, a process which represents an early event
of the apoptotic program execution. The current view is that
oxidative stress plays an important role in promoting the
membrane permeability transition (MPT). In particular oxi-
dation of SH groups in the adenine nucleotide translocator
(ANT) would stimulate pore opening and MPT (McStay et
al. 2002). CsA sensitive mitochondrial ROS are in turn
produced by Ca2+ overload (Fig. 3), this would indicate that
MPT itself causes mitochondrial oxidative stress. Since this
Ca2+ dependent ROS production is larger than that mea-
sured in the presence of antimycin, i.e. with the respiratory
chain completely inhibited, it can be concluded that inhibi-
tion of electron transfer is not the only factor stimulating
ROS production. Loss of the mitochondrial GSH and
NADPH dependent antioxidant defenses upon MPTP open-
ing was suggested to dysregulate ROS balance under these
conditions (Maciel et al. 2001; Hansson et al. 2008).

The main finding of the present study is that 2-AG
markedly inhibits CsA sensitive Ca2+ dependent cyto-
chrome c release (Fig. 1). This aspect may be of pathophys-
iological relevance considering that Ca2+ overload is typical
of several pathological states such as reperfusion injury
(Crompton et al. 1988; Broekemeier et al. 1989; Halestrap
and Davidson 1990) and both acute and chronic experimen-
tally induced diabetes (Chan and Junger 1984; Studer and
Ganas 1989). Sustained elevation of cytosolic Ca2+ is dele-
terious as it can cause cell death by promoting cytochrome c
release from mitochondria. 2-AG generation which is de-
pendent on/or stimulated by calcium (Kondo et al. 1998)
may play an important role in reducing the susceptibility of
mitochondria to release proapoptotic proteins, thus exerting
a feed-back control and protecting the cell from death.

The inhibition exerted on the cytochrome c release pro-
cess cannot be explained in terms of 2-AG dependent de-
creased Ca2+ sensitivity of mitochondria, for the following
reasons: i) Ca2+ retention capacity was actually decreased
by 2-AG, this indicating an increase of Ca2+ sensitivity
(Fig. 2); ii) only a negligible decrease of Ca2+ dependent
matrix swelling was observed in mitochondria supple-
mented with 2-AG (Fig. 1b); iii) CsA sensitive MPT depen-
dent ROS production was even increased by 2-AG (Fig. 3).
The conclusion is that 2-AG, although decreasing cyto-
chrome c release, does not appear to inhibit MPT induced
by Ca2+ overload.

Fig. 5 FoF1 ATP synthase activity measurement in liver mitochondria.
ATP synthesis was measured as nmol of glucose 6-phosphate produced
during 5 min incubation of mitochondria respiring with succinate (plus
rotenone) in the presence of 2-AG (5–20 μM). Where indicated 2 μg/ml
oligomycin was present. Values reported are means ± SEM from three
separate experiments (*p<0.05; **p<0.01; ***p<0.001). For other
details see under Materials and Methods

Fig. 6 Mitochondrial membrane fluidity measurements. The effect of 2-
AG on the mitochondrial membrane fluidity was evaluated in rat liver
mitochondria labeled with 0.25 μM laurdan. Generalized polarization
(GP) was calculated as follows: GP ¼ I440 � I490ð Þ= I440 þ I490ð Þ where
I440 and I490 are the laurdan emission intensities at 440 nm and 490 nm
respectively. The intensities at 440 nm and 490 nm were corrected by
subtracting the values obtained for unlabeled mitochondria. GP values are
expressed as means ± SEM from three to five independent experiments
(*p<0.05; **p<0.01)
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Many membrane associated enzymes and processes are
known to be affected by cannabinoids (Martin 1986), whose
lipophilicity plays an important role (Thomas et al. 1990).
As far as the cytochrome c release is concerned, it is con-
ceivable that the process is associated with changes in the
organization of membrane lipids (and proteins). It may thus
be hypothesized that 2-AG distribution in the membrane
causes lipid rearrangement leading to hindrance of the re-
lease process. Interestingly, the other endocannabinoid
anandamide was found similarly to increase rat liver mito-
chondrial membrane fluidity and to decrease Ca2+ depen-
dent cytochrome c release (Catanzaro et al. 2009). Thus
endocannabinoids appear to function as antiapoptotic agents
inducing resistance of mitochondria to proapoptotic signals.

While decreasing MPT dependent cytochrome c release,
2-AG caused a significant increase of CsA-sensitive ROS
production subsequent to MPTP opening (Fig. 3). The in-
creased mitochondrial membrane fluidity we measured up-
on treatment of mitochondria with 2-AG (Fig. 6) may
explain this finding. The effect resembles that elicited by
free fatty acids and by the endocannabinoid-like N-
arachidonylglicine, which have been reported to cause
ROS production in excess of that produced in mitochondria
inhibited by antimycin. This was attributed to their proper-
ties to increase membrane fluidity and explained that under
these conditions the accessibility of oxygen to electron
donating sites of the respiratory chain and, consequently,
the superoxide anion release are facilitated (Zaccagnino et
al. 2009; Schonfeld and Wojtczak 2007).

We have shown here that 2-AG also affects the activity of
oxidative phosphorylation enzymes. The consequences of
fluidity changes on the properties of membrane bound
enzymes have been widely studied and reported to be not
uniform, yielding either an increase or a decrease of their
activity (Spector and Yorek 1985). In particular, it has been
reported that the succinate oxidase and FoF1 ATP synthase
activities of liver mitochondria are differently regulated by
changes in mitochondrial membrane fluidity occurring in
alloxan induced diabetes rats (Patel and Katyare 2006a, b).
We have confirmed here these data and suggest that the
observed increase of resting state succinate respiration and
the inhibition of the oligomycin sensitive ATP synthase
activity could be explained in terms of 2-AG dependent
lipid rearrangement and consequent alteration of lipid-
protein interaction.

In conclusion, the decrease by 2-AG of calcium induced
cytochrome c release reveals a protective effect that would
be exerted by the endocannabinoid towards apoptotic sig-
nals such as the cytosolic calcium concentration increase,
which is associated with several pathological conditions. On
the other hand, the FoF1 ATP synthase inhibition by 2-AG,
which is also replicated by endocannabinoid anandamide
(Zaccagnino et al. 2011), could cause a decline of ATP

production and, possibly, mitochondrial dysfunctions. Thus,
the balance of various and not uniform effects produced by
2-AG on the mitochondrial functions could determine the
fate of the cell in response to the endocannabinoid signal.
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