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Abstract — The present review evaluates the evidence that the endocannabinoid system plays in the development of tolerance to
alcohol. The identification of a G-protein-coupled receptor, namely, the cannabinoid receptor (CB, receptor), which was activated by
A°-tetrahydrocannabinol (A°-THC), the major psychoactive component of marijuana, led to the discovery of endogenous cannabinoid
agonists. Until now, four fatty acid derivatives identified to be arachidonylethanolamide (AEA), 2-arachidonylglycerol (2-AG),
2-arachidonylglycerol ether (noladin ether) and virodhamine have been isolated from both nervous and peripheral tissues. Both AEA
and 2-AG have been shown to mimic the pharmacological and behavioural effects of A>~THC. The role of the endocannabinoid system
in the development of tolerance to alcohol was not known until recently. Recent studies from our laboratory have implicated for the
first time a role for the endocannabinoid system in development of tolerance to alcohol. Chronic alcohol treatment has been shown to
down-regulate CB, receptors and its signal transduction. The observed downregulation of CB, receptor function results from the
persistent stimulation of the receptors by AEA and 2-AG, the synthesis of which has been shown to be increased by chronic alcohol
treatment. The enhanced formation of endocannabinoids may subsequently influence the release of neurotransmitters. It was found that
the DBA/2 mice, known to avoid alcohol intake, have significantly reduced CB, receptor function in the brain, consistent with other
studies in which the CB, receptor antagonist SR 141716A has been shown to block voluntary alcohol intake in rodents. Similarly,
activation of the CB, receptor system promoted alcohol craving, suggesting a role for the CB, receptor gene in excessive alcohol
drinking behaviour and development of alcoholism. Ongoing investigations may lead to a better understanding of the mechanisms
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underlying the development of tolerance to alcohol and to develop therapeutic strategies to treat alcoholism.

INTRODUCTION

Alcohol dependence is a leading cause of morbidity and
various medical and socio-economic problems. It is defined
by compulsive, excessive use of alcohol despite negative
consequences. Alcohol dependence is usually accompanied by
tolerance to the intoxicating effects of alcohol and by
withdrawal symptoms including tremors and confusion when
consumption of alcohol ceases. Although important advances
have been made in recent years in understanding the
mechanisms underlying the development of tolerance to and
dependence on alcohol, the exact mechanisms are still elusive.
The present article reviews the role played by the endo-
cannabinoid system in the molecular mechanism involved in
the development of alcohol tolerance, which possibly
influences alcohol-drinking behaviour.

The endocannabinoid system comprises cannabinoid
receptors, endogenous cannabinoids and the molecules involved
in the inactivation of endocannabinoids (uptake and degradation
enzyme known as fatty acid amide hydrolase, FAAH).
Cannabinoid receptors belong to the large family of seven
transmembrane-spanning (7TM) G-protein-coupled receptors
(GPCRs). As a class, GPCRs are of fundamental physiological
importance, mediating the actions of most known neurotrans-
mitters and hormones. Cannabinoid receptors are intriguing
members of this receptor family. There are two types of
cannabinoid receptors, CB, and CB,, defined by their unique
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localization. The CB, receptor is widely distributed in several
regions of the brain (Herkenham et al., 1990), with a high
density in the cortex, hippocampus, basal ganglia and
cerebellum. Both CB, and CB, receptors have been character-
ized and cloned (Howlett et al., 2002). The functional response
of the CB, and CB, receptors is coupled via Gi/Go proteins,
negatively to adenylate cyclase and N- and P/Q-type Ca?*
channels. They are positively coupled to A-type and inwardly
rectifying K* channels and mitogen-activated protein kinases
(Basavarajappa and Hungund, 2002; Howlett et al., 2002).

In 1992, Devane et al. showed the existence of an
endogenous cannabimimetic substance in the mammalian
brain, found to bind the CB, receptor; and it was
characterized to be arachidonylethanolamide (anandamide,
AEA). Since then, three other endocannabinoids such as
2-arachidonylglycerol (2-AG) (Devane et al., 1992; Mechoulam
et al., 1995; Sugiura et al., 1995), 2-arachidonylglycerol ether
(noladin ether) and virodhamine (Porter et al., 2002) have
been identified.

Unlike classical neurotransmitters and neuropeptides, AEA
and 2-AG are not stored in intracellular compartments but are
produced on demand by receptor-stimulated cleavage of lipid
precursors (Di Marzo et al., 1994; Cadas et al., 1997,
Mechoulam et al., 1998; Basavarajappa and Hungund, 1999a;
Basavarajappa et al., 2000, 2003) and released from neurons
immediately afterwards (Di Marzo et al., 1994; Mechoulam
et al., 1998; Basavarajappa and Hungund, 1999a; Giuffrida
et al., 1999; Basavarajappa et al., 2000, 2003). The AEA
precursor is an N-arachidonylphosphatidylethanolamine
(N-ArPE), which is believed to originate from the transfer
of arachidonic acid (AA) from the sn-1 position of 1,2-sn-di-
arachidonylphosphatidylcholine to phosphatidylethanolamine,
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catalysed by a calcium-dependent transacylase (CDTA).
N-ArPE is then cleaved by an N-acylphosphatidylethano-
lamine (NAPE)-specific phospholiapse D (PLD) (Natarajan
etal., 1981; Schmid et al., 1983; Di Marzo et al., 1994), which
releases AEA and phosphatidic acid. The biosynthesis of
2-AG has been shown to occur by two possible routes in
neurons. Phospholipase C (PLC)-mediated hydrolysis of
membrane phospholipids produces diacylglycerol (DAG),
which may be converted subsequently to 2-AG by
diacylglycerol lipase (DGL) activity. Alternatively, phospho-
lipase Al (PLA1) may generate a lysophospholipid, which
may be hydrolyzed to 2-AG by lyso-PLC activity. AEA and
2-AG are inactivated by the reuptake by a membrane transport
molecule, the AEA membrane transporter (AMT) (Beltramo
et al., 1997; Hillard et al., 1997; Maccarrone et al., 1998;
Beltramo and Piomelli, 2000; Hillard and Jarrahian, 2000;
Giuffrida et al., 2001; Basavarajappa et al., 2003) and by
intracellular enzymatic degradation (Di Marzo et al., 1994;
Day et al., 2001; Deutsch et al., 2001) through FAAH-
mediated hydrolysis (Cravatt et al., 1996; Beltramo and
Piomelli, 2000; Ueda et al., 2000; Bisogno et al., 2001;
Deutsch et al., 2001; Fowler et al., 2001). The metabolism,
pharmacology and physiology of AEA and 2-AG has been
covered elsewhere in this issue in detail (Rodriguez de
Fonseca et al., 2004).

Alcohol and endocannabinoids

In the brain, the presence of the endocannabinoid signalling
system in the thalamus, hippocampus and cortex or in the
striatum, substantia nigra and cerebellum supports a role for
the endogenous cannabinoid-signalling system in cognitive
and motor responses. The anatomical distribution and actions
of endocannabinoids is consistent with the behavioural effects
of alcohol, including memory disruption, decrease in motor
activity, catalepsy, antinociception and hypothermia (Ryan
and Butters, 1980; Brandt et al., 1983; Gebhardt et al., 1984,
Herkenham et al., 1991b; Compton et al., 1993; Fadda and
Rossetti, 1998). Adaptation in several steps of the endocanna-
binoid system in the brain may play an important role in the
development of tolerance to and dependence on alcohol
(Basavarajappa et al., 1998a; Basavarajappa and Hungund,
1999a,b; Hungund and Basavarajappa, 2000a,c).

In the last seven years, several studies, including those from
our laboratory, provided evidence for the participation of the
endocannabinoid system in the pharmacological actions of
alcohol and in alcohol-drinking behaviour. In our earlier
studies, we demonstrated that chronic alcohol exposure leads
to the activation of Ca’*-dependent and the arachidonic acid-
specific phospholipase A2 (PLA2), a key enzyme involved in
the formation of endocannabinoids in neuronal cells and the
brain (Basavarajappa et al., 1997, 1998b). Later, we extended
these studies to examine the chronic effect of alcohol on the
endocannabinoids in an in vitro system. Indeed, it was found
that the exposure of SK-N-SH cells or cerebellar granular
neurons (CGNs) to chronic alcohol resulted in the increased
accumulation of AEA (Basavarajappa and Hungund, 1999a;
Basavarajappa et al., 2003) and 2-AG (Table 1; Basavarajappa
et al., 2000). In these studies, we demonstrated that the
synthesis of AEA and 2-AG increased with increasing
duration of alcohol exposure, peaking at 72 h with 100 mM
alcohol, the experimental condition known to cause cellular

Table 1. Chronic alcohol enhances endocannabinoid levels in
neuronal cells

Control Alcohol

AEA

Basal 100.0 £5.8 138.3 £5.7*

SR 141716A (1 uM) 91.9+10.9 92.4 +6.2%*

PTX (100 ng/ml) 106.8 + 8.4 115.7 £ 18.1*
2-AG

Basal 100.0 = 17.0 165.0 = 23.5*

SR 141716A (1 uM) 104.7 £9.1 109.5 + 14.0*

PTX (100 ng/ml) 110.3+£5.0 118.8 = 17.1%

SK-N-SH cells (AEA) and CGNs (2-AG) were labelled with [*H] AA
(1 uCi/ml) in 0.1% FBS DMEM or BEM (without FCS) for 5 h and
then co-treated with SR 141716A (1 uM) or PTX (100 ng/ml) and with
or without alcohol (100 mM). The [*H] AEA and [*H] 2-AG were
extracted from media and cells and separated on TLC as described
previously (Basavarajappa and Hungund, 1999a; Basavarajappa et al.,
2000). Data are expressed as percentage of control. Control values are
5700 + 400 d.p.m/mg protein for AEA and 40 550 + 7468 d.p.m/mg
protein for 2-AG. Each value represents the mean + SEM (n =9).
*P < 0.05 (ANOVA).

tolerance and dependence to alcohol in neurons. These
adaptive changes were further increased by the Ca?*-
ionophore or ionomycin and inhibited by pertussis toxin
(which selectively inactivates G-protein) and the CB, receptor
antagonist SR 141716A, which is also shown to inhibit
alcohol drinking in rodents (Arnone et al., 1997; Colombo
et al., 1998; Gallate and McGregor, 1999; Rodriguez de
Fonseca et al., 1999; Freedland et al., 2001). In a related study,
Swiss—Webster male mice were made alcohol tolerant by
inhalation of alcohol vapours for 72 h (Goldstein, 1972) and
the lipids were extracted from the brains of the decapitated
mice. The AEA fraction was purified chromatographically.
Characterization and quantification were achieved by the gas
chromatographic-mass spectral (GC-MS) method using the
chemical ionization-single ion monitoring technique (CI-
SIM). These results showed that chronic alcohol exposure led
to a significant increase in the levels of AEA in the brain and
a significant decrease in N-ArPE, an immediate precursor to
AEA synthesis, compared with the levels in control brains
(Hungund et al., 2002). A recent study also demonstrated that
chronic alcohol exposure in rats caused a decrease in the
content of both AEA and 2-AG in the midbrain, whereas AEA
content increased in the limbic forebrain, a key area for the
reinforcing properties of habit-forming drugs, including
alcohol (Gonzalez et al., 2002b). Although the levels of
endocannabinoids are lower in normal tissues, their levels
were found to increase significantly during movement
disorders, cell injury and tissue degeneration, and during the
postmortem period (Schmid et al., 1995; Felder et al., 1996;
Kempe et al., 1996). Selective increase in the formation of
AEA in the limbic forebrain has also been observed in A’-
THC-tolerant rats (Di Marzo et al., 2000b) and in mouse
neuroblastoma cells treated with A°-THC (Hunter and
Burstein, 1997). These observations point to the possible
involvement of the endocannabinoids in the alcohol-induced
neuroadaptive changes in these cells. These observations
suggest the possible involvement of the endocannabinoids in
the alcohol-induced neuroadaptive changes in the brain, and
that change in endocannabinoid-mediated neurotransmission
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may be responsible for the activation of the reward system
by alcohol.

The mechanism by which chronic alcohol exposure leads to
a selective increase in the levels of AEA and 2-AG remains to
be established. AEA is an ethanolamide derivative of AA.
Arachidonic acid is derived from membrane lipids by selective
activation of Ca**-dependent PLA?2, which releases the Sn-2-
arachidonyl moiety from the membrane PL, phosphatidyl-
choline (PC) (Basavarajappa et al., 1997, 1998b). In our
studies, the formation of N-ArPE was accompanied by
concurrent formation of AEA, suggesting that the N-ArPE-
specific phospholipase D (PLD) may be constitutively active
in chronic alcohol-exposed SK-N-SH cells. Although several
studies have shown the activation of PLD in various alcohol
models (Kiss, 1992; Lundqvist et al., 1994; Gustavsson,
1995), the involvement of an N-ArPE specific PLD-like
enzyme remains to be established. It is also possible that the
increased accumulation of AEA is the result of inhibition of
FAAH or transport of AEA by chronic alcohol. The exact
mechanism by which 2-AG is synthesized has not been clearly
established. As discussed elsewhere in this issue, three main
biochemical pathways exist in the neurons for the formation of
2-AG through the sequential action of a Pl-specific phos-
pholipase C, sn-1-diacylglycerol lipase and phospholipase C
(Bisogno et al., 1997, 1999; Stella et al., 1997; Di Marzo
et al., 1998). The FAAH enzyme inhibitor phenylmethylsul-
fonylfluoride (PMSF) was shown to inhibit the hydrolysis of
2-AG in neurons and was effective in increasing the
accumulation of 2-AG in both the control and alcohol-exposed
CGNs (Basavarajappa et al., 2000). In this study, the
2-AG accumulation was not affected by the more selective
FAAH inhibitor E-6- (bromomethylene) tetrahydro-
3-(1-naphthalenyl)-2H-pyran-2-one (BTNP), which is in
agreement with the previous observation that BTNP (5 uM)
had no effect on 2-AG accumulation or metabolism in human
astrocytoma cells (Beltramo and Piomelli, 2000). Therefore,
the possibility remains for the existence of a specific lipase for
2-AG hydrolysis, which may be responsible for the
physiological inactivation of 2-AG in neurons (Sugiura et al.,
2002). In our recent study, glutamate, which is also known to
stimulate the formation of N-acylethanolamides (NAEs) in
cortical neurons (Hansen et al., 1995), stimulated the
formation of 2-AG in CGNs (Basavarajappa et al., 2000).
However, glutamate did not cause further enhancement of the
alcohol-induced formation of 2-AG, suggesting that alcohol
might have caused a saturation of 2-AG levels, which could
not be increased further by glutamate. However, the alcohol-
induced formation of 2-AG could be inhibited by the
N-methyl-D-aspartate (NMDA) receptor antagonist MK-801.
Interestingly, the CGNs exhibited a 100% increase in [Ca**],
after 4 days of exposure to alcohol (Iorio et al., 1992),
suggesting that the glutamate-induced increase in intracellular
Ca” may be responsible for the formation of 2-AG by CGNs.
This also suggests that chronic alcohol-induced activation of
the NMDA receptor may trigger an increase in cytoplasmic
Ca?* concentration, which in turn may be responsible for the
enhanced synthesis of 2-AG. The dopamine (D2) receptor
agonist 7-H-DPAT did not enhance the formation of 2-AG
either in control or in alcohol-exposed CGNs, whereas
co-treatment of CGNs with the D2 receptor antagonist
haloperidol inhibited the alcohol-induced formation of 2-AG,

which suggests the interaction of the D2 receptor system or
the direct action of this compound with the alcohol-induced
formation of 2-AG. The D2 receptor activation by the agonist
quinpirole led to an 8-fold stimulation of AEA release in the
striatum without affecting the 2-AG release, and this
stimulation was inhibited by the antagonist raclopride
(Giuffrida et al., 1999). In another study, the administration of
quinpirole to reserpine-treated rats reduced 2-AG and AEA
levels in the globus pallidus but did not alter them significantly
in any other region of the brain (Di Marzo et al., 2000b).
These results suggest the possible differential regulation of
endocannabinoids, which may influence the formation of
different endocannabinoids in different regions of the brain.
Further studies to elucidate the mechanisms leading to the
synthesis and degradation of AEA and 2-AG will be of great
use is the treatment of problems associated with drugs of
abuse, including alcohol.

AEA signalling at the cannabinoid CB, receptors is
terminated by an uptake mechanism that transports AEA into
the cell, where it subsequently undergoes rapid degradation by
FAAH (Cravatt et al., 1996; Beltramo et al., 1997; Hillard
etal., 1997; Piomelli et al., 1999). Based on the available data,
it is suggested that AEA uptake is a carrier-mediated process
that is time- and temperature-dependent and saturable, and is
inhibited by unique pharmacologic agents (Di Marzo et al.,
1994; Beltramo et al., 1997; Hillard et al., 1997; Hillard and
Jarrahian, 2000; Rakhshan et al., 2000). Co-localization of
both FAAH and CB, receptors in the brain may point to a
possible role of FAAH in AEA signalling and uptake
(Egertova et al., 1998). Thus, chronic alcohol-induced
increases in extracellular AEA could result in a decrease in
AEA influx, an increase in AEA efflux from the cell, and/ or
altered intracellular metabolism (Basavarajappa et al., 2003).
In our recent study, we investigated the chronic and acute
effects of alcohol on AEA transport in CGNs (Basavarajappa
et al., 2003). We found that chronic exposure to alcohol leads
to an increase in extracellular AEA by inhibiting the uptake of
AEA. This effect was independent of the CB, receptor since
CB, receptor knockout mice have normal uptake activity
(Basavarajappa et al., 2003). After prolonged exposure to
alcohol, cells become tolerant to the effects such that AEA
uptake is no longer inhibited by acute alcohol (Fig. 1;
Basavarajappa et al., 2003). Chronic exposure to alcohol did
not show any direct inhibition of FAAH activity in these
neurons. These data suggest that alcohol-induced inhibition
of AEA uptake may, in part, be responsible for the alcohol-
induced increase in extracellular AEA.

Alcohol and cannabinoid receptors

Further, we found that chronic exposure to alcohol not only
increases the endocannabinoids in neuronal cells and brain
but also impairs the CB, receptor function in the brain
(Basavarajappa et al., 1998a; Basavarajappa and Hungund,
1999b). The results of this study indicate that the chronic
alcohol exposure decreased the B, of CB, receptors and
inhibited the ability of the CB, receptor agonist to stimulate
GTPyS binding in mice (Table 2), possibly through sustained
higher levels of endocannabinoids (Basavarajappa and
Hungund, 1999a; Basavarajappa et al., 2000; Hungund et al.,
2002). The observed downregulation of the CB, receptor
signalling system by chronic alcohol may also result from
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Fig. 1. Development of cellular tolerance to alcohol in cerebellar granular neurons involves the modification of AEA uptake. (A) Dose-dependent
inhibition of AEA uptake by various concentrations of acute alcohol. Neurons were pre-incubated at 37°C with various concentrations of alcohol for
5 min and further incubated with [*H] AEA (4 uM) for an additional 3 min. (B) Effect of acute alcohol on AEA uptake in neurons exposed to with or
without chronic alcohol. Neurons were exposed to 100 mM alcohol for 72 h (chronic alcohol) and pre-incubated at 37°C with various concentrations
of alcohol for 5 min (acute alcohol). AEA uptake was done with [*H] AEA (4 uM) for an additional 3 min as described previously (Basavarajappa et al.,
2003). Nonspecific uptake was determined by incubation at 4°C and was subtracted from each data point. Value for control is 0.35 £ 0.05 nmol/10°
cells/min. Results are expressed as mean + SEM of four independent determinations done in duplicates. **P < 0.001 as compared with control.

Table 2. Alcohol tolerance downregulates CB, receptor binding and
CB, receptor agonist-stimulated GTPYS binding in mice

Control Alcohol
B, (pmol/mg protein) 12.00 £ 0.3 7.00 = 0.3%
K,(nM) 23+02 3.0+0.3
E_ .. (% of basal GTPYS 175 £5.25 150 + 8.14*

binding) (CP-55,940)

CB, receptor binding assay was carried out using [*H]CP-55,940 and
synaptic plasma membranes (SPM) from alcohol-tolerant mouse brain.
Each assay (0.5 ml) containing SPM (100 g protein) was incubated at
30°C in the presence of [*H] CP-55940 as described previously
(Basavarajappa et al., 1998a). Unlabelled CP-55 940 (1 uM) was used
to define non-specific binding. The B, (pmol/mg protein) and K,
(nM) were calculated using the Graph Pad prism program. GTPyS
binding was done as described before (Basavarajappa and Hungund,
1999b). The data points are mean = SEM of three experiments done
in triplicate. *P < 0.05 (Student’s #-test and non-parametric analyses).

over-stimulation of receptors through increased synthesis of
the endogenous CB, receptor agonist (AEA and or 2-AG).
These observations are consistent with the recent data, which
indicate that forced consumption of high levels of alcohol
significantly decreases CB, receptor gene expression in the
caudate-putamen (Cpu), the ventromedial nucleus of the hypotha-
lamus (VMN), and CA1 and CA?2 fields of the hippocampus
(Ortiz et al., 2004). It was shown that chronic alcohol
exposure of rats was not effective in altering either CB,
receptor binding (measured by [*H]-CP-55,940 autoradio-
graphy) or mRNA levels (measured by in situ hybridization)
in the regions of the brain (Gonzalez et al., 2002a). The reason
for this inconsistency is not known. However, it should be
noted here that in the studies reported by Gonzalez et al.
(2002a) and Ortiz et al. (2004) rats were exposed to chronic
alcohol using alcohol liquid diet, whereas in our studies
(Basavarajappa et al., 1998a) mice were exposed to chronic

alcohol using alcohol vapour inhalation. In both the models,
animals have been shown to exhibit tolerance to alcohol
(Goldstein and Pal, 1971; Goldstein, 1980; Goldstein and
Zaechelein, 1983; Gatch and Lal, 1999; Rasmussen et al.,
2002). Various agonists acting at various receptors coupled
through Gs to adenylate cyclase have been shown to be reduced
by alcohol (Rabin, 1990). Such a change was suggested to
modify the ability of the enzymes to interact with G-proteins
and G-protein-coupled receptors. There have also been studies
showing a decrease in adenylate cyclase activity and an
increase in the Gi levels, but no change in Gso. was observed in
the brains of mice treated with chronic alcohol (Wand et al.,
1993). These results strongly support the participation of the
endocannabinoid system in mediating some of the pharma-
cological and behavioural effects of alcohol, and the CB,
receptor may thus constitute an important target for therapeutic
intervention in alcohol-related behaviours.

As discussed previously, the primary actions of
cannabinoids are mediated through G-protein-coupled
receptors and an intracellular signalling mechanism that
initiates cellular response by cannabinoid-activated G-proteins
(Matsuda et al., 1990; Howlett, 1995; Howlett et al., 2002).
Cannabinoid inhibition of adenylate cyclase plays an
important role in several aspects of cannabinoid functions,
such as modulation of conductance at a voltage-dependent K*
channel (‘A’ current) (Deadwyler et al., 1995; Mackie et al.,
1995) and inhibition of Ca’* current by a voltage-gated
N-channel (Caulfield and Brown, 1992; Mackie and Hille,
1992), thus providing an effective rationale for the behavioural
effects of cannabinoids (Howlett er al., 1986). Further studies
to examine whether the chronic alcohol-mediated downregu-
lation of brain CB, receptors has any functional effect on CB,
receptor-activated G-proteins revealed that the net CB,
receptor agonist (CP-55,940)-stimulated [*>S]JGTPYS binding
was reduced significantly in chronic alcohol-exposed mice
without any significant changes in the G-protein affinity
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(Table 2; Basavarajappa and Hungund, 1999b). It has also
been shown that in addition to the CB, receptor modification
by CB, receptor agonists, downregulation of G-protein
expression and CB, receptor agonist-stimulated GTPYS
binding was also observed in the central nervous system of the
rat (Sim et al., 1996; Rubino et al., 1997; Zhuang et al., 1998;
Breivogel et al., 1999; Di Marzo et al., 2000a). The profound
desensitization of cannabinoid-activated signal transduction
mechanisms (reduced GTPYS binding) has been shown in the
basal ganglia and hippocampus of A>~THC-tolerant rats (Sim
et al., 1996). This was also noted in most regions of the brain
except the limbic forebrain, analysed after 8 days of daily A°-
THC administration in rats (A’>-THC tolerant) (Di Marzo
et al., 2000a). These results suggest that the observed
downregulation of CB, receptors by chronic alcohol has a
dramatic effect on the desensitization of cannabinoid-activated
signal transduction, similar to that observed for A°~THC or
other cannabinoids.

Chronic drug treatment has been shown to change the
levels of G-protein and G-protein activity for various
G-protein-coupled receptor systems (Suzdak et al., 1986;
Werling et al., 1988; Wand et al., 1993; Williams et al., 1993;
Tabakoff et al., 1995; Traynor and Nahorski, 1995). Various
in vitro and in vivo studies have suggested that chronic alcohol
treatment leads to reduced sensitivity of adenylate cyclase
(Gordon et al., 1986; Charness et al., 1988). A variety of
agonists acting at various receptors coupled through Gs to
adenylate cyclase have been shown to be reduced by alcohol
(Rabin, 1990). Such a modification was suggested to alter the
ability of the enzymes to interact with G-proteins and G-
protein-coupled receptors (Tabakoff et al., 1995). Regulation
of either the G-protein or the G-protein mRNA level by
chronic alcohol is also a possibility. Decrease in adenylate
cyclase activity (Deitrich et al., 1989; Tabakoff et al., 1995)
and a several fold increase in the Gi levels, but no changes in
Gsa., have been reported in brains of mice treated with chronic
alcohol (Wand et al., 1993). Further studies downstream of
the CB, receptor will be of greater significance in under-
standing the mechanism involved in the development of
tolerance to alcohol.

Dopamine, the CB, receptor antagonist and
voluntary alcohol consumption

There is strong evidence that the dopaminergic system that
projects from the ventral tegmental area (VTA) of the midbrain
to the nucleus accumbens (NAc) and to other forebrain sites
including the dorsal striatum, is the major substrate of reward
and reinforcement produced by most drugs of abuse including
alcohol (Wise and Bozarth, 1987; Di Chiara and Imperato,
1988; Robbins and Everitt, 1996; Wise, 1996; Koob et al.,
1998; Koob and Roberts, 1999; Koob and Le Moal, 2001). It is
well established that cannabinoids activate dopaminergic
neurons in the VTA (Wise and Bozarth, 1987; Di Chiara and
Imperato, 1988; Robbins and Everitt, 1996; Wise, 1996; Tanda
et al., 1997; Gessa et al., 1998), resulting in the release of
dopamine in the NAc (Szabo et al., 1999). Activation of D2
receptors evokes AEA release in the striatum (Giuffrida and
Piomelli, 2000). The regulation of dopamine function by
cannabinoids is further supported by several biochemical and
behavioural studies. In vivo experiments suggest that chronic
treatment with D2-receptor antagonists upregulates the CB,

receptor expression in the rat striatum (Mailleux and
Vanderhaeghen, 1993). Furthermore, a D2 receptor antagonist
has been shown to attenuate the alcohol-induced formation of
2-AG in CGNs (Basavarajappa et al., 2000). In addition, the
hyperactivity associated with the postsynaptic D2 receptor
activation is accompanied by a dramatic increase in AEA
output within the striatum and this effect is potentiated by the
CB, receptor antagonist SR 141716A (Giuffrida et al., 1999).
Our recent results provide unequivocal evidence that the acute
alcohol-induced dopamine release in NAc is mediated by CB,
receptors (Hungund et al., 2003). The acute alcohol-induced
increase in dopamine in NAc dialysates in C57BL/6 mice was
completely inhibited by pretreatment with the SR 141716A or
deletion of the CB, receptors in mice (CB, receptor knockout)
(Fig. 2; Hungund et al., 2003). Further, SR 141716A blocked
alcohol-evoked dopamine release in the shell of the NAc
following alcohol administration (Cohen et al., 2002). It should
be noted that CB, receptors are not localized in dopamine cell
bodies or in their nerve terminals (Herkenham et al., 1991a;
Mailleux and Vanderhaeghen, 1992). It is therefore unlikely
that the observed block of alcohol-induced dopamine release
by SR 141716A may involve afferent pathways to the VTA.
This action may also explain the reducing effects of SR
141716A on alcohol self-administration by indirectly blocking
the activation of the mesolimbic dopaminergic transmission
(Cohen et al., 2002).

Several studies have shown the inhibition of voluntary
alcohol intake by SR 141716A in rodents. SR 141716A has
been shown to decrease voluntary alcohol intake in alcohol-
preferring C57BL/6 mice (Arnone et al., 1997), in Sardinian
alcohol-preferring (sP) rats (Colombo et al., 1998), in alcohol
self-administering Long Evans rats (Freedland et al., 2001),
and in alcohol-preferring congenic B6.Cb4i5-B/13C/Vad and
B6.Cb4i5-B14/Vad mouse strains (Hungund et al., 2002).
Furthermore, acute administration of the CB, receptor agonist
CP-55,940 increased the motivation to consume alcohol in
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Fig. 2. Acute alcohol enhances dopamine release in the NAc of CB,
receptor wild-type but not in knockout male mice. CB, receptor WT and
KO male mice received an i.p. injection of saline followed by alcohol
(1.5 g/kg). Dialysate samples were collected every 20 min before and
after each injection. Each data point represents the average DA
level + SEM. Data from wild-type (n = 6) and knockout (n = 6) mice are
represented at 20 min peak value from our previous data (Hungund et al.,
2003). Wild-type and knockout mice received an i.p. injection of vehicle
followed by CB, receptor antagonist SR 141716A (3 mg/kg) 40 min prior
to the administration of alcohol (1.5 g/kg). Dialysate samples were
collected every 20 min before and after each injection. Data from wild-
type mice (n = 6) and knockout mice (n = 3) are represented at 20 min
peak value from our previous data (Hungund et al., 2003). ***P < 0.001
(GLM repeated measures ANOVA).
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Wistar rats and this effect was completely prevented by
pretreatment with the CB, receptor antagonist SR 141617A
(Gallate et al., 1999; Gallate and McGregor, 1999). An acute
dose of SR 141716A completely abolished the alcohol
deprivation effect (i.e. the temporary increase in alcohol intake
after a period of alcohol withdrawal) in sP rats (Serra et al.,
2002). Acute administration of CB, receptor agonists WIN-
55,212-2 and CP-55,940 significantly stimulated voluntary
alcohol consumption in alcohol-preferring sP rats and this
was prevented by SR 141716A (Colombo et al., 2002). None
of these studies investigated the possible involvement of
dopamine in CB, receptor-regulated voluntary alcohol intake
in these animals.

The adaptive changes noted in the endocannabinoid system
after chronic alcohol treatment may be important for the
development of alcohol-seeking behaviour and further
research is required to establish this phenomenon. The
available evidence for the participation of the cannabinoi-
dergic system in alcohol drinking behaviour is derived from
the observed differences in CB, receptor function in two
genetic strains of alcohol-preferring C57BL/6 and alcohol-
avoiding DBA/2 mice. In this study, we found that C57BL/6
mice have a significantly lower level of CB, receptor binding
sites and higher affinity for [*H]CP-55,940 than DBA/2 mice
(Hungund and Basavarajappa, 2000b). Interestingly, the
significantly higher levels of CB, receptors found in DBA/2
mice are less coupled to G-proteins as shown by GTPYS
binding assay compared with C57BL/6 mouse strains
(Table 3; Basavarajappa and Hungund, 2001), suggesting the
participation of these receptors in controlling voluntary alcohol
consumption. Thus, genetically determined differences in
the activities of distinct components of the endogenous
cannabinoidergic system under basal conditions or in response
to alcohol exposure may exist between alcohol-preferring
and alcohol-avoiding animals and may be partially responsible
for the differences in their voluntary alcohol intake. This
hypothesis was further examined using genetically modified
CB, receptor knockout mice. Genetics and CB, receptor
aspects of alcoholism are covered elsewhere in this special
issue (Lallemand and De Witte, 2004).

CONCLUSION

Over the past seven years, remarkable advances have been
made towards our understanding of the role played by the
endocannabinoid system in the development of alcohol
tolerance and alcohol-drinking behaviour. These studies have
provided strong evidence that CB, receptors and the endo-
cannabinoid system serve as an attractive therapeutic target
for the treatment of alcohol tolerance and alcohol-related
disorders. The data reviewed here provide convincing
evidence that alcohol tolerance involves the downregulation of
the CB, receptor and its function. The observed neuro-
adaptation may be due to increased accumulation of the
endocannabinoids AEA and 2-AG. Treatment with the CB,
receptor antagonist SR 141716A led to reduced consumption
of alcohol in rodents and activation of the same endogenous
cannabinoid systems by the CB, receptor agonist promoted
alcohol craving, which may be related to the change in the
levels of dopamine in the NAc. Further, reduced alcohol intake

Table 3. Changes in CB, receptor binding and its agonist-stimulated
GTPyS binding in the brain of C57BL/6 and DBA/2 mouse strains

C57BL/6 DBA/2
B, (pmol/mg protein) 0.662 +0.03 0.883 + 0.08%*
K, (nM) 0.68 0.2 2.21 £ 0.56*
G-protein B, (pmol/mg protein) 12.43 +0.64 9.46 + 0.98*
E .. (% of basal GTPyS 129.2 +1.82 121.1£0.71

binding) (CP-55,940)

The CB, receptor binding assay was carried out using [*H] CP-55,940
and plasma membranes (PM) from brain of C57BL/6 and DBA/2
mouse strains. Each assay (0.5 ml) containing PM (75 pg protein) was
incubated at 30°C in the presence of [*H] CP-55,940 as described
previously (Basavarajappa et al., 1998a; Hungund and Basavarajappa,
2000b). Unlabelled CP-55,940 (10 uM) was used to define non-
specific binding. CB, receptor agonist-stimulated [*H]-GTPYyS binding
assay was carried out using [*H]-GTPYS and PM from brain of
C57BL/6 and DBA/2 mouse strains. Each assay (0.5 ml) containing
PM (100 pg/ml) was incubated at 30°C in the presence or absence of
CP-55,940, GDP (100 uM) as described previously (Basavarajappa
and Hungund, 1999b, 2001). Unlabelled GTPYS (10 uM) was used to
define non-specific binding. The data points are mean + SEM of three
experiments done in triplicate. The B, (pmol/mg protein) and K,
(nM) were calculated using the Graph Pad prism program. *P < 0.05
(Student’s #-test and non-parametric analyses).

by the CB, receptor knockout mice is consistent with our
previous observation that significantly lower levels of
functional CB, receptors are found in the alcohol-avoiding
DBA/2 mouse strain compared with the alcohol-preferring
C57BL/6 mouse strain. These observations suggest the
involvement of the CB, receptors in controlling voluntary
alcohol consumption and the involvement of the endocanna-
binoid system in the development of alcohol tolerance.
However, further studies are necessary to unfold the exact
mechanism by which alcohol exerts its pharmacological and
behavioural effects through the endocannabinoid system. The
investigation of the detailed signalling cascade for the actions
of both endocannabinoids and CB, receptors will be of great
value in understanding their physiological and functional role
in several neurological disorders, voluntary alcohol intake
and alcohol craving, including the behavioural neuroadap-
tation to alcohol. Such studies may also lead to the develop-
ment of endocannabinoid signalling-targeted drugs, which
may help to reduce both alcohol intake and alcohol craving.
These results suggest that the cannabinoid antagonist, SR
141716A, may be useful as a potential therapeutic agent in
alcohol dependence.

Acknowledgments — We thank Prof. Thomas B. Cooper, Chief, Department
of Analytical Psychopharmacology, for his continued support and
encouragement throughout this work. This study was supported in part by
funds from New York State Psychiatric Institute and NIH grants, AA22008,
AA13003 (B.L.H) and AA14411 (B.S.B).

REFERENCES

Arnone, M., Maruani, J., Chaperon, F., Thiebot, M., Poncelet, M.,
Soubrié, P. and Le Fur, G. (1997) Selective inhibition of sucrose and
ethanol intake by SR 141716, an antagonist of central cannabinoid
(CB1) receptors. Psychopharmacology 132, 104—-106.

Basavarajappa, B. S., Cooper, T. B. and Hungund, B. L. (1998a)
Chronic ethanol administration down-regulates cannabinoid



ENDOCANNABINOID SYSTEM AND ALCOHOL TOLERANCE 21

receptors in mouse brain synaptic plasma membrane. Brain
Research 793, 212-218.

Basavarajappa, B. S., Cooper, T. B. and Hungund, B. L. (1998b) Effect
of chronic ethanol exposure on mouse brain arachidonic acid
specific phospholipase A,. Biochemical Pharmacology 55, 515-521.

Basavarajappa, B. S. and Hungund, B. L. (1999a) Chronic ethanol
increases the cannabinoid receptor agonist, anandamide and its
precursor N-arachidonyl phosphatidyl ethanolamine in SK-N-SH
Cells. Journal of Neurochemistry 72, 522-528.

Basavarajappa, B. S. and Hungund, B. L. (1999b) Down-regulation of
cannabinoid receptor agonist-stimulated [**S] GTPyS binding in
synaptic plasma membrane from chronic ethanol exposed mouse.
Brain Research 815, 89-97.

Basavarajappa, B. S. and Hungund, B. L. (2001) Cannabinoid receptor
agonist-stimulated [**S]guanosine triphosphate gamma$ binding in
the brain of C57BL/6 and DBA/2 mice. Journal of Neuroscience
Research 64, 429-436.

Basavarajappa, B. S. and Hungund, B. L. (2002) Neuromodulatory role
of the endocannabinoid signaling system in alcoholism: an overview.
Prostaglandins, Leukotrienes and Essential Fatty Acids 66, 287-299.

Basavarajappa, B. S., Saito, M., Cooper, T. B. and Hungund, B. L.
(1997) Activation of arachidonic acid-specific phospholipase A, in
human neuroblastoma cells after chronic alcohol exposure:
prevention by GMI1 ganglioside. Alcoholism: Clinical and
Experimental Research 21, 1199-1203.

Basavarajappa, B. S., Saito, M., Cooper, T. B. and Hungund, B. L.
(2000)  Stimulation of cannabinoid receptor  agonist
2-arachidonylglycerol by chronic ethanol and its modulation by
specific neuromodulators in cerebellar granule neurons. Biochimica
et Biophysica Acta 1535, 78-86.

Basavarajappa, B. S., Saito, M., Cooper, T. B. and Hungund, B. L.
(2003) Chronic ethanol inhibits the anandamide transport and
increases extracellular anandamide levels in cerebellar granule
neurons. European Journal of Pharmacology 466, 73—83.

Beltramo, M. and Piomelli, D. (2000) Carrier-mediated transport and
enzymatic hydrolysis of the endogenous cannabinoid 2-
arachidonylglycerol. Neuroreport 11, 1231-1235.

Beltramo, M., Stella, N., Calignano, A., Lin, S. Y., Makriyannis, A. and
Piomelli, D. (1997) Functional role of high-affinity anandamide
transport, as revealed by selective inhibition. Science 277,
1094-1097.

Bisogno, T., Maccarrone, M., De Petrocellis, L., Jarrahian, A., Finazzi-
Agro, A., Hillard, C. and Di Marzo, V. (2001) The uptake by cells of
2-arachidonoylglycerol, an endogenous agonist of cannabinoid
receptors. European Journal of Biochemistry 268, 1982—1989.

Bisogno, T., Melck, D., De Petrocellis, L. and Di Marzo, V. (1999)
Phosphatidic acid as the biosynthetic precursor of the
endocannabinoid 2-arachidonoylglycerol in intact mouse
neuroblastoma cells stimulated with ionomycin. Journal of
Neurochemistry 72, 2113-2119.

Bisogno, T., Sepe, N., Melck, D., Maurelli, S., De Petrocellis, L. and
Di Marzo, V. (1997) Biosynthesis, release and degradation of the
novel endogenous cannabimimetic metabolite 2-arachidonoyl-
glycerol in mouse neuroblastoma cells. Biochemical Journal 322,
671-677.

Brandt, J., Butters, N., Ryan, C. and Bayog, R. (1983) Cognitive loss
and recovery in long-term alcohol abusers. Archives of General
Psychiatry 40, 435-442.

Breivogel, C. S., Childers, S. R., Deadwyler, S. A., Hampson, R. E.,
Vogt, L. J. and Sim-Selley, L. J. (1999) Chronic delta9-
tetrahydrocannabinol treatment produces a time-dependent loss of
cannabinoid receptors and cannabinoid receptor-activated G proteins
in rat brain. Journal of Neurochemistry 73, 2447-2459.

Cadas, H., di Tomaso, E. and Piomelli, D. (1997) Occurrence and
biosynthesis of endogenous cannabinoid precursor, N-arachidonyl
phosphatidylethanolamine, in rat brain. Journal of Neuroscience
17, 1226-1242.

Caulfield, M. P. and Brown, D. A. (1992) Cannabinoid receptor
agonists inhibit Ca current in NG108-15 neuroblastoma cells via a
pertussis  toxin-sensitive mechanism. British Journal of
Pharmacology 106, 231-222.

Charness, M. E., Querimit, L. A. and Henteleff, M. (1988) Ethanol
differentially regulates G proteins in neural cells. Biochemical and
Biophysical Research Communications 155, 138—143.

Cohen, C., Perrault, G., Voltz, C., Steinberg, R. and Soubrié, P. (2002)
SR141716, a central cannabinoid (CB1) receptor antagonist, blocks
the motivational and dopamine-releasing effects of nicotine in rats.
Behavioural Pharmacology 13, 451-463.

Colombo, G., Agabio, R., Fa, M., Guano, L., Lobina, C., Loche, A.,
Reali, R. and Gessa, G. (1998) Reduction of voluntary ethanol intake
in ethanol-preferring sP rats by the cannabinoid antagonist SR-
141716. Alcohol and Alcoholism 33, 126—130.

Colombo, G., Serra, S., Brunetti, G., Gomez, R., Melis, S., Vacca, G.,
Carai, M. M. and Gessa, L. (2002) Stimulation of voluntary ethanol
intake by cannabinoid receptor agonists in ethanol-preferring
sP rats. Psychopharmacology (Berl) 159, 181-187.

Compton, D. R., Rice, K. C., De Costa, B. R., Razdan, R. K.,
Melvin, L. S., Johnson, M. R. and Martin, B. R. (1993) Cannabinoid
structure—activity relationships: correlation of receptor binding and
in vivo activities. Journal of Pharmacology and Experimental
Therapeutics 265, 218-226.

Cravatt, B. F,, Giang, D. K., Mayfield, S. P., Boger, D. L., Lerner, R. A.
and Gilula, N. B. (1996) Molecular characterization of an enzyme
that degrades neuromodulatory fatty-acid amides. Nature 384,
83-87.

Day, T. A., Rakhshan, F., Deutsch, D. G. and Barker, E. L. (2001) Role
of fatty acid amide hydrolase in the transport of the endogenous
cannabinoid anandamide. Molecular Pharmacology 59, 1369—1375.

Deadwyler, S. A., Hampson, R. E., Mu, J., Whyte, A. and Childers, S.
(1995) Cannabinoids modulate voltage sensitive potassium A-
current in hippocampal neurons via a cAMP-dependent process.
Journal of Pharmacology and Experimental Therapeutics 273,
734-743.

Deitrich, R. A., Dunwiddie, T. V., Harris, R. A. and Erwin, V. G. (1989)
Mechanism of action of ethanol: initial central nervous system
actions. Pharmacological Reviews 41, 489-537.

Deutsch, D. G., Glaser, S. T., Howell, J. M., Kunz, J. S.,
Puffenbarger, R. A., Hillard, C. J. and Abumrad, N. (2001) The
cellular uptake of anandamide is coupled to its breakdown by fatty-
acid amide hydrolase. Journal of Biological Chemistry 276,
6967-6973.

Devane, W. A., Hanus, L., Breuer, A. er al. (1992) Isolation and
structure of a brain constituent that binds to the cannabinoid
receptor. Science 258, 1946-1949.

Di Chiara, G. and Imperato, A. (1988) Drugs abused by humans
preferentially increase synaptic dopamine concentrations in the
mesolimbic system of freely moving rats. Proceedings of the National
Academy of Sciences of the United States of America 85, 5274-5278.

Di Marzo, V., Fontana, A., Cadas, H., Schinelli, S., Cimino, G.,
Schwartz, J. C. and Piomelli, D. (1994) Formation and inactivation
of endogenous cannabinoid anandamide in central neurons.
Nature 372, 686-691.

Di Marzo, V., Berrendero, F., Bisogno, T., Gonzalez, S., Cavaliere, P.,
Romero, J., Cebeira, M., Ramos, J. A. and Fernandez-Ruiz, J. J.
(2000a) Enhancement of anandamide formation in the limbic
forebrain and reduction of endocannabinoid contents in the
striatum of delta9-tetrahydrocannabinol-tolerant rats. Journal of
Neurochemistry 74, 1627-1635.

Di Marzo, V., Hill, M. P., Bisogno, T., Crossman, A. R. and
Brotchie, J. M. (2000b) Enhanced levels of endogenous cannabi-
noids in the globus pallidus are associated with a reduction in
movement in an animal model of Parkinson’s disease. The FASEB
Journal 14, 1432—-1438.

Di Marzo, V., Melck, D., Bisogno, T. and De Petrocellis, L. (1998)
Endocannabinoids: endogenous cannabinoid receptor ligands with
neuromodulatory action. Trends in Neurosciences 21, 521-528.

Egertova, M., Giang, D. K., Cravatt, B. F. and Elphick, M. R. (1998) A
new perspective on cannabinoid signalling: complementary
localization of fatty acid amide hydrolase and the CB1 receptor in rat
brain. Proceedings of The Royal Society: Biological Sciences 265,
2081-2085.

Fadda, F. and Rossetti, Z. L. (1998) Chronic ethanol consumption:
from neuroadaptation to neurodegeneration. Progress in
Neurobiology 56, 385-431.

Felder, C., Nielsen, A., Briley, E. er al. (1996) Isolation and
measurement of the endogenous cannabinoid receptor agonist,
anandamide, in brain and peripheral tissues of human and rat. FEBS
Letters 393, 231-235.



22 B. S. BASAVARAJAPPA and B. L. HUNGUND

Fowler, C. J., Nilsson, O., Andersson, M., Disney, G., Jacobsson, S. O.
and Tiger, G. (2001) Pharmacological properties of cannabinoid
receptors in the avian brain: similarity of rat and chicken
cannabinoidl receptor recognition sites and expression of
cannabinoid2 receptor-like immunoreactivity in the embryonic chick
brain. Pharmacology and Toxicology 88, 213-222.

Freedland, C. S., Sharpe, A. L., Samson, H. H. and Porrino, L. J. (2001)
Effects of SR 141716A on ethanol and sucrose self-administration.
Alcoholism: Clinical and Experimental Research 25, 277-282.

Gallate, J. E. and McGregor, 1. S. (1999) The motivation for beer
in rats: effects of ritanserin, naloxone and SR 141716.
Psychopharmacology 142, 302-308.

Gallate, J. E., Saharov, T., Mallet, P. E. and McGregor, 1. S. (1999)
Increased motivation for beer in rats following administration
of a cannabinoid CB1 receptor agonist. European Journal of
Pharmacology 370, 233-240.

Gatch, M. B. and Lal, H. (1999) Effects of ethanol and ethanol
withdrawal on nociception in rats. Alcoholism: Clinical and
Experimental Research 23, 328-333.

Gebhardt, C. A., Naeser, M. A. and Butters, N. (1984) Computerized
measures of CT scans of alcoholics: thalamic region related to
memory. Alcohol 1, 133-140.

Gessa, G. L., Melis, M., Muntoni, A. L. and Diana, M. (1998)
Cannabinoids activate mesolimbic dopamine neurons by an action
on cannabinoid CB1 receptors. European Journal of Pharmacology
341, 39-44.

Giuffrida, A., Beltramo, M. and Piomelli, D. (2001) Mechanisms of
endocannabinoid inactivation: biochemistry and pharmacology.
Journal of Pharmacology and Experimental Therapeutics
298, 7-14.

Giuffrida, A., Parsons, L. H., Kerr, T. M., Rodriguez de Fonseca, F.,
Navarro, M. and Piomelli, D. (1999) Dopamine activation of
endogenous cannabinoid signaling in dorsal striatum. Nature
Neuroscience 2, 358-363.

Giuffrida, A. and Piomelli, D. (2000) The endocannabinoid system: a
physiological perspective on its role in psychomotor control.
Chemistry and Physics of Lipids 108, 151-158.

Goldstein, D. B. (1972) An animal model for testing effects of drugs
on alcohol withdrawal reactions. Journal of Pharmacology and
Experimental Therapeutics 183, 14-22.

Goldstein, D. B. (1980) Inhalation of ethanol vapors. In Alcohol
Tolerance and Dependence, Rigter, H. and Crabbe, 1. C. eds,
pp. 81-92. Elsevier Press, Amsterdam.

Goldstein, D. B. and Pal, N. (1971) Alcohol dependence produced in
mice by inhalation of ethanol: grading the withdrawal reaction.
Science 172, 288-290.

Goldstein, D. B. and Zaechelein, R. (1983) Time course of functional
tolerance produced in mice by inhalation of ethanol. Journal of
Pharmacology and Experimental Therapeutics 227, 150-153.

Gonzalez, S., Fernandez-Ruiz, J., Sparpaglione, V., Parolaro, D. and
Ramos, J. A. (2002a) Chronic exposure to morphine, cocaine or
ethanol in rats produced different effects in brain cannabinoid CB(1)
receptor binding and mRNA levels. Drug and Alcohol Dependence
66, 77-84.

Gonzalez, S., Grazia Cascio, M., Fernandez-Ruiz, J., Fezza, F., Di
Marzo, V. and Ramos, J. A. (2002b) Changes in endocannabinoid
contents in the brain of rats chronically exposed to nicotine, ethanol
or cocaine. Brain Research 954, 73-81.

Gordon, A. S., Collier, K. and Diamond, 1. (1986) Ethanol regulation
of adenosine receptor-stimulated cAMP levels in a clonal neural cell
line: an in vitro model of cellular tolerance to ethanol. Proceedings
of the National Academy of Science of the United States of America
83, 2105-2108.

Gustavsson, L. (1995) ESBRA 1994 Award Lecture. Phos-
phatidylethanol formation: specific effects of ethanol mediated via
phospholipase D. Alcohol and Alcoholism 30, 391-406.

Hansen, H., Lauritzen, L., Mette Strand, A., Moeesgaard, B. and
Frandsen, A. (1995) Glutamate stimulates the formation of N-
acylphosphatidylethanolamine and N-acylethanolamine in
cortical neurons in culture. Biochimica et Biophysica Acta 1258,
303-308.

Herkenham, M., A.B., L., Little, M. D., Johnson, M. R., Melvin, L. S.,
de Costa, B. R. and Rice, K. C. (1990) Cannabinoid receptor

localization in brain. Proceedings of the National Academy of
Science of the United States of America 87, 1932-1936.

Herkenham, M., Lynn, A. B., de Costa, B. R. and Richfield, E. K.
(1991a) Neuronal localization of cannabinoid receptors in the basal
ganglia of the rat. Brain Research 547, 267-274.

Herkenham, M., Lynn, A. B., Johnson, M. R., Melvin, L. S.,
de Costa, B. R. and Rice, K. C. (1991b) Characterization and locali-
zation of cannabinoid receptors in rat brain: a quantitative in vitro
autoradiographic study. Journal of Neuroscience 16, 8057-8066.

Hillard, C. J., Edgemond, W. S., Jarrahian, A. and Campbell, W. B.
(1997) Accumulation of N-arachidonoylethanolamine (anandamide)
into cerebellar granule cells occurs via facilitated diffusion. Journal
of Neurochemistry 69, 631-638.

Hillard, C. J. and Jarrahian, A. (2000) The movement of N-
arachidonoylethanolamine (anandamide) across cellular membranes.
Chemistry and Physics of Lipids 108, 123-134.

Howlett, A. C. (1995) Pharmacology of cannabinoid receptors. Annual
Review of Pharmacology and Toxicology 35, 607-634.

Howlett, A. C., Barth, F., Bonner, T. L. ef al. (2002) International Union
of Pharmacology. XXVII. Classification of cannabinoid receptors.
Pharmacological Reviews 54, 161-202.

Howlett, A. C., Qualy, J. M. and Khachatrian, L. L. (1986) Involvement
of Gi in the inhibition of adenylate cyclase by cannabimimetic
drugs. Molecular Pharmacology 29, 307-313.

Hungund, B. L. and Basavarajappa, B. S. (2000a) Are anandamide and
cannabinoid receptors involved in ethanol tolerance? a review of the
evidence. Alcohol and Alcoholism 35, 126—133.

Hungund, B. L. and Basavarajappa, B. S. (2000b) Distinct differences
in the cannabinoid receptor binding in the brain of C57BL/6 and
DBA/2 mice, selected for their differences in voluntary ethanol
consumption. Journal of Neuroscience Research 60, 122—128.

Hungund, B. L. and Basavarajappa, B. S. (2000c) Role of brain’s own
marijuana, anandamide and its cannabinoid receptors (CB1) in
alcoholism. In Recent Research Development in Neurochemistry,
Vol. 3, S. G. Pandalai, R. S. ed., pp. 9-26, Research Sign Post
Trivandrum, India.

Hungund, B. L., Basavarajappa, B. S., Vadasz, C., Kunos, G.,
Rodriguez de Fonseca, F., Colombo, G., Serra, S., Parsons, L. and
Koob, G. F. (2002) Ethanol, Endocannabinoids and
Cannabinoidergic  Signaling System. Alcoholism: Clinical
and Experimental Research 26, 565-574.

Hungund, B. L., Szakall, I., Adam, A., Basavarajappa, B. S. and
Vadasz, C. (2003) Cannabinoid CB1 receptor knockout mice exhibit
markedly reduced voluntary alcohol consumption and lack alcohol-
induced dopamine release in the nucleus accumbens. Journal of
Neurochemistry 84, 698-704.

Hunter, S. A. and Burstein, S. H. (1997) Receptor mediation in
cannabinoid stimulated arachidonic acid mobilization and
anandamide synthesis. Life Sciences 60, 1563—-1573.

Torio, K. R., Reinlib, L., Tabakoff, B. and Hoffman, P. L. (1992) Chronic
exposure of cerebellar granule cells to ethanol results in increased
NMDA receptor function. Molecular Pharmacology 41, 1142-1148.

Kempe, K., Hsu, F., Bohrer, A. and Turk, J. (1996) Isotope dilution
mass spectrometric measurements indicate that arachi-
donylethanolamide, the proposed endogenous ligand of the
cannabinoid receptor, accumulates in rat brain tissue post mortem
but is contained at low levels in or is absent from fresh tissue.
Journal of Biological Chemistry 271, 17287-17295.

Kiss, Z. (1992) Cooperative effects of ethanol and protein kinase C
activators on phospholipase-D-mediated hydrolysis of phos-
phatidylethanolamine in NIH 3T3 fibroblasts. Biochimica
et Biophysica Acta. 1175, 88-94.

Koob, G. F. and Le Moal, M. (2001) Drug addiction, dysregulation of
reward, and allostasis. Neuropsychopharmacology 24, 97-129.

Koob, G. F. and Roberts, A. J. (1999) Brain reward circuits in
alcoholism. CNS Spectrums 4, 23-37.

Koob, G. F,, Roberts, A. J., Schulteis, G., Parsons, L. H., Heyser, C. J.,
Hyytia, P., Merlo-Pich, E. and Weiss, E. (1998) Neurocircuitry
targets in ethanol reward and dependence. Alcoholism: Clinical and
Experimental Research 22, 3-9.

Lallemand, F. and De Witte, P. (2004) Ethanol induces higher BEC in
CB1 cannabinoid receptor knockout mice while decreasing ethanol
preference. Alcohol and Alcoholism, Vol 40, No 1, 2004.



ENDOCANNABINOID SYSTEM AND ALCOHOL TOLERANCE 23

Lundgvist, C., Aradottir, S., Alling, C., Boyano-Adanez, M. C. and
Gustavsson, L. (1994) Phosphatidylethanol formation and
degradation in brains of acutely and repeatedly ethanol-treated rats.
Neuroscience Letters 179, 127-131.

Maccarrone, M., van der Stelt, M., Rossi, A., Veldink, G. A.,
Vliegenthart, J. F. and Agro, A. F. (1998) Anandamide hydrolysis by
human cells in culture and brain. Journal of Biological Chemistry
273, 32332-32339.

Mackie, K. and Hille, B. (1992) Cannabinoids inhibit N-type
calcium channels in neuroblastoma-glioma cells. Proceedings of
the National Academy of Science of the United States of America
89, 3825-3829.

Mackie, K., Lai, Y., Westenbroek, R. and Mitchell, R. (1995)
Cannabinoids activate an inwardly rectifying potassium conduct-
ance and inhibit Q-type calcium currents in AtT20 cells transfected
with rat brain cannabinoid receptor. Journal of Neuroscience
15, 6552-6561.

Mailleux, P. and Vanderhaeghen, J. J. (1992) Distribution of neuronal
cannabinoid receptor in the adult rat brain: a comparative receptor
binding radioautography and in situ hybridization histochemistry.
Neuroscience 48, 655-668.

Mailleux, P. and Vanderhaeghen, J. J. (1993) Dopaminergic regulation
of cannabinoid receptor mRNA levels in the rat caudate-putamen:
an in situ hybridization study. Journal of Neurochemistry 61,
1705-1712.

Matsuda, L. A., Lolait, S. J., Brownstein, M. J., Young, A. C. and
Bonner, T. 1. (1990) Structure of a cannabinoid receptor
and functional expression of the cloned ¢cDNA. Nature 346,
561-564.

Mechoulam, R., Ben-Shabat, S., Hanus, L. ef al. (1995) Identification of
an endogenous 2-monoglyceride, present in canine gut, that binds to
cannabinoid receptors. Biochemical Pharmacology 50, 83-90.

Mechoulam, R., Fride, E. and Di Marzo, V. (1998) Endocannabinoids.
European Journal of Pharmacology 359, 1-18.

Natarajan, V., Reddy, P. V., Schmid, P. C. and Schmid, H. H. (1981)
On the biosynthesis and metabolism of N-acylethanolamine
phospholipids in infarcted dog heart. Biochimica et Biophysica Acta
664, 445-448.

Ortiz, S., Oliva, J. M., Perez, S., Palomo, T. and Manzanares, J. (2004)
Chronic ethanol consumption regulates cannabinoid CB1 receptor
gene expression in selected regions of rat brain. Alcohol and
Alcoholism 39, 88-92.

Piomelli, D., Beltramo, M., Glasnapp, S., Lin, S. Y., Goutopoulos, A.,
Xie, X. Q. and Makriyannis, A. (1999) Structural determinants for
recognition and translocation by the anandamide transporter.
Proceedings of the National Academy of Science of the United States
of America 96, 5802-5807.

Porter, A. C., Sauer, J. M., Knierman, M. D. er al. (2002)
Characterization of a novel endocannabinoid, virodhamine, with
antagonist activity at the CB1 receptor. Journal of Pharmacology
and Experimental Therapeutics 301, 1020-1024.

Rabin, R. A. (1990) Chronic ethanol exposure of PC 12 cells alters
adenylate cyclase activity and intracellular cyclic AMP content.
Journal of Pharmacology and Experimental Therapeutics 252,
1021-1027.

Rakhshan, F., Day, T. A., Blakely, R. D. and Barker, E. L. (2000)
Carrier-mediated uptake of the endogenous cannabinoid anandamide
in RBL-2H3 cells. Journal of Pharmacology and Experimental
Therapeutics 292, 960-967.

Rasmussen, D. D., Boldt, B. M., Wilkinson, C. W. and Mitton, D. R.
(2002) Chronic daily ethanol and withdrawal: 3. Forebrain pro-
opiomelanocortin gene expression and implications for dependence,
relapse, and deprivation effect. Alcoholism: Clinical and
Experimental Research 26, 535-546.

Robbins, T. W. and Everitt, B. J. (1996) Neurobehavioural mechanisms
of reward and motivation. Current Opinion in Neurobiology 6,
228-236.

Rodriguez de Fonseca, F., del Arco, 1., Bermudez-Silva, F. J., Bilbao, A.,
Cippitelli, A. and Navarro, M. (2004) The endocannabinoid
system: physiology and pharmacology. Alcohol and Alcoholism,
Vol 40, No 1, 2004.

Rodriguez de Fonseca, F., Roberts, A. J., Bilbao, A., Koob, G. F. and
Navarro, M. (1999) Cannabinoid receptor antagonist SR 141716A

decreases operant ethanol self administration in rats exposed to
ethanol-vapor chambers. Acta Pharmacologica Sinica 20,
1109-1114.

Rubino, T., Patrini, G., Parenti, M., Massi, P. and Parolaro, D. (1997)
Chronic treatment with a synthetic cannabinoid CP-55,940 alters
G-protein expression in the rat central nervous system. Molecular
Brain Research 44, 191-197.

Ryan, C. and Butters, N. (1980) Learning and memory impairments in
young and old alcoholics: evidence for the premature-aging
hypothesis. Alcoholism: Clinical and Experimental Research 4,
288-293.

Schmid, P., Krebsbach, R., Perry, S., Dettmer, T., Maasson, J. and
Schmid, H. (1995) Occurrence and postmortem generation of
anandamide and other long-chain N-acylethanolamines in
mammalian brain. FEBS Letters 375, 117-120.

Schmid, P. C., Reddy, P. V., Natarajan, V. and Schmid, H. H. (1983)
Metabolism of N-acylethanolamine phospholipids by a mammalian
phosphodiesterase of the phospholipase D type. Journal of
Biological Chemistry 258, 9302-9306.

Serra, S., Brunetti, G., Pani, M., Vacca, G., Carai, M. A., Gessa, G. L. and
Colombo, G. (2002) Blockade by the cannabinoid CB(1)
receptor antagonist, SR 141716, of alcohol deprivation effect in
alcohol-preferring rats. European Journal of Pharmacology 443,
95-97.

Sim, L. J., Hampson, R. E., Deadwyler, S. A. and Childers, S. R. (1996)
Effects of chronic treatment with delta9-tetrahydrocannabinol on
cannabinoid-stimulated [35S]GTPgammaS autoradiography in rat
brain. Journal of Neuroscience 16, 8057-8066.

Stella, N., Schweitzer, P. and Piomelli, D. (1997) A second endogenous
cannabinoid that modulates long-term potentiation. Nature 388,
773-778.

Sugiura, T., Kobayashi, Y., Oka, S. and Waku, K. (2002) Biosynthesis
and degradation of anandamide and 2-arachidonoylglycerol and
their possible physiological significance. Prostaglandins,
Leukotrienes and Essential Fatty Acids 66, 173—-192.

Sugiura, T., Kondo, S., Sukagawa, A., Nakane, S., Shinoda, A., Itoh, K.,
Yamashita, A. and Waku, K. (1995) 2-Arachidonoylglycerol: a
possible endogenous cannabinoid receptor ligand in brain.
Biochemical and Biophysical Research Communications 215, 89-97.

Suzdak, P. D., Schwartz, R. D., Skolnick, P. and Paul, S. M. (1986)
Ethanol stimulates y-aminobutyric acid receptor mediated chloride
transport in rat brain synaptoneurosomes. Proceedings of the
National Academy of Sciences of the United States of America 83,
4071-4075.

Szabo, B., Muller, T. and Koch, H. (1999) Effects of cannabinoids on
dopamine release in the corpus striatum and the nucleus accumbens
in vitro. Journal of Neurochemistry 73, 1084-1089.

Tabakoff, B., Whelan, J. P.,, Ovchinnikova, L., Nhamburo, P.,
Yoshimura, M. and Hoffman, P. L. (1995) Quantitative changes in
G protein do not mediate ethanol-induced down-regulation of
adenylate cyclase in mouse cerebral cortex. Alcoholism: Clinical
and Experimental Research 19, 187-194.

Tanda, G., Pontieri, F. E. and Di Chiara, G. (1997) Cannabinoid
and heroin activation of mesolimbic dopamine transmission by
a common mul opioid receptor mechanism. Science 276,
2048-2050.

Traynor, J. R. and Nahorski, S. R. (1995) Modulation by mu-opioid
agonists of guanosine-5'-O-(3-[35S]thio)triphosphate binding to
membranes from human neuroblastoma SH-SYS5Y cells. Molecular
Pharmacology 47, 848-854.

Ueda, N., Puffenbarger, R. A., Yamamoto, S. and Deutsch, D. G.
(2000) The fatty acid amide hydrolase (FAAH). Chemistry and
Physics of Lipids 108, 107-121.

Wand, G. S., Diehl, A. M., Levine, M. A., Wolfgang, D. and Samy, S.
(1993) Chronic ethanol treatment increases expression of inhibitory
G-proteins and reduces adenyl cyclase activity in the central nervous
system of two lines of ethanol-sensitive mice. Journal of Biological
Chemistry 268, 2595-2601.

Werling, L. L., Puttfarcken, P. S. and Cox, B. M. (1988) Multiple
agonist-affinity states of opioid receptors: regulation of
binding by guanyl nucleotides in guinea pig cortical, NG108-15, and
7315¢ cell membranes. Molecular Pharmacology 33,
423-431.



24 B. S. BASAVARAJAPPA and B. L. HUNGUND

Williams, R. J., Veale, M. A., Horne, P. and Kelly, E. (1993) Zhuang, S., Kittler, J., Grigorenko, E. V., Kirby, M. T., Sim, L. J.,

Ethanol differentially regulates guanine nucleotide-binding Hampson, R. E., Childers, S. R. and Deadwyler, S. A. (1998) Effects

protein alpha subunit expression in NG108-15 cells independently of of long-term exposure to delta9-THC on expression of cannabinoid

extracellular adenosine. Molecular Pharmacology 43, 158—166. receptor (CB1) mRNA in different rat brain regions. Molecular
Wise, R. A. (1996) Addictive drugs and brain stimulation reward. Brain Research 62, 141-149.

Annual Review of Neuroscience 19, 319-340.
Wise, R. A. and Bozarth, M. A. (1987) A psychomotor stimulant theory
of addiction. Psychological Review 94, 469—492.



