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Abstract
Over the past fifty years a significant body of evidence has been compiled suggesting an
interaction between the endocannabinoid (EC) system and alcohol dependence. However, much of
this work has been conducted only in the past two decades following the elucidation of the
molecular constituents of the EC system that began with the serendipitous discovery of the
cannabinoid 1 receptor (CB1). Since then, novel pharmacological and genetic tools have enabled
researchers to manipulate select components of the EC system, to determine their contribution to
the motivation to consume ethanol. From these preclinical studies, it is evident that CB1
contributes the motivational and reinforcing properties of ethanol, and chronic consumption of
ethanol alters EC transmitter levels and CB1 expression in brain nuclei associated with addiction
pathways. These results are augmented by in vitro and ex vivo studies showing that acute and
chronic treatment with ethanol produces physiologically relevant alterations in the function of the
EC system. This report provides a current and comprehensive review of the literature regarding
the interactions between ethanol and the EC system. We begin be reviewing the studies published
prior to the discovery of the EC system that compared the behavioral and physiological effects of
cannabinoids with ethanol in addition to cross-tolerance between these drugs. Next, a brief
overview of the molecular constituents of the EC system is provided as context for the subsequent
review of more recent studies examining the interaction of ethanol with the EC system. These
results are compiled into a summary providing a scheme for the known changes to the components
of the EC system in different stages of alcohol dependence. Finally, future directions for research
are discussed.
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Introduction
Alcohol use disorders (AUDs) affect an estimated 8.5% of the US population over the age of
18, and problems associated with AUDs cost the United States economy up to $185 billion
per year (NIAAA, 2009). This enormous economic and public health problem is due to the
addictive behaviors of alcohol abusing and dependent individuals. These behaviors are
driven by two hallmark features of addiction: an overriding compulsion to seek and use
alcohol and an inability to control or inhibit these actions even though they result in a
negative outcome (e.g. loss of job, imprisonment, family problems, etc). These two features
of addiction are thought to emerge from aberrant learning processes and plasticity in the
striatum and frontal cortices (For review see Kalivas, 2008; Koob and Volkow, 2010) a
subset of which are general mechanisms that participate in driving the addictive phenotype
for all drugs of abuse. Historically, dopamine (DA) has been seen as a key neuromodulator
driving reward processes, but an increasing amount of attention has been focused on other
neuromodulatory and neurendocrine systems that may serve as more tenable sites for
pharmacotherapy. Along these lines, it is often instructive to examine disorders that are
frequently comorbid in the hopes of understanding a common underlying etiology, and in
this regard, AUDs and cannabis use disorders (CUDs) share some similarity.

Since the early 1970’s, a growing body of evidence has suggested a link between the
neuropsychological effects of cannabis and ethanol consumption. Specifically, studies of the
affective, cognitive, and psychomotor effects of these two substances in humans found
evidence of a potential cross-tolerance to ethanol amongst cannabis users (Jones and Stone,
1970; MacAvoy and Marks, 1975). More recently, epidemiological studies of US
populations indicate that for individuals with a CUD there is 45 – 81% lifetime prevalence
of developing a comorbid AUD (Agosti et al., 2002; Regier et al., 1990; Stinson et al.,
2006). In a clinical study of adolescents with an AUD, over 70% reported use of cannabis
within the past year, and the mean frequency of cannabis use for this group was between 16
and 20 days per month (Martin et al., 1996). In addition, data from a national computerized
telephone survey show that individuals who responded as using marijuana and ethanol
simultaneously engaged in significantly more binge drinking and were more likely to have
alcohol dependence (Midanik et al., 2007). Together, these findings demonstrate a high
prevalence of comorbidity between AUDs and CUDs.

One possible explanation for these findings is that these drugs may serve as a substitute for
one another. Ethanol and cannabis both have depressant effects on central nervous system
function. In laboratory rodents, administration of either ethanol or Δ9-tetrahydrocannabinol
(THC; the main psychoactive compound in cannabis) produces hypolocomotion,
hypothermia, and ataxia (Crabbe et al., 2005; Martin et al., 1991). In human subjects acute
administration of either compound produces euphoria and feelings of intoxication
(Heishman et al., 1997; Jones and Stone, 1970), and both substances decrease response time
and accuracy on neuropsychological tests measuring memory, attention, and psychomotor
performance (Chait and Perry, 1994; Heishman et al., 1997; Heishman et al., 1988). In
addition, daily cannabis users significantly increased self-reported ethanol craving and
consumption during a two-week abstinence from marijuana (Peters and Hughes, 2010) and
individuals in treatment for CUDs increased the frequency of ethanol use during 12 months
following treatment (Stephens et al., 1994). However, there are conflicting data with respect
to combined ethanol and cannabis use. Findings from other studies of post-treatment
outcomes for CUDs show a decrease (Stephens et al., 2000) or no change (Kadden et al.,
2009) in ethanol consumption associated with decreased use of cannabis.

It is possible that shared physiological and biochemical mechanisms contribute to the
comorbid abuse and substitution of ethanol and cannabis, but at first glance, these two
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substances seem remarkably different. On one hand, ethanol is a remarkably low affinity
ligand for the many enzymes and receptors with which it interacts. Ethanol’s low affinity is
evidenced by the fact that it must be consumed in quantities sufficient to produce blood
concentrations in the millimolar range before substantial behavioral effects can be observed.
In contrast, THC produces the majority of its effects through high-affinity interactions with
a small number of molecular targets. Almost all of the centrally mediated, behavioral effects
of THC intoxication result from activation of the cannabinoid 1 (CB1) receptor. CB1 is a G-
protein coupled receptor (GPCR) and is the main receptor for the endogenous cannabinoid
(endocannabinoid; EC) system in the brain. ECs are a class of lipid-derived neuromodulators
that serve as retrograde transmitters in central synapses. Research within the past decade has
made it clear that ethanol interacts with the EC system, and a growing body of evidence
suggests that the function of the EC system may be altered in alcohol dependence. In this
review, we will begin by briefly discussing the early studies that demonstrated a link
between the physiological and behavioral effects of cannabis and ethanol. Next we will
cover the findings indicating that the EC system is a molecular target for ethanol and how
the function of this neuromodulatory system is altered following chronic ethanol. Along
these lines, we will attempt to place the behavioral ramifications of altered EC signaling in
the context of circuitry associated with addictive processes. Finally, emerging topics in the
fields of EC signaling and alcohol abuse will be discussed as future directions for research.

Historical Perspectives
Comparative Studies on the Effects of Cannabis and Ethanol

The first study to directly compare the effects of ethanol and marijuana was conducted by
Jones and Stone (1970). Participants who claimed a history of heavy marijuana use were
administered cannabis orally or in a cigarette, and in separate sessions, they were given
ethanol. The authors reported cannabis significantly increased pulse, time estimation, and
low-voltage, high-frequency EEG activity. Ethanol, on the other hand, was observed to only
decrease subjective time estimation. The opposing effects of ethanol and cannabis on the
subjective experience of time have been demonstrated elsewhere (Tinklenberg et al., 1976),
but other studies have reported that acute ethanol intoxication has either no effect on time
estimation (Heishman et al., 1997) or produces a lower magnitude overestimation similar to
that of cannabis (Bech et al., 1973). Importantly, Jones and Stone (1970) reported that
participants who claimed a history of heavy marijuana use were less intoxicated by ethanol
and showed fewer ethanol-induced neuropsychological impairments than were found in
previous studies. Although, this study did not include non-cannabis using control subjects,
these results led the authors to suggest that prior heavy marijuana use may convey cross-
tolerance to some of the acute effects of ethanol.

As reviewed by Zarcone (1973), ethanol and cannabis are also known to produce similar
effects on sleep. Acute ethanol and THC administration reduces REM sleep early in the
evening with a compensatory rebound occurring later in the night. These effects are
probably due to acute tolerance to drug effects and/or elimination in the case of ethanol over
the course of the evening. However, the depressive effects on REM sleep are attenuated with
repeated administration of either marijuana or ethanol. The synergistic effects of acute
ethanol and cannabinoids on sleep have also been observed in rodents where co-
administration of ethanol with THC increases sleep time beyond that observed with either
drug alone (Friedman and Gershon, 1974; Phillips et al., 1971). The effects of chronic
ethanol and cannabis use differ, however. Chronic alcoholic patients experience a significant
reduction or even an absence of deep-stage slow-wave sleep and an increase in REM
following cessation of ethanol use, while chronic cannabis users show an increase in time
spent in REM sleep. In the case of alcoholic patients, the alterations in sleep architecture

Pava and Woodward Page 3

Alcohol. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



seem to be more severe than in chronic cannabis users, and they can persist for many months
into abstinence. In either case, resumption of drug use acts to normalize sleep patterns.

In addition to their subjective and physiological effects, cannabis and ethanol are also
known to affect cognitive function. In a double-blinded placebo controlled study, Manno et
al (1971) found that ethanol and marijuana interact synergistically to impair cognitive and
psychomotor functions when co-administered. Studies of divided attention in human
subjects have demonstrated that acute administration of marijuana and ethanol alone or in
combination is sufficient to increase false-positive and false-negative errors in a task that
requires simultaneous monitoring of two distinct stimuli (MacAvoy and Marks, 1975; Marks
and MacAvoy, 1989). Interestingly, both of these studies reported a cross-tolerance to the
effects of acute ethanol on signal sensitivity in a group of cannabis-users when compared to
non-users. In addition to attentive processes, acute ethanol and marijuana impaired measures
of accuracy and speed on the digit-symbol substitution task as well as word recall, but only
acute ethanol impaired performance on a number recognition task (Heishman et al., 1997;
Heishman et al., 1988). With regard to the cognitive effects of chronic ethanol and cannabis
exposure, one study demonstrated significantly impaired learning in a Hebb-Williams maze
and a punished moving belt test for rats that were chronically treated with either 6 g/kg
ethanol or 10mg/kg THC for six months and allowed to recover for one month before
training (Fehr et al., 1976). These studies suggest that although ethanol and cannabis have
distinct subjective effects, these two drugs produce similar deficits in cognitive function
after both acute and chronic administration.

Cross-Tolerance between Cannabinoids and Ethanol
Although Jones and Stone (1970) and later MacAvoy and Marks (1975) posited the
existence of cross-tolerance between cannabinoid drugs and ethanol based upon their data
from humans, preclinical studies in the rat were the first to definitively show a symmetrical
cross-tolerance (Newman et al., 1974; Newman et al., 1972). In these studies, rats were
trained in a one-way avoidance paradigm where they could escape to an elevated platform to
avoid a foot shock. Acute administration of either THC or ethanol impaired avoidance
behavior, but after repeated treatment with either THC or ethanol, subjects tested with the
other compound (i.e. the one not given during treatment) displayed a marked tolerance
where performance was not significantly impaired. Subsequent studies conducted in the
1970’s demonstrate that cross-tolerance also arises between the ataxic effects of
cannabinoids and ethanol (Siemens and Doyle, 1979; Sprague and Craigmill, 1976). This
cross-tolerance was not due to pharmacokinetic processes because ethanol-tolerant subjects
did not metabolize THC more readily, and THC-tolerant rats did not show increased
turnover of ethanol (Siemens and Doyle, 1979).

A more recent study demonstrates that a single dose of ethanol confers tolerance to a
subsequent dose of THC, but pretreatment with a single dose of THC facilitates the ataxic
effect of acute ethanol (da Silva et al., 2001). In a follow up to this study, rats that were
given the CB1 antagonist SR 141716A (SR) with ethanol on the first day failed to develop
tolerance to the ataxic effects of ethanol the following day, but SR treatment did not affect
acute tolerance that develops within a single administration of ethanol (Lemos et al., 2007).
Recent findings from our lab suggest a similar tolerance phenomenon is present for other
behavioral measures as well. Mice treated chronically with ethanol for ten consecutive days
displayed significantly reduced sensitivity to cannabinoid-induced hypomotility,
hypothermia, and antinociception that was correlated with changes in CB1 receptor
expression in the periaqueductal grey, hypothalamus, and ventral tegmental area (Pava et al.,
2012). Importantly, cannabinoid-induced catalepsy was not altered by ethanol pre-treatment
suggesting the modulation of CB1 function by ethanol is region or at least circuit specific.
Together the studies on cross-tolerance between ethanol and cannabinoids indicate that pre-
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treatment with ethanol or THC can significantly alter the response to subsequent doses of
the other compound, and the more recent studies implicate alterations in the EC system as
central to this effect.

The Effect of Cannabinoids on Withdrawal from Ethanol
In the earliest report indicating a potential therapeutic potential of cannabinoid drugs for the
treatment of AUDs, the authors describe the use of a synthetic analog of THC, pyrahexyl,
given to ameliorate withdrawal symptoms (Thompson and Proctor, 1953). Although far
from a rigorous, controlled clinical trial, this study provides anecdotal evidence indicating
that acute withdrawal symptoms including irritability, loss of appetite, and insomnia are at
least temporarily ameliorated by administration of this compound. Preclinical studies,
however, dispute the beneficial effects of cannabinoid administration on ethanol withdrawal
symptoms. Acute administration of THC to mice given three days of continuous ethanol
vapor treatment produced higher handling-induced convulsion (HIC) scores and a longer
duration withdrawal than subjects given vehicle upon removal from the chambers (Kralik et
al., 1976; Sprague and Craigmill, 1978). One potential caveat to these studies is that acute
administration of CB1 agonists can generate hyper-reflexive responses that manifest as
eccentric jumping when the animal is slightly perturbed (Dewey, 1986; Patel and Hillard,
2001). It is possible that early studies examining the effect of acutely administered
cannabinoids on HIC scores during withdrawal were confounded by these hyper-reflexive
responses. Another measure of withdrawal severity in mice is the startle threshold to an
electric foot shock. When compared with controls, mice undergoing ethanol withdrawal
startle when a lower voltage is applied the cage floor. Using this measure of withdrawal
severity, Sprague and Craigmill (1978) found that acute administration of THC, nabilone, or
ethanol similarly ameliorated the decreased startle threshold during withdrawal from chronic
vapor treatment.

Surprisingly, little follow up work has been done to address the potential utility of
cannabinoids in the treatment of withdrawal symptoms. Considering the hyperphagic and
sleep-inducing effects of cannabinoids (Dewey, 1986), it is possible that partial or indirect
CB1 agonists may have utility for treatment of withdrawal symptoms, but the efficacy of
these compounds must of course be weighed against their abuse liability. Furthermore, many
alcohol dependent patients are at least regular users of cannabis if they do not qualify for
comorbid CUDs, and the potential therapeutic benefit of cannabinoids on ethanol
withdrawal may suggest a role for self-medication in the perpetuation of their CUD.

Molecular Targets of Ethanol and Cannabis
For many years, both ethanol and cannabinoid drugs were thought to exert the majority of
their psychotropic effects through non-specific disruption of membrane lipids or alterations
in the content of membrane lipids (Bruggemann and Melchior, 1983; Chin and Goldstein,
1981; Hillard et al., 1985; Hillard et al., 1990; Sun and Sun, 1985). Although there is
currently not a specific receptor associated with the mechanism of action for ethanol, a
robust data set has emerged in the past 20 years that strongly indicates the majority of
ethanol’s actions at intoxicating concentrations are mediated by relatively weak interactions
with a wide variety of molecular targets that include membrane receptors and enzymes. It is
beyond the scope of this review to exhaustively describe the molecular mechanisms by
which ethanol alters central nervous system (CNS) physiology (for review see Harris et al.,
2008).

Cannabinoids on the other hand are now known to produce their psychotropic effects via
high affinity, specific interactions with relatively few trans-membrane receptors, the
cannabinoid receptors. The first cannabinoid receptor to be cloned (CB1) was
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serendipitously discovered from cDNA isolated from rat cerebral cortex and found to be a
GPCR (Matsuda et al., 1990). CB1 is expressed throughout the brain, and it is particularly
enriched in cortical structures, the striatum, and the cerebellum (Tsou et al., 1998). In
contrast to ethanol, the low lethality associated with cannabinoid drugs is likely due to the
relative absence of the CB1 receptor in brainstem nuclei responsible for respiration and
cardiac regulation (Adams and Martin, 1996). Another cannabinoid-activated receptor, CB2,
has also been cloned (Munro et al., 1993), but this receptor is primarily expressed in the
periphery, suggesting that most of the psychotropic effects of cannabinoids are mediated by
the CB1 receptor. Both cannabinoid receptors are Gi/o-coupled and inhibit adenylate cyclase
and the production of cAMP (Howlett, 2005).

The discovery of receptors with high-affinity for cannabinoids propelled a series of findings
shortly thereafter that elucidated the basic components of the EC system (figure 1; for a
comprehensive review see Kano et al., 2009). The membrane-lipid derived EC transmitters
fall into two categories: ethanolamides (Devane et al., 1992; Hanus et al., 1993) and
monoacylglycerols (Mechoulam et al., 1995; Sugiura et al., 1995). The most well studied of
the ethanolamide transmitters, arachidonyl ethanolamide (anandamide; AEA), is derived
from phosphatidyl ethanolamine precursors via N-acyl transferase and an N-acyl
phosphatidyl ethanolamine (NAPE) specific isoform of phospholipase D (NAPE-PLD;
Leung et al., 2006; Okamoto et al., 2004; Schmid, 2000). However, other pathways of AEA
synthesis exist including sequential deacylation of NAPE by α, β hydrolase 4 (ABHD4; Liu
et al., 2008) and a two-step hydrolysis by phospholipase A2 (PLA2) and lyso-phospholipase
D (Cadas et al., 1996; Sun et al., 2004).

To date, the only two monoacylglycerol derivatives that have been identified as endogenous
ligands for cannabinoid receptors in the CNS are 2-arachidonyl glycerol (2-AG) and 2-
arachidonyl glyceryl ether (nolandin ether; 2-AGE; Fezza et al., 2002; Hanus et al., 2001).
2-AG is synthesized from phosphatidyl inositol (PI) precursors via a PI-specific
phosoholipase C (PLC) and diacylglycerol lipase (DAGL; Stella et al., 1997), but the
synthetic pathway for 2-AGE has yet to be determined. In addition to the lipid-derived
transmitters of the EC system, other putative and novel ligands of cannabinoid receptors
have been discovered. Hemopressin, a peptide derived from cleavage of α-hemoglobin, acts
an inverse agonist at the CB1 receptor (Heimann et al., 2007), and recently discovered N-
terminally extended hemopressin-like peptides derived from both α- and β-hemoglobin have
been found to act as CB1 agonists (Gomes et al., 2009). Interestingly, these peptide agonists
produce activation of distinct signal transduction cascades from those of the lipid-derived
transmitters suggesting that the functional consequences of CB1 activation are determined
by the ligand. However, the relevance of these peptides for physiological processes is
unclear, at present, and more work is needed to determine if the molecules are significant
components of the EC system. Because these peptide ligands are derived from hemoglobin,
it may be difficult to demonstrate that they are present in brain tissue and not an artifact
from the homogenization of tissue along with the neurovasculature. Nevertheless, these
findings indicate that our understanding of EC transmitters will continue to evolve as novel
ligands and their associated synthetic pathways will likely be discovered.

In the CNS, CB1 is localized to presynaptic terminals of both GABAergic (Katona et al.,
1999) and glutamatergic (Rodriguez et al., 2001) neurons, and activation of CB1 results in
decreased neurotransmitter release from these terminals (Gerdeman and Lovinger, 2001;
Lévénés et al., 1998; Shen et al., 1996; Szabo et al., 1998). Unlike classical
neurotransmitters like those derived from amino acids or peptides, ECs are not stored in
vesicles. Their synthesis and release occurs on-demand during periods of intense synaptic
activity and membrane depolarization via Ca2+-dependent processes. Depolarization-
induced suppression of inhibition and excitation are two physiological protocols that depend
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on EC synthesis in the post-synaptic neuron to activate pre-synaptic CB1 receptors on
GABAergic (Kreitzer and Regehr, 2001a; Wilson et al., 2001; Wilson and Nicoll, 2001;
Yoshida et al., 2002) and glutamatergic (Kreitzer and Regehr, 2001b) terminals,
respectively. These physiological protocols demonstrate how prolonged cell depolarization
can lead to EC release; however, there are other mechanisms that can give rise to EC release
and CB1 activation. These include activation of other GPCRs, such as the metabotropic
glutamate receptor 5 (mGluR5; Maejima et al., 2001; Varma et al., 2001), and activation of
ligand-gated ion channels like the NMDA receptor (Ohno-Shosaku et al., 2007; Stella and
Piomelli, 2001). These studies demonstrate that ECs act as retrograde neurotransmitters that
serve to decrease synaptic transmission during periods of intense cellular activity.

Inactivation of ECs occurs predominantly through enzymatic hydrolysis of the transmitters.
Fatty Acid Amide Hydrolase (FAAH) is the enzyme primarily responsible for the
inactivation of AEA (Cravatt et al., 1996), and monoacylglycerol lipase (MAGL) is chiefly
responsible for the breakdown of 2-AG (Dinh et al., 2002a; Dinh et al., 2002b; Karlsson et
al., 1997; Karlsson et al., 2000). The existence of an EC membrane transport (EMT)
mechanism is another possible means of inactivation that has been hotly debated (Lovinger,
2007). Proponents of the EMT’s existence cite data from pharmacological studies that show
an increase in AEA without inhibiting FAAH activity (López-Rodríguez et al., 2003;
Mahadevan and Razdan, 2005), but critics argue that to date no gene or specific molecular
mechanism has been implicated in this process and passive diffusion mechanisms are
sufficient for EC uptake (Deutsch et al., 2001; Glaser et al., 2003; Kaczocha et al., 2006).
EC inactivation can also proceed through oxidation mediated by cyclooxygenase-2 (Fowler,
2007; Kozak et al., 2004), and recently, 2-AG was found to be degraded by α, β hydrolase
domain 6 (ABHD6) in the cerebral cortex (Marrs et al., 2010).

The neurophysiological consequences of intoxication with ethanol and cannabinoids are
now understood to arise from the interaction of these substances with specific molecular
substrates, particularly with membrane bound receptors and enzymes. Cannabinoid drugs
interact specifically with the components of the EC system to modulate neurotransmission
primarily at glutamatergic and GABAergic synapses. In contrast, the molecular substrates
with which ethanol interacts are numerous and vary greatly with regard the neurochemical
processes they participate in. However, mounting evidence from biochemical, genetic,
electrophysiological, and behavioral studies conducted over the past decade indicates that
the EC system plays an important role in mediating the acute effects of ethanol.
Furthermore, the function of the EC system is perturbed following chronic exposure to
ethanol, and these data suggest that altered EC signaling may contribute to the underlying
neuropathology that drives alcohol abuse and dependence disorders. The remainder of this
review will focus specifically on the interactions between ethanol and the EC system.

Ethanol and the EC System
Despite the early flurry of research concerning the interactions between marijuana and
ethanol in the 1970s, there was a marked paucity of studies examining the intersection of
ethanol and cannabinoid substances through the 1980’s and most of the 90’s. Although it
was not realized at the time, the first reports to implicate ethanol as a modulator of EC
biosynthetic enzymes demonstrated that chronic exposure to ethanol in mice up-regulated
the activity of PLA2 and that this effect persisted into withdrawal (Hungund et al., 1994;
John et al., 1985). Hungund’s lab followed up on these studies demonstrating the specific
up-regulation of a Ca2+-dependent, arachidonic acid-specific isoform of PLA2 following
chronic ethanol (Basavarajappa et al., 1997). Shortly thereafter, it was found that CB1
receptor expression and function were decreased in the brains of mice chronically exposed
to ethanol vapor (Basavarajappa et al., 1998; Basavarajappa and Hungund, 1999b), and
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levels of AEA and 2-AG were enhanced in cultured cells treated chronically with ethanol
presumably due to activation of PLA2 (Basavarajappa and Hungund, 1999a; Basavarajappa
et al., 2000). Around this time, studies from other labs regarding the effects of CB1 agonists
(Gallate et al., 1999) and antagonists (Arnone et al., 1997; Colombo et al., 1998; Gallate and
McGregor, 1999; Rodríguez de Fonseca et al., 1999) on ethanol consumption were
concluding that modulation of this receptor could significantly alter ethanol consumption.
Following on these investigations and armed with a greater understanding of the
biochemistry and physiology of the EC system, a plethora of studies conducted within the
past decade has firmly established a role for the EC system in mediating the reinforcing
properties of ethanol and the pathology of alcohol dependence. The remainder of this review
will focus on recent literature examining the effects of ethanol on the EC system and the role
the EC system plays in reward, ethanol consumption, and relapse.

Physiological Effects of Acute Ethanol on the EC System
Given the CNS depressant effects of ethanol, the ability of acute ethanol administration to
activate release of ECs seems, at first, to be contradictory as synthesis and release of ECs are
highly dependent on excitability-induced elevations intracellular Ca2+ concentrations.
However, brief incubation with ethanol is known to increase intracellular Ca2+ in forebrain
synaptosomes (Davidson et al., 1988) and in hippocampal neurons via release from
intracellur stores (Mironov and Hermann, 1996). Along these lines, several pieces of
evidence suggest that the effects of acute ethanol are mediated in part by the liberation of
ECs from neural tissue and their subsequent actions on neurotransmission (table 1).
Basavarajappa et al (2008) found that a 30 min application of 50 mM ethanol
(approximately 200 mg %) was sufficient to increase both AEA and 2-AG in hippocampal
cultures and that this increase in EC content was Ca2+-dependent. Furthermore, these
authors reported that the ethanol-mediated increase in EC levels resulted in reduced pre-
synaptic glutamate release. Additional evidence comes from in vivo studies where SR or
chronic pre-treatment with the CB1 agonist, WIN 55,212-2 (WIN), reduced the effect of
acute ethanol administration to alter the spontaneous firing rate of basolateral amygdala
(BLA; Perra et al., 2008) and ventral tegmetal area (VTA; Perra et al., 2005)projection
neurons. Similar findings were also obtained from evoked activity in nucleus accumbens
(NAc) neurons (Perra et al., 2005). The effect of chronic WIN treatment on the response of
VTA neurons to acute ethanol is particularly interesting because it implies that the
rewarding properties of ethanol may be reduced following chronic exposure to
cannabinoids, and this may be of significance to the high prevalence of comorbidity between
AUDs and CUDs discussed previously. Data regarding the role of the EC system in
mediating the rewarding properties of ethanol will be discussed in the next section.

In contrast to the findings mentioned above, there is also evidence that acute ethanol inhibits
EC signaling in a number of brain regions. Direct measures of EC tissue content have found
that acute or short-term exposure to ethanol reduces EC levels in the hippocampus, striatum,
prefrontal cortex, amygdala, and cerebellum (Ferrer et al., 2007; Rubio et al., 2007).
Futhermore, these reductions in EC levels are not associated with enhanced FAAH activity
(Ferrer et al., 2007; Rubio et al., 2009) suggesting that the effects of acute and short-term
ethanol are not mediated by increased metabolism.

On the other hand, several lines of evidence suggest that the physiological effects of acute
ethanol oppose or are antagonized by the EC system. For instance, EC release from
medium-spiny neurons in the dorsomedial striatum is associated with a long-lasting
disinhibition of these cells, and this effect is blocked by pre-treatment with ethanol (50 mM)
via a pre-synaptic mechanism that is independent of EC synthesis and CB1 activation
(Clarke and Adermark, 2010). Additionally, activation of CB1 by WIN is sufficient to block
the pre-synaptic facilitation of GABAergic signaling on pyramidal neurons (PNs) in the
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central amygdala that is produced by acutely applied ethanol (Roberto et al., 2010). This
effect of ethanol is likely due to presynaptic signal transduction mechanisms that converge
with and oppose those of CB1 activation. Studies of cerebellar purkinje neurons have found
that ethanol facilitates GABA release from pre-synaptic terminals via a PKA-dependent
mechanism that liberates Ca2+ from internal stores and does not require EC synthesis (Kelm
et al., 2007). However, activation of CB1 blocks the enhancement IPSC frequency by
ethanol in these neurons leading the authors conclude that this is likely due to the Gi-
mediated inhibition of PKA produced by CB1 activation (Kelm et al., 2008). In vivo studies
in FAAH KO mice also suggest that AEA opposes some of the acute effects of ethanol
including loss of righting reflex and hypothermia while exacerbating others (i.e.
hypothermia; Basavarajappa et al., 2006; Vinod et al., 2008a). These results suggest that the
EC system interacts with the effects of ethanol in region dependent manner.

Given the discrepancies between studies examining the interaction of acute ethanol
administration and EC signaling, there is clearly much debate as to the role of the EC system
in mediating the intoxicating effects of ethanol. However, several variables that differ in the
aforementioned studies may explain the contrasting datasets and may provide future avenues
of research. It seems probable that ethanol’s effect on the EC system varies greatly based
upon brain the region in question. In support of this hypothesis, the results from Rubio et al
(2007) demonstrate that short-term ethanol consumption produced a complex pattern of
alterations in the levels of six different ECs that varied substantially by brain region.
Additionally, because the EC system mediates retrograde signaling at both glutamatergic
and GABAergic synapses there is more biochemical complexity than in most classical
neurotransmitter systems. The contrast between the effects of ethanol observed at
hippocampal glutamate synapses (Basavarajappa et al., 2008) and at GABAergic synapses
(Clarke and Adermark, 2010; Kelm et al., 2008; Roberto et al., 2010) are examples of this
complexity. Lastly, the state of the system under study may have a large impact on EC
signaling. The in vivo studies in the BLA, VTA, and NAc were all conducted in urethane
anesthetized animals raising the possibility that the anesthetic used in these studies alters EC
signaling itself. Along these lines, the EC system has been implicated in mediating some of
the effects of the general anesthetic propofol (Patel et al., 2003), but there are currently no
data available as to the effects of urethane on the EC system, making data from the in vivo
studies difficult to interpret in light of conflicting results. Additionally, a nascent but
growing body of evidence has linked the EC system to the regulation of the sleep/wake
cycle (for review see Murillo-Rodriguez et al., 2011). As a consequence, future studies
should be sensitive to the possible interactions between the EC system and the state of the
organism under study.

Endocannabinoids and the Reinforcing Properties of Ethanol
A large body of data collected over the past 15 years has demonstrated that the EC system is
intricately involved in the function of reward neurocircuitry for both natural reinforcers like
food (as reviewed by Fattore et al., 2010) and drugs of abuse (for review see Serrano and
Parsons, 2011; Solinas et al., 2007). It is beyond the scope of the present review to
exhaustively discuss the data implicating the EC system in all reward processes, so the
following sections will be focused on an in depth review of the literature concerning EC’s
and the reinforcing properties of ethanol (table 2). Along these lines, evidence spanning
multiple domains including behavioral, biochemical, genetic, and physiological data will be
discussed.

The activity of mesolimbic DA neurons in the VTA is closely associated with the reward
and learning processes thought to drive the transition to compulsive drug use (Morikawa and
Morrisett, 2010), and one of the major targets for these neurons is the NAc. Along these
lines, Cheer et al (2004) reported that acute administration of WIN enhanced the frequency
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of fast, spontaneous DA transients in the NAc of freely moving rats. In a subsequent study,
they found that acute ethanol administration also increased DA release in the NAc, and this
effect could be blocked by pre-treating the rats with SR, suggesting that CB1 function was
required for the ethanol-mediated activation of VTA DA neurons (Cheer et al., 2007). As
mentioned in the previous section, similar results have also been obtained from single-unit
recordings of VTA DA neurons where pre-treatment with SR blocks the increased firing rate
observed after acute ethanol administration (Perra et al., 2005). Consistent with these
findings, CB1 KO mice lack the increase in NAc DA concentrations observed in wt mice
following an acute injection of ethanol (Hungund et al., 2003), and CB1 KO mice also
display blunted conditioned place preference for ethanol (Houchi et al., 2005). Data from
humans also implicates a polymorphism in the CNR1 gene in modulating the reinforcing
properties of ethanol (Hutchison et al., 2008). Together, these studies support the hypothesis
that the rewarding properties of ethanol are produced in part by the EC-mediated facilitation
of VTA DA neuron activation, and they suggest that genetic differences in CB1 signaling
and expression may predispose some individuals to abuse and dependence.

ECs and Ethanol Consumption/Self-Administration
In keeping with the concept that a genetic predisposition to ethanol abuse and dependence
can arise from altered function of the EC system, C57BL/6 mice have a higher preference
for ethanol and lower CB1 expression than DBA/2 mice (Hungund and Basavarajappa,
2000). In addition, rats bred selectively for high ethanol preference (AA rats) have decreased
activity of FAAH and reduced CB1 expression in the prefrontal cortex compared to rats with
low ethanol preference (Hansson et al., 2007). Furthermore, the AA phenotype can be
reconstituted in non-selected rats by injecting the FAAH inhibitor, URB597, into the PFC.
Similar results have been obtained in mice where genetic knockout of FAAH confers a
higher preference for ethanol, and systemic treatment of wt mice with URB597 enhanced
ethanol consumption (Basavarajappa et al., 2006; Blednov et al., 2007; Vinod et al., 2008a).
FAAH KO mice also have reduced expression and function of CB1 in several brain regions
including the dorsal striatum, NAc, and hippocampus (Vinod et al., 2008a). A consistent
finding from these studies is that reduced FAAH activity is correlated with decreased
expression of the CB1 receptor and increased ethanol preference. These results are in line
with those in the preceding section indicating that acute ethanol facilitates EC synthesis and
release (Basavarajappa et al., 2008; Perra et al., 2008; Perra et al., 2005), and the reduction
of CB1 expression observed in these studies is likely a compensatory mechanism for
enhanced AEA tone.

However, several studies dispute the role of increased levels of AEA in ethanol
consumption. The earliest study to suggest that enhanced AEA levels are not associated with
increased ethanol intake utilized the putative EMT inhibitor, AM404. Treatment with
AM404 reduced the number of active lever responses in rats trained to self-administer
ethanol (Cippitelli et al., 2007). However, this effect was not blocked by CB1, CB2, or
TRPV1 antagonists raising the possibility that AM404 produced these effects via a
mechanism independent of AEA inactivation. In marked contrast to the study by Hannson et
al (2007), systemic administration of URB597 failed to enhance ethanol self-administration
or the reinforcing properties of ethanol in Wistar rats, and treatment with URB597 did not
affect ethanol consumption in Marchigian Sardinian alcohol preferring rats (msP rats;
Cippitelli et al., 2008). It is possible that the lack of effect of URB597 on ethanol drinking in
msP rats was due to a ceiling effect where these rats consumed enough ethanol at baseline
that further enhancement by FAAH inhibition was not possible. However, the discrepancy
between the ethanol self-administration data in these two studies is more difficult to
reconcile because of methodological differences. In Hansson et al (2007), URB597 was
microinjected into the PFC where Cippitelli et al (2008) delivered the drug systemically
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altering AEA concentrations throughout the organism. These widespread changes in AEA
levels could produce effects that mute those elicited by localized injection into the PFC. As
a result, the sum of available data support the hypothesis that brain AEA concentrations are
enhanced following ethanol consumption, and the increased AEA levels contribute to the
reinforcing and motivational actions of the drug.

The relative paucity of data implicating 2-AG in mediating the reinforcing effects of ethanol
is due to the lack of selective pharmacological and genetic tools available when the previous
studies were conducted. However, some of the data presently available do implicate this EC
transmitter in mediating the reinforcing properties of ethanol. Notably, self-administration of
ethanol increases interstitial levels of 2-AG in the NAc that are correlated with the amount
of ethanol consumed, but does not alter levels of AEA in this brain region (Caillé et al.,
2007). Additionally, a methamphetamine-induced neurotoxic lesion of nigrostriatal
dopaminergic projections (Granado et al., 2010; Sanchez et al., 2003) is associated with
increased levels of ethanol consumption and preference, and this mouse model of enhanced
ethanol intake displays increased tissue concentrations of 2-AG in limbic forebrain sections
containing anterior cingulate and NAc (Gutierrez-Lopez et al., 2010). Furthermore, these
investigators found that enhanced ethanol consumption and preference were also observed in
intact mice treated with the MAGL inhibitor N-arachidonyl maleimide. However, future
studies using more specific MAGL inhibitors and MAGL KO mice should be employed to
discriminate the roles of AEA and 2-AG in mediating the effects of ethanol.

The effects of increased AEA on ethanol consumption are likely mediated by activation of
the CB1 receptor as numerous studies have demonstrated that direct modulation of CB1
alters ethanol intake. Studies utilizing CB1 agonists to modulate ethanol consumption are
confronted with the potential confound that CB1-mediated reductions in motor activity may
act synergistically with those of ethanol thereby occluding any enhancement in the
motivation to consume ethanol. In keeping with this effect, two studies have reported that
decreased ethanol consumption and self-administration following systemic injection of WIN
is correlated with reduced locomotor activity (Cippitelli et al., 2007; Linsenbardt and
Boehm, 2009). In addition, CB1 agonists are known to induce hyperphagia that may
confound studies examining ethanol preference where sweetened or otherwise flavored
solutions are used as controls (Dewey, 1986). However, Gallate et al (1999) concluded that
pre-treatment with a CB1 agonist increased the motivation of rats to self-administer beer
despite increased responding for both control substances (near beer and sucrose) used in this
study. More convincing results for the role of CB1 activation in the reinforcing properties of
ethanol have been obtained by microinjecting WIN into the posterior VTA (Linsenbardt and
Boehm, 2009). In this study, WIN microinjection into the posterior VTA increased binge-
like ethanol consumption during the second half of a drinking in the dark paradigm
supporting the hypothesis that CB1-modulation of VTA neurons contributes the motivation
to consume ethanol. Finally, treatment of mice with a CB1 agonist was found to increase
ethanol preference in both high-consuming C57BL/6 and low-consuming DBA/2 strains
(Vinod et al., 2008b).

Given the confounds associated with CB1 agonists, it is not surprising that most data
supporting the role of CB1 in mediating the rewarding effects of ethanol have been obtained
by studies using genetic and pharmacological inactivation of CB1 signaling. Arnone et al
(1997) published the earliest account of CB1 modulation of ethanol consumption, where
they reported that SR treatment blocked both ethanol and sucrose solution intake in C57BL/
6 mice. This report was followed by others indicating that systemic SR treatment reduced
ethanol intake in several preclinical models of ethanol consumption. SR administration
reduced the break-point in progressive ratio self-administration experiments where rats were
trained to lever press for beer (Gallate and McGregor, 1999) or 10% ethanol solution
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(Economidou et al., 2006) indicating that blockade of the CB1 receptor decreased the reward
value of ethanol. A study of operant responding for sipper tube access found that SR
treatment reduced responding for both ethanol and sucrose (Freedland et al., 2001).
Economidou et al (2006) reported a similar dose-dependent reduction in sucrose- and
ethanol-associated lever presses following SR treatment, and this effect was not due to
motoric impairment by SR. In Sardinian alcohol-preferring rats, SR injection reduced both
ethanol and food consumption while only affecting water intake at the highest dose used
(10mg/kg; Colombo et al., 1998), and similar results were obtained from AA rats trained to
self-administer ethanol in an operant chamber (Hansson et al., 2007). Interestingly a
subsequent self-administration study in Wistar and msP rats replicated the findings that that
SR reduced ethanol, saccharin, and sucrose intake, but it failed to reduce food intake
(Cippitelli et al., 2005). These authors also reported reduced levels of CB1 mRNA in several
brain regions including frontoparietal cortex, dorsal striatum, and hippocampus in msP rats
that was normalized following ethanol consumption. Using another in-bred alcohol
preferring rat strain, Adams et al (2010) reported that low doses of SR that did not alter
ethanol self-administration on their own could be combined with sub-threshold doses of
either an adenosine A2A or mGluR5 antagonist to reduce ethanol responding. Lastly, one
study examining the interaction between alcohol dependence and the effect of SR treatment
on operant responding for ethanol found that SR reduced ethanol self-administration in
dependent rats but did not affect the response rate of control treated rats (Rodríguez de
Fonseca et al., 1999).

The neuroanatomical loci of the SR mediated reduction in ethanol self-administration are
likely to involve many of the brain regions typically associated with addiction, but at present
there is a paucity of datasets with this level of resolution. Hansson et al (2007) report that
microinjection of SR into medial PFC reduces ethanol self-administration, but injections
into the dorsal striatum did not affect the number responses for ethanol. In a complementary
study, microinjection of SR in the NAc was found to reduce ethanol self-administration
(Caillé et al., 2007). Future studies will need to replicate these findings as well as examine
the role of other brain regions like the VTA and amygdala in mediating the effects of SR on
ethanol consumption.

Studies in mice have been able to make use of transgenic strains that lack functional copies
of the CB1 gene. Vinod et al (2008b) found that treatment of either C57BL/6 or DBA/2
mice with SR reduced ethanol preference to levels comparable to mice with these genetic
backgrounds but lacking a functional copy of the CNR1 gene. Reduced ethanol consumption
and preference in CB1 KO mice has been replicated in other labs (Naassila et al., 2004)
including in ethanol dependent mice (Lallemand and De Witte, 2005), and Racz et al (2003)
found that CB1 KO mice do not exhibit the increase in ethanol consumption observed in wt
controls following acute stress. Interestingly, this study failed to find the reduced ethanol
preference in CB1 KO mice reported elsewhere, and in fact, it reported that these mice had a
higher preference for ethanol during the first few days of access (Racz et al., 2003).
However, an important methodological difference separating this study from the others is
that the ethanol was available ad libitum for several weeks, and while the initial pattern of
drinking for CB1 KOs was different from wt mice, the consumption of the two groups was
no different beyond the first few days of drinking. Lastly, the reduction in drinking
associated with CB1 inhibition and deletion is decreased in aged mice suggesting that the
interaction between the EC system and ethanol may be particularly important for the onset
of AUDs in adolescence and early adulthood (Wang et al., 2003).

One explanation for the lower ethanol preference of CB1 KO mice found in most studies
may be due to increased sensitivity to its effects. Several labs have reported that CB1 KO
mice display increased hypolocomotion, ataxia, hypothermia, and sleep time following acute

Pava and Woodward Page 12

Alcohol. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



injection with ethanol (Naassila et al., 2004; Racz et al., 2003; Vinod et al., 2008b; Warnault
et al., 2007), and one study reported increased plasma ethanol concentration in CB1 mice
following a high dose i.p. injection (5 g/kg) and forced pulmonary alcoholization
(Lallemand and De Witte, 2005). It should be noted, however, that in this study and in
others (Naassila et al., 2004; Warnault et al., 2007) differences in blood ethanol
concentration (BEC) between genotypes were not observed with more moderate doses of
ethanol suggesting that a null mutation of the CB1 gene produces only modest effects on
ethanol metabolism. As a consequence of the numerous preclinical studies investigating the
role of CB1 function in regulating ethanol consumption a clear picture emerges that
activation of this receptor facilitates ethanol consumption while antagonism of CB1 reduces
the motivational properties of ethanol perhaps by enhancing sensitivity to its other effects.

Given the highly consistent data from preclinical studies that SR reduces the reinforcing
value of appetitive stimuli, clinical trials for CB1 antagonists were undertaken primarily as a
way to quell appetite in the treatment of obesity and reduce smoking. Two studies were
conducted regarding the use of SR treatment in alcohol abuse and dependence prior to the
discontinuation of all clinical trials due to negative psychiatric effects (Maccioni et al.,
2010). In marked contrast to the results obtained in mice and rats, both of these studies
concluded that SR failed to alter any parameters associated with ethanol consumption or
abstinence in treatment seeking (Soyka et al., 2008) and non-seeking (George et al., 2010)
subjects. Because all human trials with CB1 antagonists have been discontinued for safety
reasons, it is unlikely that the reason for the discrepancy in clinical and preclinical data can
be resolved. However, as future work examines the involvement of other components of the
EC system in alcohol dependence and abuse it may be possible to leverage this
neurotransmitter system for therapeutic potential.

ECs in the Development of Ethanol Tolerance and Dependence
Two of the major hallmarks of alcohol dependence are the establishment of tolerance to the
acute effects of ethanol and the susceptibility to a withdrawal syndrome in the absence of the
drug. Reports from various labs have indicated that the EC system is associated with both of
these traits of dependence. In fact, most of the early work suggesting an interaction between
ethanol and cannabinoid drugs (see historical perspectives section of this review) supports
the view that the EC system is involved in mediating these two traits of addiction, but at the
time these studies were conducted, the existence of the EC system and the molecular
mechanisms by which ethanol and cannabinoids produce their effects was unknown. More
recent work has demonstrated the symmetrical cross-tolerance that develops to the ataxic
effects of cannabinoids and ethanol is CB1-dependent (da Silva et al., 2001; Lemos et al.,
2007). In addition, studies in our lab have found that the cross-tolerance between ethanol
and cannabinoids is a wide-spread phenomenon in the brain, and that this effect is correlated
with alterations in CB1 expression (Pava et al., 2012).

Hungund’s lab was the first to publish that chronic ethanol treatment reduced CB1
expression and function (Basavarajappa et al., 1998; Basavarajappa and Hungund, 1999b).
In these studies, mice were exposed chronically to ethanol vapor for three days and then
tissue from whole-brain homogenates was assayed for CB1 binding and G-protein coupling.
Since these seminal experiments, altered CB1 expression and function have been reported
by a number of labs implementing various chronic and sub-chronic ethanol regimens (table
3). Replicating their previous findings, Hungund’s lab reported that 3-day ethanol vapor
inhalation produces a down-regulation of CB1 expression and function in mouse cortex,
hippocampus, striatum, and cerebellum (Vinod et al., 2006). In another study, sub-chronic
administration of ethanol (2 g/kg; twice daily) for 7 days decreased sensitivity to WIN-
induced changes in monoamine synthesis in the striatum, hippocampus, and locus coeruleus
(Moranta et al., 2006). In addition, rats made ethanol dependent using 52 days of forced
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access to a 10% ethanol solution had reduced CB1 gene expression in the striatum,
hippocampus, and hypothalamus, but expression was not altered in the cingulate cortex
suggesting region specific reductions in expression (Ortiz et al., 2004). Another dependence
study in rats, found that hippocampal expression of CB1 mRNA and protein was reduced
following chronic intermittent treatment with ethanol, and these changes in expression
corresponded with reduced physiological measures of CB1-mediated inhibition of
GABAergic synaptic transmission indicating a loss of function as well (Mitrirattanakul et
al., 2007). Importantly, this study also reported that CB1 expression rebounded above
control levels following 40 days of withdrawal, and similar results have been reported for
CB1 expression in the cingulate cortex following a 3 week withdrawal from chronic ethanol
treatment (Rimondini et al., 2002). Despite these reports, Gonzalez et al (2002) found no
change in CB1 binding or gene expression in any of fifteen brain regions examined,
including cingulate cortex, hippocampus, dorsal striatum, NAc, BLA, and cerebellum. In
this study, rats were treated with ethanol (7.2%) via a liquid diet for 15 days prior to tissue
collection, but the BECs obtained by these animals were not reported. Therefore, the
discrepancy between these results and others may be due to methodological differences
resulting in lower or more variable BECs than those obtained in other labs. Additionally, a
subsequent study using the same treatment regimen for 10 days found that CB1 was reduced
in the striatum and substantia nigra after 3 hrs of abstinence from ethanol when withdrawal
symptoms were present (Rubio et al., 2008). These results indicate that this treatment
paradigm produces alterations in CB1 expression that are highly dependent on the duration
of abstinence. Regardless, the large majority of data suggest that ethanol treatments
associated with the development of tolerance and dependence produce an initial down-
regulation of CB1 expression that is followed by an up-regulation as acute withdrawal
symptoms subside.

The results demonstrating altered CB1 expression following withdrawal from chronic
ethanol beg the question of what effect reduced CB1 signaling has on the neuroadaptions
occurring through withdrawal. One effect of the down-regulation in CB1 may be to
counteract neuroadaptations at GABAergic and glutamatergic synapses following chronic
ethanol consumption. Warnault et al (2007) observed that CB1 KO mice did not exhibit the
chronic ethanol-induced changes in cortical, hippocampal, and cerebellar NMDA and
GABAA receptor expression found in wt mice. However, future studies utilizing conditional
knockouts, CB1 antagonists, or genetic knockdown experiments would be useful to
determine if this observation is due to developmental mechanisms specific to constitutive
knockouts.

A likely cause of the reduced CB1 expression found by these studies is an enhancement of
EC concentrations induced by chronic ethanol. The first data to support this hypothesis came
from experiments performed in cultured cells where it was observed that chronic incubation
with intoxicating concentrations of ethanol enhanced both AEA and 2-AG content
(Basavarajappa and Hungund, 1999a; Basavarajappa et al., 2000). These authors posited that
the enhanced EC levels were due to activation of PLA2 by chronic ethanol thereby
increasing EC synthesis (Basavarajappa et al., 1997; Hungund et al., 2002). Other labs have
made similar observations following chronic treatment. In rats forced to consume ethanol
(7.2%) in a liquid diet, tissue content of AEA was increased in the limbic forebrain, and
interestingly, AEA levels were reduced in the midbrain (González et al., 2002), amygdala,
and striatum (Rubio et al., 2008). Mitrirattanakul et al (2007) reported that rats made ethanol
dependent using a chronic intermittent ethanol regimen displayed increased levels of AEA
and 2-AG in the hippocampus that persisted 40 days into withdrawal. Additionally, mice
treated with ethanol vapor for 72 hrs displayed increased concentrations of AEA in cortex
that were correlated with decreased activity of FAAH (Vinod et al., 2006), and similar
results were obtained in cultured cerebellar neurons where enhanced media levels of AEA
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were associated with reduced activity of FAAH and EC transport mechanisms following
chronic ethanol treatment (Basavarajappa et al., 2003). Results from a post-mortem study of
human tissue also found reduced expression and activity of FAAH in the ventral striatum of
alcoholic patients, and these changes in FAAH were correlated with enhanced tissue content
of AEA and reduced expression of CB1 (Vinod et al., 2010). In addition to studies with
ethanol, FAAH KO mice display reduced CB1 expression and G-protein coupling in several
brain regions including the striatum, hippocampus, NAc, and amygdala (Vinod et al.,
2008a). Together these results suggest that the increased levels of ECs following chronic
ethanol may arise from enhanced synthesis and reduced inactivation mechanisms. However,
to fully establish the causative role of the ethanol-induced increases in EC content as the
mechanism responsible for down-regulation of CB1, studies utilizing genetic and
pharmacological tools to block EC metabolism will need to be conducted. Unfortunately, the
multiple pathways of AEA biosynthesis make the selective reduction of AEA a difficult
task, so new methodologies will be required to advance our understanding of the molecular
mechanisms associated with the EC systems role in ethanol tolerance.

The relevance of a reduction in CB1 expression for tolerance mechanisms is somewhat
obvious given the preponderance of evidence suggesting that ethanol acts, in part, to
facilitate EC release. However, it is much less clear what effect reduced CB1 expression has
on withdrawal symptoms. Ethanol withdrawal is characterized by enhanced CNS excitability
that can result in hallucinations and seizures (Saitz, 1998). Because CB1 is located at both
GABAergic and glutamatergic terminals, activation of this receptor could produce either a
facilitation or inhibition of withdrawal symptoms. Consequently, it is not surprising that
there is some discrepancy in the literature as to the effect of CB1 on withdrawal. Two
studies report decreased HIC scores in CB1 KO mice following chronic ethanol vapor
inhalation (Vinod et al., 2008b) and 4 week forced consumption (Racz et al., 2003) while a
third reports enhanced HICs following a 12-day forced consumption paradigm (Naassila et
al., 2004). Importantly, Vinod et al (2008b) also observed that the reduction in withdrawal
severity could be reconstituted in wt mice by treating them with SR. Taken in the context of
earlier studies reporting increased withdrawal severity following administration of CB1
agonists (Kralik et al., 1976; Sprague and Craigmill, 1978), these results suggest a positive
correlation between CB1 activation and HIC severity. However, these early studies used
THC, a full CB1 agonist, to enhance withdrawal severity, and in addition to the potential
confounds associated with using CB1 agonists to modulate HIC measures (see historical
perspectives section), these studies reported differential findings based on the measure of
withdrawal. To more fully delineate the relationship between CB1 activation and withdrawal
severity studies implementing partial agonists are useful, but at present these data are nearly
absent from the literature. One study using FAAH KO mice found that these mice displayed
reduced severity of HICs following withdrawal from chronic ethanol (Vinod et al., 2008a).
These data indicate that the EC system is involved in modulating ethanol withdrawal
symptoms in a complex way, and future work should focus on the utility of partial CB1
agonists as well as FAAH and MAGL inhibitors for the control of withdrawal symptoms.

ECs and Relapse
The goal of all addiction therapies is to prevent a relapse to binge use, and given the EC
system’s association with ethanol reward, consumption, and withdrawal processes, it is
logical to assume that this neuromodulatory system is involved in the mechanisms
underlying relapse. Data supporting of the involvement of CB1 in relapse have been
obtained primarily from reinstatement models of ethanol self-administration in rodents
where CB1 agonists facilitate reinstatement and CB1 antagonists block it. Several studies
have reported that non-contingent administration of WIN during abstinence facilitates the
subsequent reinstatement to ethanol responding (Alén et al., 2009; López-Moreno et al.,
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2004), and this increase in ethanol-seeking behavior is correlated with reduced hippocampal
neurogenesis (Alén et al., 2010). Furthermore, sub-chronic administration of WIN reduces
the DA response in the NAc shell to a subsequent dose of ethanol administered 24 hrs later,
and these effects may be compounded by similar reductions observed after chronic treatment
with ethanol (Lopez-Moreno et al., 2008). These data suggest that the enhancement of
ethanol-seeking following the administration of CB1 agonists during periods of abstinence
may be due to a blunted DA release in the NAc above and beyond that observed in subjects
that only receive ethanol. However, all of these studies have employed non-contingent
treatment with WIN, and it would be useful to determine if rotating schedules of WIN and
ethanol self-administration can produce similar effects. Pending the outcome of these
studies, these results may have implications for the understanding and treatment of co-
morbid CUDs and AUDs.

Along with work involving CB1 agonists, a several studies have been performed to examine
the effects of CB1 blockade on reinstatement to ethanol self-administration. Results from
this work suggest that treatment with the CB1 antagonist SR prior to the reinstatement
session reduces cue-induced relapse (Cippitelli et al., 2005; Economidou et al., 2006;
Economidou et al., 2007), and combining sub-threshold doses of SR with either an
adenosine A2A or mGluR5 antagonist also reduces ethanol responding in cued relapse
sessions (Adams et al., 2010). This latter approach may prove especially useful for clinical
applications seeking to circumvent the negative psychiatric side-effects of higher doses of
SR. Importantly, SR treatment has no effect on foot-shock-induced relapse suggesting that
CB1 receptors are not involved in mediating stress-induced relapse (Economidou et al.,
2006; Economidou et al., 2007). Lastly, Cippitelli et al (2008) found that enhancing brain
AEA levels with FAAH inhibitors failed to alter either cue- or stress-induced relapse to
ethanol-seeking behavior. These results are not surprising given the number of studies
reporting increased AEA levels that persist following chronic ethanol. Together the data
from reinstatement experiments support the involvement of CB1 in cue-induced relapse
behavior, but more work needs to be conducted to determine the neuroanatomical loci of the
effects of SR to reduce reinstatement. In addition, future studies will need to consider the
role of ECs in mediating relapse to ethanol self-administration.

The EC System and the Susceptibility to Alcohol Abuse Disorders
In addition to data that suggest the function of EC system is altered following chronic
ethanol use and withdrawal, it is possible that allelic variation in the CNR1 gene may
contribute to innate susceptibility to alcohol dependence. Unfortunately, the genetic
association between CNR1 alleles and the susceptibility for alcohol dependence is clouded
by conflicting datasets in most cases. Homozygosity for a CNR1 allele having five or more
repeats of a microsatellite polymorphism is associated with a reduction of the P300 potential
in the frontal lobes (Johnson et al., 1997), and reduced amplitude of the P300 wave is known
to be a physiological marker that runs in families with a history of alcohol dependence and
is associated with attentional processes (Begleiter et al., 1984). However, a companion study
found no correlation between geneotype and self-reported alcohol-associated problems
(Comings et al., 1997). In contrast, subsequent studies have found correlations between this
allele and comorbidity between alcohol dependence and ADHD (Ponce et al., 2003) or
psychopathy (Hoenicka et al., 2007), but at present the data still do not support a direct
correlation between this allele and a susceptibility for alcohol dependence.

Some single nucleotide polymorphisms (SNPs) have been identified that confer a
susceptibility to specific aspects of alcohol dependence. The 1359G/A polymorphism
(rs1049353) has been implicated in mediating the withdrawal severity experienced by
chronic alcoholic patients where individuals homozygous for the A allele display more
severe symptoms than other genotypes (Schmidt et al., 2002). However, the effect of this

Pava and Woodward Page 16

Alcohol. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SNP on withdrawal severity is contested as another report failed to find evidence of 1359G/
A’s association with the incidence of ethanol withdrawal seizures (Preuss et al., 2003).
Furthermore, another study failed to find a correlation between rs1049353 and alcohol
dependence, so it seems unlikely that this SNP is important for mediating a susceptibility to
alcohol dependence (Zuo et al., 2007). However, the study by Zou et al (2007) did identify
two SNPs (rs806371 and rs645467) conferring susceptibility and one SNP (rs806377)
conferring resistance to alcohol dependence, but to date, no subsequent work has been
published on these polymorphisms as regards alcohol dependence. In addition to these,
another CNR1 SNP (rs202323) has been implicated in mediating cue-reactivity to alcohol in
heavy drinkers, where individuals with at least one copy of the C allele display increased
craving and salivary response to an ethanol associated cue (van den Wildenberg et al.,
2007). A follow up to this study found that the C allele was correlated with increased CB1
expression in post-mortem samples of human PFC, and alcohol dependent patients with the
C allele had increased activation in the PFC, orbitofrontal cortex, and NAc in response to
ethanol-associated cues (Hutchison et al., 2008). These individuals also reported increased
sensation of reward and positive affect following consumption of several alcoholic
beverages, suggesting the C allele may confer increased likelihood of binge ethanol use.
These results suggest that genetic variation in the CNR1 may contribute susceptibility to the
development of AUDs, but future studies are needed to confirm and extend the data
regarding the role these SNPs play in alcohol dependence.

In addition to the genetic studies, several post-mortem studies of brain tissue from chronic
alcohol dependent patients have indicated CB1 expression is altered in the prefrontal cortex
and ventral striatum (Vinod et al., 2005; Vinod et al., 2010). Notably, alcohol dependent
patients who commit suicide display increased CB1 expression in the PFC and NAc
compared to alcoholic patients who died of other causes. In addition, one study also reported
that recently abstinent alcohol dependent patients do not display the increase in circulating
AEA correlated with ethanol craving in control subjects (Mangieri et al., 2009). These
studies raise the possibility that altered function of the EC system could be useful as a
biomarker of alcohol dependence or a risk factor for suicide in alcoholic patients.

Summary of Ethanol and the EC System
The results outlined in the previous sections strongly argue for the involvement of the EC
system in regulating aspects of the acute response to ethanol, the establishment of tolerance/
dependence, and the propensity to relapse. In this section we will briefly summarize the
salient points mentioned earlier and provide a tentative model for the change in function of
the EC system across these stages of addiction (figure 2). To begin, a consistent finding has
been that ethanol interacts with the EC system to produce its acute, reinforcing effects which
may drive further drug seeking. Studies of VTA DA neuron activity and of DA
concentrations in the NAc provide support for the hypothesis that ethanol-induced EC
release in the VTA serves to activate DA neurons (Cheer et al., 2004; Cheer et al., 2007;
Hungund et al., 2003; Perra et al., 2005). One mechanism that likely contributes to this
effect is a disinhibition of DA neurons produced by a CB1-mediated decrease of GABA
release onto these neurons (Riegel and Lupica, 2004). In addition, acute ethanol inhibits
hippocampal neurons via an EC-mediated reduction in glutamate release (Basavarajappa et
al., 2008). If this can be extended to cortical neurons then ethanol-mediated EC release
would be expected to reduce cortical output thus producing a synergistic mechanism with
the increased activity of the mesolimbic DA pathway. Alternatively, the effect of SR to
reduce the activation of mesolimbic DA pathways could be due to an enhancement of
mesocortical DA function in the presence of this compound (Tzavara et al., 2003), but
numerous studies have reported that ethanol increases tissue content of ECs. For instance,
Caillé et al (2007) reported increased 2-AG levels in the NAc of rats engaged in ethanol
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self-administration, and infusion of CB1 agonists into the posterior VTA facilitates ethanol
consumption suggesting a common mechanism (Linsenbardt and Boehm, 2009). To clarify
this point, future studies should seek to directly measure interstitial EC concentrations in the
VTA following acute ethanol administration. However, the present data suggest that EC
release from mesolimbic DA neurons in response to ethanol is a mechanism by which these
cells could become disinhibited and drive the reinforcing properties of this drug.

In studies where ethanol is applied chronically, there is a high degree of variability
concerning the pattern and duration of ethanol treatment, and this variability is both a
blessing and a curse when deciphering the effect of chronic alcohol on the EC system. On
the positive side, the broad variety of treatment paradigms employed by these studies
provides a wider perspective on the timescale of changes to the EC system, particularly the
CB1 receptor. However, the discrepancy between methodologies is also a confound when
trying to disentangle contrasting datasets. Nevertheless, some trends regarding the effects of
chronic ethanol on the EC system do emerge. Hungund’s lab has consistently relied on 72 hr
continuous treatment regimens for their work in both mice and cell cultures. While this
paradigm does induce withdrawal and tolerance in mice, it is distinct from long-term
regimens used in other studies where animals are subject to repeated periods of abstinence
or discontinuous exposure to ethanol due to metabolism or voluntary drinking patterns. As a
consequence, data from 72 hr exposure regimens provide a better understanding of what
might be occurring to the EC system following a prolonged binge. The results from this
work consistently show an increase in EC concentrations that is associated with reduced
function of FAAH and CB1, but these effects reverse to basal levels after only 24 hr of
withdrawal. In studies where the exposure is somewhat longer and the BEC oscillates
because subjects are not under chronic pulmonary treatment, CB1 expression appears much
more variable, and alterations to CB1 are brain region dependent (Gonzalez et al., 2002;
Moranta et al., 2006; Pava et al., 2012). However, in long-term studies (over one month of
ethanol exposure) where experiments are performed soon after the discontinuation of
ethanol CB1 expression seems to be consistently reduced, and at least one study has reported
elevated EC content (Mitrirattanakul et al., 2007; Ortiz et al., 2004). Interestingly, two
studies that allowed subjects to go through a several week-long withdrawal prior to testing
EC content or CB1 expression found elevated levels of both (Mitrirattanakul et al., 2007;
Rimondini et al., 2002). These data suggest that EC tone may be persistently increased well
into abstinence, and CB1 expression is up-regulated over time to allow the EC system to
respond to phasic changes. An important caveat in interpreting these findings is that most of
this data pertains to forebrain structures including the hippocampus, cortex, amygdala,
striatum and NAc. Data from our lab suggests that sub-chronic treatment with ethanol
produces an up-regulation in the expression of CB1 in midbrain (Pava et al., 2012), but to
date, no published studies of long-term treatment have examined midbrain CB1 or EC
levels. However, EC release at GABAergic synapses onto VTA DA neurons is under control
of SK channels, and treatment of these cells with the SK channel blocker, apamin, is known
to reduce GABA release via a CB1-dependent mechanism (Riegel and Lupica, 2004). SK
channel function is reduced in the VTA following chronic ethanol (Hopf et al., 2007)
suggesting that EC release may be facilitated. If this results in enhanced EC tone, then CB1
expression would be predicted to decrease as this receptor is rapidly internalized and
targeted for lysosomal degradation in response to agonist binding (Martini et al., 2007;
Tappe-Theodor et al., 2007). As a consequence, we hypothesize that CB1 expression is
likely to be reduced in the midbrain during the initial phase of withdrawal.

Reinstatement studies provide clear evidence that CB1 activation is involved in cue-induced
but not stress-induced relapse. However, no studies to date have employed strategies to
understand which neuroanatomical structures are responsible for the effects of SR to block
reinstatement of ethanol-seeking. Considering the role the EC system plays in regulating
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VTA burst firing, it is possible that CB1 activation may contribute to the DA release
observed in response to drug-paired cues (Schultz, 1998). However, the complete lack of
any data regarding the function of the EC system in discrete brain regions during cued-
reinstatement renders this hypothesis as utter speculation. As a consequence, much work
needs to be done to elucidate the mechanisms by which this important neuromodulatory
system contributes to relapse.

Future Directions for Research
As is evident from the preceding sections, a fundamental basis of knowledge exists for the
changes to EC system function over the development of ethanol dependence, but much work
needs to be done to establish a mechanism for how these changes contribute to addiction
pathology. In particular, studies employing region specific modulation of EC signaling are
needed to establish the brain nuclei important for EC-mediated contributions to the various
phases of alcohol dependence, including: the escalation of use, the negative affect and stress
associated with withdrawal, and the reinstatement to drug-seeking following abstinence.
Beyond establishing the mechanistic contributions of the EC in the development of alcohol
dependence, there are additional areas of EC research that may prove fruitful in our
understanding of addiction. Some of these topics have recently emerged as our knowledge
of the basic molecular components of the EC system continues to grow, and others involve
complex experimental designs that are appropriate only now that a fundamental
understanding of the alterations to EC signaling in alcohol dependence is in hand. This
section of the review will seek to provide a list of these burgeoning issues along with
research relevant to their potential role in AUDs.

CB1 Binding Proteins
A consistent finding from studies using sub-chronic or chronic ethanol treatments is that
CB1 expression is reduced either immediately after treatment or during acute withdrawal.
Why does this occur, and what is the molecular machinery responsible for this process? The
CB1 receptor is known to be rapidly internalized and transported to lysosomal degradation
pathways in periods of saturable activation, and the tolerance that develops to the analgesic
effects of CB1 agonists is attributed to this process. One mechanism by which this can occur
is through binding proteins like G-protein-associated sorting protein 1 (GASP1) that target
CB1 for degradation (Martini et al., 2007; Tappe-Theodor et al., 2007), and a recent study
has found that mice lacking the GASP1 gene do not develop the analgesic tolerance to WIN
observed in wt mice (Martini et al., 2010). Our lab has recently reported that sub-chronic
treatment with ethanol induces a cross-tolerance to several WIN-induced behaviors
including its antinociceptive effects (Pava et al., 2012), and it is possible that this reduction
in CB1 function may be mediated by GASP1. Alternatively, cross-tolerance between the
analgesic effects of μ-opioid and CB1 receptor activation is mediated by receptor
desensitization that involves signaling through Gαz, and mice with a knockdown of Gαz do
not develop this cross-tolerance (Garzón et al., 2009). As a consequence, the ethanol-
induced knockdown of CB1 function may be facilitated through Gαz signaling.

In addition to these CB1-associated proteins, the cannabinoid receptor associated protein 1a
(CRIP1a) has been implicated in modulating the function of CB1 in response to antagonists.
Notably, over-expression of CRIP1a with CB1 reduces the increased Ca2+ conductance
observed when SR is applied to cells where only CB1 is expressed (Niehaus et al., 2007).
Furthermore, over-expression of CRIP1a in cultured cortical neurons reveals a
neuroprotective effect of SR treatment in response to glutamate excitotoxicity (Brower,
2001). As a consequence, an understanding of CRIP1a modulation of CB1 may help to
clarify the conflicting results regarding the effect of cannabinoid pharmacotherapies on
withdrawal severity. However, few studies have followed up on the original report, and
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much work still needs to be done to fully characterize the involvement of CRIP1a-regulation
of CB1 signaling.

The Role of Non-CB1 Cannabinoid Receptors in AUDs
To date, most studies involving the role of the EC system in AUDs have focused on EC
transmitters, their related synthetic and inactivating enzymes, and the CB1 receptor. This is
almost certainly due to the well-ingrained dogma in the cannabinoid field that CB1
represents the central cannabinoid receptor (Matsuda et al., 1990) and CB2 is the peripheral
cannabinoid receptor (Bayewitch et al., 1995). However, the existence and role of central
CB2 receptors is beginning to gain some traction (Atwood and Mackie, 2010; Onaivi et al.,
2011), and a recent behavioral study indicates that CB2 is involved anxiogenic, pneumonic,
and motoric processes (Ortega-Alvaro et al., 2011). Furthermore, ethanol treatment and
consumption is known to alter CB2 gene expression in the brain (Onaivi et al., 2008). As a
consequence, future research should be mindful of the lack of specificity of most
cannabinoid agonists and should attempt to discriminate CB1- versus CB2-mediated drug
actions before ascribing a role to CB1. In addition to CB2, evidence from the past decade
has indicated that the TRPV1 receptor is also associated with the EC system namely through
activation by AEA, and several studies have demonstrated that ethanol potentiates TRPV1
mediated responses (Nicoletti et al., 2008; Trevisani et al., 2002; Vetter et al., 2008). More
importantly, TRPV1 null mutant mice display higher ethanol preference and reduced
sensitivity to ethanol induced sleep and ataxia, and the reduced behavioral sensitivity to
ethanol are also observed in wt mice administered a TRPV1 antagonist (Hinson and Siegel,
1986). These results suggest that AEA signaling through TRPV1 may prove important to
mediating some effects of EC signaling in response to ethanol, and future studies should
examine alterations in TRPV1 expression and function following chronic ethanol treatment.

Models of Co-morbid Cannabinoid and Alcohol Dependence
As mentioned at the beginning of this review, the rate of co-abuse of ethanol and cannabis is
strikingly high, but surprisingly few studies have been conducted to examine the effect of
co-abuse on the EC system or behaviors associated with ethanol/cannabis consumption. A
few studies in rodents have reported that administration of CB1 agonists facilitates ethanol
consumption (Gallate et al., 1999; Linsenbardt and Boehm, 2009; Vinod et al., 2008b), and a
series of reports have implicated the activation of CB1 by exogenous cannabinoids as a
factor in enhancing reinstatement to ethanol seeking (Alén et al., 2009; López-Moreno et al.,
2004). In addition, one study found that administration of THC to ethanol-consuming rats
produced a synergistic effect to impair memory processes (Ciccocioppo et al., 2002).
Beyond the effect of these drugs on the reward circuitry of the brain, several reports suggest
that co-administration of ethanol and CB1 agonists may facilitate the neurotoxic effects of
ethanol on neural tissue (Alén et al., 2010; Hansen et al., 2008). Interestingly, mice with a
null mutation of DAGLα have reduced neurogenesis in the hippocampus (Gao et al., 2010).
Co-administration of ethanol with a CB1 agonist is predicted to down-regulate cannabinoid
signaling beyond that of ethanol administration alone, so the effects observed in DAGLα KO
mice are in line with this effect. Additionally, these results suggest that the reduced
neurogenesis observed in the ethanol-cannabinoid co-administration models may be
mediated by reduced 2-AG signaling. It is important to note that all of these studies have
employed non-contingent administration of the CB1 agonist, and this reduces the face
validity of these studies for co-abuse models. Consequently, future studies should be
performed using non-contingent ethanol administration paired with self-administration
procedures for CB1 agonists in addition to studies employing contingent methods of drug
delivery for both substances.
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EC System and Stress in Ethanol Consumption
A large and growing body of evidence indicates that the EC system is involved in mediating
the response to stress. For instance, activation of a novel, non-genomic glucocorticoid
receptor in the hypothalamus produces an EC-mediated reduction in glutamate EPSCs on
parvocellular neurons of the paraventricular nucleus, and this provides feedback inhibition
along the hypothalamic-pituitary-adrenal axis (Di et al., 2003; Di et al., 2005; Di et al.,
2009). Additionally, chronic treatment with glucocorticoid receptor agonists is associated
with decreased levels of 2-AG and CB1 in the hippocampus (Hill et al., 2008), and similar
findings are also observed in a rodent model of chronic unpredictable stress (CUS) that
results in a persistent increase in circulating levels of corticosterone (CORT; Hill et al.,
2005). Furthermore, stress is one of the predominant causes associated with relapse to
alcohol abuse, and chronic ethanol treatment and withdrawal produce persistent changes in
glucocorticoid signaling. CORT levels are known to remain elevated in brain tissue up to
several months following chronic ethanol treatment even after circulating CORT has
returned to basal levels (Little et al., 2008), and this persistent elevation in CORT may
interact with CB1 expression and 2-AG levels along the lines observed following CUS.
Other studies have implicated the EC system in dampening the stress response to an acute
injection of ethanol (Cippitelli et al., 2008) and in mediating stress-induced drinking in mice
(Racz et al., 2003). Additionally, the increased stress response during early phase of
withdrawal is attenuated by acute injection of SR (Rubio et al., 2008). Given the data from
studies of alcohol dependence in humans and in rodents that demonstrate altered functioning
of the EC system, it seems likely that concomitant changes in glucocorticoid signaling may
be involved. These data suggest that the interaction between stress, ethanol, and the EC
system may be fruitful ground for new research.

Conclusions
A retrospective examination of the early literature on the interactions between ethanol and
cannabinoids finds clear evidence for the involvement of the EC system in the acute
reinforcing properties of ethanol and the neuroadaptive changes that occur with its chronic
abuse. However, it was not until the 1990’s that the molecular constituents of the EC system
were discovered, and only in the past decade has the interaction between ethanol and the EC
system been directly investigated. From these studies it is apparent that EC release in
response to ethanol mediates the reinforcing properties of this drug and that chronic ethanol
use resulting in tolerance and dependence dramatically alters the function of EC signaling.
However, our understanding of the mechanisms responsible for the changes in EC signaling
in response to chronic ethanol is lacking, and the role of EC system in regulating specific
circuits associated with addiction processes is limited. Future work with more standardized
methodologies will be needed to better grasp the complexity underlying the interaction
between this neuromodulatory system and alcohol dependence. In addition, novel areas of
research continue to emerge with basic discoveries surrounding the molecular constituents
of the EC system.
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Figure 1.
Biochemistry of the EC System in the CNS. ECs are synthesized in the post-synaptic
membrane and produce most of their actions via activation of the CB1 receptor which
decreases neurotransmitter release from the pre-synaptic terminal (for details, see text).
Synthetic enzymes in the post-synaptic membrane are in red, and degradative enzymes are
shown in blue. Abbreviations: 2-AG = 2-arachidonylglycerol, AC = adenylate cyclase, AEA
= anandamide, ATP = adenosine triphosphate, Ca2+ = calcium ion, cAMP = cyclic
adenosine monophosphate, CB1 = cannabinoid receptor 1, DAG = diacylglycerol, DAGL =
diacylglycerol lipase, ECs = endocannabinoids, EMT = endocannabinoid membrane
transporter, ER = endoplasmic reticulum, FAAH = fatty acid amide hydrolase, IP3 = inositol
triphosphate, IP3R = inositol triphosphate receptor, K+ = potassium ion, lyso-PLC = lyso-
specific isoform of phospholipase C, lyso-PLD = lyso-specific isoform of phospholipase D,
MAGL = monoacylglycerol lipase, mGluR5 = metabotropic glutamate receptor 5, Na+ =
sodium ion, NAPE = N-arachidonyl phosphotidylethanolamine, NAPE-PLD = NAPE-
specific isoform of phospholipase D, NAT = N-acyl transferase, NMDAR = N-methyl-D-
aspartate receptor, PEtAM= phosphotidylethanolamine, PKA = protein kinase A, PLA1 =
phospholipase A1, PLA2 = phospholipase A2, PLC = phospholipase C, PLCβ = β-isoform
of phospholipase C, RyR = ryanodine receptor, TRPV1 = transient receptor vanilloid 1,
VGCC = voltage-gated calcium channel.
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Figure 2.
Summary of ethanol-induced alterations in the EC system and a putative model of the
generalized changes in EC signaling observed in different stages of chronic alcoholization.
Acute ethanol consumption is associated with a CB1-dependent increase in dopamine
neuron activity and dopamine release in the nucleus accumbens as well as reduced output
from frontal cortical structures and the hippocampus. These effects are reversed by pre-
treatment with rimonabant. In most brain structures, chronic ethanol treatment is associated
with reductions in CB1 expression and FAAH activity that are paralleled by increased
concentrations of anandamide. These changes normalize as the duration of chronic treatment
is extended. The hyper-excitability associated with the initial phase of withdrawal results in
a large increase in EC release and concomitant reductions in CB1 expression. Over time EC
levels remain elevated and CB1 expression is up-regulated to compensate. For details see
text. Green arrows denote glutamate or excitatory connections. Red arrows denote GABA or
inhibitory connections. Blue arrows indicate dopamine projections. Thick lines represent
enhanced output while hashed lines represent diminished connection strength. Text symbols
and abbreviations: ↑= increase in concentration/expression/activity, ↓ = decrease in
concentration/expression/activity, ? = unknown effect/no data, 2-AG = 2-arachidonyl
glycerol, 5-HT = 5-hydroxytryptamine, AEA = anandamide, AMG = amygdala, BLA =
basolateral amygdala, CB1 = cannabinoid receptor 1, DA = dopamine, DStr = dorsal
striatum, ECs = endocannabinoids, EtOH = ethanol, FAAH = fatty acid amide hydrolase,
GABA = γ-amino-butyric acid, Glu = glutamate, HC = hippocampus, NAc = nucleus
accumbens, NE = norepinephrine, PFC = prefrontal cortex, SK = Small conductance
calcium-activated potassium channel, SR = rimonabant, VTA = ventral tegmental area.
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