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Abstract

Alcohol use disorder represents a significant human health problem that leads to substantial loss of
human life and financial cost to society. Currently available treatment options do not adequately
address this human health problem, and thus, additional therapies are desperately needed. The
endocannabinoid system has been shown, using animal models, to modulate ethanol-motivated
behavior, and it has also been demonstrated that chronic ethanol exposure can have potentially
long-lasting effects on the endocannabinoid system. For example, chronic exposure to ethanal, in
either cell culture or preclinical rodent models, causes an increase in endocannabinoid levels that
results in down-regulation of the cannabinoid receptor 1 (CB;) and uncoupling of this receptor
from downstream G protein signaling pathways. Using positron emission tomography (PET),
similar down-regulation of CB; has been noted in multiple regions of the brain in human alcoholic
patients. In rodents, treatment with the CB; inverse agonist SR141716A (Rimonabant), or genetic
deletion of CB; leads to a reduction in voluntary ethanol drinking, ethanol-stimulated dopamine
release in the nucleus accumbens, operant self-administration of ethanol, sensitization to the
locomotor effects of ethanol, and reinstatement/relapse of ethanol-motivated behavior. Although
the clinical utility of Rimonabant or other antagonists/inverse agonists for CB; is limited due to
negative neuropsychiatric side effects, negative allosteric modulators of CB and inhibitors of
endocannabinoid catabolism represent therapeutic targets worthy of additional examination.
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1. Introduction

Alcohol dependence is a highly prevalent disorder, which affects an estimated eight million
Americans and inflicts a tremendous cost (in excess of $223.5 billion annually) to society
(Grant et al., 2004; Bouchery et al., 2011). Pharmaceutical treatments for alcohol
dependence include the use of the opioid receptor antagonist naltrexone, and the broadly-
acting drug, acamprosate. While naltrexone has been shown clinically to reduce alcohol
intake and relapse (Latt et al., 2002; Kranzler et al., 2004; Foa et al., 2013), acamprosate
appears to be more effective, compared to placebo, at increasing the percent of abstinent
days (Mason et al., 2006). A recent meta-analysis of the efficacy of both naltrexone and
acamprosate for alcohol treatment demonstrated that these effects, though significant, are
modest. Only 12-19% of individuals treated with naltrexone and 7-13% treated with
acamprosate had better outcomes compared to those treated with placebo (Kranzler and Van
Kirk, 2001; Grant et al., 2004; Bouchery et al., 2011). These studies illustrate the limitations
of currently available pharmacotherapies and emphasize the need to expand therapeutic
options for treating alcohol dependence.

Here we review the most current evidence demonstrating that ethanol can modulate
endocannabinoid system (ECS) signaling in preclinical rodent models. Our review
complements and builds on other excellent recent reviews on the interatctions between the
ECS and alcohol (Pava and Woodward, 2012). Preclinical rodent models have been used to
show that genetic and pharmacological inhibition of ECS signaling can profoundly reduce
voluntary ethanol consumption, reward for ethanol, as well as reinstatement and relapse of
ethanol-motivated behaviors. Understanding the precise mechanisms through which alcohol
influences the ECS and vice versa has the potential to positively impact treatment of alcohol
use disorder. Recent preclinical work has investigated the therapeutic potential of drugs that
manipulate endocannaboid levels directly (Ramesh et al., 2013), or act as allosteric
modulators of the cannabinoid receptor 1 (CB,) (Gamage et al., 2014; Jing et al., 2014).
Both approaches are capable of providing therapeutic benefits through modulation of the
ECS while avoiding possible side effects associated with direct CB1 inverse agonism.

2. Endocannabinoid Signaling System

The ECS consists of three main components: the endogenous ligands (endocannabinoids),
the cannabinoid receptors, and the enzymes that are responsible for synthesis and catabolism
of endocannabinoids. Two cannabinoid receptors have been cloned and characterized
(Matsuda et al., 1990; Munro et al., 1993). CB; is predominately presynaptic (Katona et al.,
1999) and is expressed widely throughout the nervous system (Devane et al., 1988;
Herkenham et al., 1990; Matsuda et al., 1990; Herkenham et al., 1991; Mailleux and
Vanderhaeghen, 1992; Tsou et al., 1998). CB1 is responsible for mediating the psychoactive
effects of delta-9-tetrahydrocannabinol (A%-THC), the principal psychoactive cannabinoid in
the cannabis plant (Ledent et al., 1999; Monory et al., 2007). Within the nervous system,
CB; is involved in modulation of a diverse range of physiological functions including pain
(Lichtman and Martin, 1997; Ledent et al., 1999), synaptic plasticity related to learning and
memory (Kreitzer and Regehr, 2001b; Wilson et al., 2001; Marsicano et al., 2002), reward
signaling (Hungund et al., 2003; Riegel and Lupica, 2004), and mood (Martin et al., 2002;
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Hill and Gorzalka, 2005). CB is also present in peripheral “non-neuronal” tissues including
liver, adipose tissue, and pancreas, where it has a prominent role in metabolism (Cota et al.,
2003; Ravinet Trillou et al., 2004; Osei-Hyiaman et al., 2005). The other cannabinoid
receptor, CB,, was first cloned from a human promelocytic leukemia cell line (HL60) and is
most abundant in immune cells (Munro et al., 1993), although low neuronal CB, expression
has been reported in the brain (Van Sickle et al., 2005). CB; is a G protein-coupled receptor
that is typically coupled to Gaj, proteins. Agonist activation has been shown to lead to
stimulation of MAPK (Bouaboula et al., 1995) and G protein-coupled inward rectifying
potassium channels (GIRKS) (Mackie et al., 1995) as well as inhibition of adenylyl cyclase
(Howlett and Fleming, 1984; Howlett, 1985; Howlett et al., 1986) and voltage-gated calcium
channels (VGCCs) (Mackie and Hille, 1992; Mackie et al., 1993).

Endocannabinoid production is post-synaptic and occurs in response to increased levels of
intracellular calcium and/or excitatory post-synaptic potential (EPSP)-induced
depolarization of the plasma membrane (Maejima et al., 2001; Maejima et al., 2005).
Endocannabinoids diffuse in a retrograde manner across the synapse where they act at pre-
synaptic CB receptors to suppress neurotransmission (Kreitzer and Regehr, 2001a;
Maejima et al., 2001; Wilson et al., 2001). Two main endocannabinoids have been
identified, N-arachidonoylethanolamine (AEA; anandamide) (Devane et al., 1992) and 2-
arachidonoyl-glycerol (2-AG) (Sugiura et al., 1995; Stella et al., 1997). However, three
other putative endocannabinoid ligands, N-arachidonoyl dopamine, (NADA) (Huang et al.,
2002), O-arachidonoyl ethanolamine (virodhamine) (Porter et al., 2002), and 2-arachidonoyl
glyceryl ether (noladin ether), (Hanus et al., 2001) have also been identified.

Endocannabinoids are synthesized on demand from plasma membrane phospholipids
(Piomelli, 2003). The production of AEA from phosphatidylethanolamine (PE) can occur
via multiple synthetic pathways. However, one synthetic pathway that is particularly
relevant to the effect of ethanol on the ECS involves phospholipase A2 (PLA,) conversion
of N-arachidonoyl phosphatidylethanolamine (NAPE) to Lyso-NAPE, which is then
cleaved, by lyso-phospholipase D, to AEA (Sun et al., 2004). The majority of 2-AG is
produced via a two-step process involving sequential action of phospholipase C (PLC) to
produce diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate (PIP,), followed
by the action of sn-1-diaglyerol lipase alpha and beta (DAGL a/p) to convert DAG to 2-AG
(Bisogno et al., 2003). Signaling by these modulatory lipids is terminated by their
breakdown. Hydrolysis of AEA is catalyzed by fatty-acid amide hydrolase (FAAH) (Cravatt
et al., 1996) while 2-AG is hydrolyzed by either monoacylglycerol lipase (MAGL; 85% of
2-AG breakdown) (Dinh et al., 2002) or the alpha/beta hydrolase domain (ABHD)-
containing proteins ABHD6 and ABHD12 (Blankman et al., 2007; Marrs et al., 2010).

3. Voluntary ethanol drinking

Using the two bottle choice assay, CB; knock-out (KO) mice have been shown to exhibit
decreased voluntary drinking of ethanol. Consumption of 10% ethanol was decreased in CB1
KO mice given six or eight hours of limited access to ethanol per day (Poncelet et al., 2003;
Thanos et al., 2005). Under continuous access conditions, ethanol consumption was
decreased for multiple ethanol concentrations in both male and female CB; KO mice
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compared to wild-type controls (Hungund et al., 2003; Naassila et al., 2004; Vinod et al.,
2008b). However, the inhibitory effect of CB; deletion on ethanol intake was more profound
in female mice, which generally show higher overall basal ethanol consumption than their
male counterparts (Hungund et al., 2003). Additionally, age-related decreases in ethanol
drinking were shown to be absent in CB; KO mice, suggesting that the decrease in ethanol
consumption that occurs during aging is mediated by endocannabinoid signaling (Wang et
al., 2003).

Voluntary ethanol intake is attenuated in rodents following treatment with CB; inverse
agonists, including SR141716A (Rimonabant). Treatment with SR141716A decreased
ethanol drinking and sensitization to locomotor effects of ethanol (Marinho et al., 2015) in
ethanol-preferring C57BI6 mice as well as in non-preferring DBA/2J mice (Arnone et al.,
1997; Vinod et al., 2008b). In Sardinian ethanol-preferring rats selected for high ethanol
consumption (sP), systemic SR141716A treatment decreased voluntary consumption of 10%
ethanol under limited and continuous access conditions (Colombo et al., 1998; Serra et al.,
2001). Likewise, treatment with the CB; inverse agonists AM251 and SR147778 reduced
ethanol consumption in both Fawn Hooded (Femenia et al., 2010) and Wistar (Lallemand
and De Witte, 2006) rats chronically exposed to ethanol vapor. These results demonstrate
that disruption of CB1 signaling in mice and rats causes a robust and highly reproducible
reduction in voluntary ethanol consumption.

The effect of CB; agonists on voluntary drinking of ethanol has been examined but is
generally less understood than the effect of CB; deletion or pharmacological blockade on
consumption of ethanol. Systemic administration of a CB full agonist (WIN 55,212-2),
enhanced ethanol consumption in C57BI6 mice subjected to the drinking in the dark (DID)
model of binge-like ethanol drinking (Linsenbardt and Boehm, 2009). Systemic injection of
WIN 55,212-2 or CP 55,940, another full agonist of CB4, has been shown to elicit a dose-
dependent increase in voluntary ethanol drinking in sP rats given continuous access to 10%
ethanol (Colombo et al., 2002). The stimulatory effects of systemic WIN 55,212-2 and CP
55,940 on voluntary ethanol drinking were blocked by pretreatment with SR141716A,
providing evidence that these effects are CB1-mediated (Colombo et al., 2002).

The effect of endocannabinoid levels on voluntary ethanol drinking has been examined
using both FAAH KO mice and mice treated with the FAAH inhibitor, URB597. Mice
lacking FAAH, which modulates catabolism of the endocannabinoid AEA, exhibit increased
voluntary consumption and preference for ethanol across a wide range of concentrations
(Basavarajappa et al., 2006; Blednov et al., 2007; Vinod et al., 2008a). Systemic injection of
URB597 in wild-type mice found a male-specific increase in ethanol consumption and
preference (Blednov et al., 2007). It has also been reported that systemic administration of
URB597 in wild-type male C57BI6 mice increased preference for 12% ethanol (Vinod et al.,
2008a). The possibility that sex-specific differences in ethanol drinking behavior might be
driven through the ECS is an interesting question in need of further examination. A
summary of the effects of pharmacological and genetic manipulation of CB4 and
endocannabinoid levels is shown in Table 1.
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4. CB; Involvement in Self-Administration

In addition to modulating voluntary ethanol consumption, CBjy is involved in the
“motivation” of rodents to work for oral ethanol access using operant self-administration
(SA) procedures. Ethanol SA is frequently assessed using a fixed-ratio (FR) schedule of
reinforcement in which a specific number of operant responses (~1-4) allows access to a
small volume (~0.1 mL) of ethanol solution. Systemic pretreatment with, or microinjection
directly into the nucleus accumbens (Caille et al., 2007) of the CB inverse agonist
SR141716A (Cippitelli et al., 2005; Economidou et al., 2006; Cippitelli et al., 2007;
Cippitelli et al., 2008) attenuated ethanol SA using a FR schedule in Wistar rats with no
inherent alcohol preference. In this study, however, it should be noted that the SR141716A
doses used are non-selective for ethanol-motivated behavior and also decreased SA of
sucrose and saccharin-containing solutions (Cippitelli et al., 2005; Economidou et al., 2006).
SR141716A treatment did not attenuate SA of sodium chloride or standard rat chow in
sodium-depleted (Economidou et al., 2006) and food-restricted (Rodriguez de Fonseca et al.,
1999) rats. This suggests that CB; mediates goal-directed behaviors with high hedonic
impact (i.e., ethanol or sucrose) versus need-based behaviors that are required for essential
homeostatic physiology.

Progressive ratio (PR) schedules of reinforcement, as opposed to FR schedules, are used to
determine the “break point” or upper limit to the amount of “work” a subject is willing to do
to obtain reward/reinforcement. SR141716A pretreatment decreased the response break
points for both ethanol and sucrose in Wistar rats (Economidou et al., 2006). The selective
CB; neutral antagonist, SLV330, decreased the nose-poke operant response for 12% ethanol
in Wistar rats (de Bruin et al., 2011). One pitfall of FR and PR schedules is that it is difficult
to dissociate an operant response for drug from the consumption component of SA. To avoid
this confounder, Freedland and colleagues (Freedland et al., 2001) used a sipper-tube model
(Samson et al., 1999) with a single response requirement (i.e., 16 lever presses) prior to
gaining 20 minutes of unrestricted access to ethanol. Under these conditions, SR141716A
reduced both consumption and operant responding for 10% ethanol (Freedland et al., 2001).

The willingness of animals to ‘work’ for calorically rich rewards, such as sucrose, highlights
the need, in SA paradigms, for controls that account for the both the taste and caloric content
of ethanol. One interesting approach, developed by Gallate and McGregor to address this
issue, involved SA of beer containing 4% ethanol or isocaloric ‘near’-beer containing <0.5%
ethanol. Using this paradigm, they found that low dose SR141716A (0.3 mg/kg) selectively
decreased the response break point for beer under a PR schedule of reinforcement while
higher doses of SR141716A (0.6 to 3.0 mg/kg) decreased motivation for near-beer as well
(Gallate and McGregor, 1999; Gallate et al., 2004).

FR, PR, and sipper-tube models of reinforcement have been used to show that
pharmacological inhibition of CB; can decrease ethanol SA in rats that are not ethanol-
dependent (Gallate and McGregor, 1999; Rodriguez de Fonseca et al., 1999; Freedland et
al., 2001; Gallate et al., 2004; Cippitelli et al., 2005; Economidou et al., 2006; Cippitelli et
al., 2007; Cippitelli et al., 2008; de Bruin et al., 2011). Likewise, systemic treatment with the
CB; inverse agonist SR141716A selectively decreased ethanol SA in the following rat
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models: 1) Alko Alcohol (AA) rats (Malinen and Hyytia, 2008) bred selectively for high
ethanol intake and preference; 2), P rats selected for high ethanol intake (Getachew et al.,
2011), and 3) sP rats selected for high ethanol intake (Colombo et al., 2004)). Microinjection
of SR141716A into the nucleus accumbens or ventral tegmental area (VTA) also decreased
ethanol SA in AA rats, suggesting that cannabinoid signaling in these brain regions can
modulate ethanol consumption (Malinen and Hyytia, 2008).

Extinction testing provides another measure to assess the motivation of rodents to obtain
reward/reinforcement (Gallate and McGregor, 1999; Hansson et al., 2007; Millan et al.,
2011). During an extinction session, continued operant responding for a reinforcer does not
result in the delivery of reward (i.e., ethanol or sucrose). The continued responding (termed
extinction responding) by the animal is thought to be an indication of the motivation (or
craving) to seek that reinforcer. Pretreatment of sP rats with the inverse agonist SR141716A
(Colombo et al., 2004) or SR147778 (Gessa et al., 2005) resulted in decreased extinction
responding for an ethanol reward. However, the effect of SR141716A was nonselective for
ethanol as this drug also attenuated extinction responding for sucrose, saccharin, and ‘near’-
beer. One study that was able to dissociate operant ethanol-seeking behavior from ethanol
consumption suggested that lower doses of SR141716A might selectively attenuate the
motivation to seek ethanol (Freedland et al., 2001).

The effect of CB; agonists on ethanol SA is less well understood since CB; agonists often
depress locomotor activity, which can make the experiments difficult to perform and can be
a confounder for data interpretation. Systemic administration of the CB4 full agonist CP
55,940 to Wistar rats with no inherent preference for alcohol increased the response break
point for beer, ‘near’-beer, sucrose (8.4%), and lite beer (2.7% ethanol) (Gallate et al.,
1999). Increased SA of ethanol was also found in male alcohol-preferring AA rats following
systemic administration of a different cannabinoid receptor full agonist, WIN 55,212-2
(Malinen and Hyytia, 2008). However, in both of those studies, the highest dose of agonist
failed to increase ethanol SA, possibly as a consequence of the confounding condition of
decreased locomotor activity in animals treated with these agonists.

In Wistar rats, manipulation of endocannabinoids through inhibition of the catabolic enzyme
FAAH, using URB597, did not alter the response break point for ethanol delivery (Cippitelli
et al., 2008). However, microinjection of URB597 directly into the prefrontal cortex (PFC)
increased ethanol SA under a FR schedule (Hansson et al., 2007). Since AEA is only a
partial CB4 agonist, it is possible that elevation of AEA in the brain does not fully mimic
treatment with full agonists. An alternate approach to investigate the effects of manipulation
of endocannabinoid levels on the response break point would be to inhibit MAGL, the
catabolic enzyme that hydrolyzes the endocannabinoid 2-AG, using low doses of the MAGL
inhibitor JZL-184 that do not adversely affect motor activity. It will be interesting to see
whether enhancement of 2-AG levels in this manner can potentiate ethanol SA. Table 2
illustrates the impact of the ECS on operant ethanol self-administration behaviors.

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henderson-Redmond et al. Page 7

5. Cannabinoid Involvement in Ethanol Withdrawal

For alcohol-dependent individuals, sudden termination of excessive alcohol intake can elicit
the onset of alcohol withdrawal, characterized by anxiety, insomnia, irritability, and the less
common, but potentially fatal conditions of delirium tremens (DTs) and tonic-clonic
seizures. Rodents generally do not readily consume sufficient amounts of ethanol to
consistently produce measurable withdrawal symptoms upon forced abstinence. Therefore,
rodent models of ethanol dependence typically involve involuntary ethanol consumption via
an ethanol liquid diet, ethanol vapor inhalation, and/or intragastric ethanol administration.
When such models are used, the severity of ethanol withdrawal is assessed through
quantification of handling-induced convulsions (HICs) (Becker, 2000).

For two strains of wild-type mice (C57BI6 and DBA/2J), daily administration of a CB4
inverse agonist (SR141716A) decreased the severity of ethanol withdrawal in mice
chronically exposed to ethanol vapor inhalation (Vinod et al., 2008b). It has been reported
that CB; deletion increases the severity of ethanol withdrawal (Naassila et al., 2004),
however, there are also reports that CB; deletion decreases or eliminates ethanol withdrawal
as well (Racz et al., 2003; Vinod et al., 2008b). Factors including genetic background,
paradigm employed, and time point when withdrawal testing was conducted can influence
the results of this type of ethanol withdrawal study and likely contribute to the discrepancies
between the reported findings. Reduction of endocannabinoid catabolism in FAAH KO mice
resulted in decreased severity of ethanol withdrawal (Vinod et al., 2008a). To our
knowledge, the effect of CB1 agonists on the severity of ethanol withdrawal has not been
reported. However, this question is important given the recent legalization of recreational
marijuana and the high rate of comorbidity of marijuana usage among alcoholics.

6. CB; Involvement in Ethanol Relapse Drinking and Reinstatement

One of the biggest challenges facing alcoholics is the risk of relapse, characterized by a
return to heavy drinking following a period of abstinence. Relapse is a significant problem
in treating alcohol abuse and can be triggered by several factors, including stress, alcohol-
associated cues and contextual environments. Reinstatement of operant ethanol-seeking
behavior caused by exposure to stress, ethanol-priming injection, or ethanol-associated cues
is used to assess relapse in rodents. A return to heavy drinking is often modeled in rodents
by measuring the magnitude of the alcohol deprivation effect (ADE), a transient increase in
ethanol intake or ethanol SA following a period of forced abstinence in animals previously
given long-term access to ethanol (Sinclair and Senter, 1968).

There are few reports investigating the effect of CB; deletion on reinstatement of operant
ethanol-seeking behavior in mice given access to ethanol after a period of abstinence.
Exposure to mild, intermittent foot-shock stress was reported to increase preference for
ethanol and also increased alcohol intake in wild-type mice but not CB; KO mice (Racz et
al., 2003), suggesting that deletion of CB1 may inhibit stress-induced relapse of ethanol
drinking. Pretreatment with a CB inverse agonist (SR141716A), or a neutral CBq
antagonist (SLV330), attenuated cue-induced reinstatement of ethanol-seeking behavior in
Wistar rats (Cippitelli et al., 2005; Economidou et al., 2006). Interestingly, SR141716A
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pretreatment did not suppress stress-induced ethanol reinstatement (Economidou et al.,
2006).

In rats genetically selected for high ethanol consumption, pretreatment with CB; inverse
agonists blocked relapse. Both SR141716A (Serra et al., 2002; Vinod et al., 2012) and
SR147778 (Gessa et al., 2005) were able to suppress the ADE following reinstatement of
access to ethanol. Similarly, pretreatment with SR141716A blunted cue-induced
reinstatement of ethanol-seeking behavior in ethanol-preferring msP rats (Cippitelli et al.,
2005). In female alcohol-preferring (P) rats, pretreatment with SR141716A attenuated
Pavlovian Spontaneous Recovery, which is, after a delay, the re-emergence of a conditioned
response that had previously become extinct (Getachew et al., 2011). Although CB;
antagonists attenuate relapse and reinstatement of ethanol-seeking behavior, the effects are
non-selective for ethanol at higher doses.

The ability of cannabinoid agonists to potentiate relapse and reinstatement of ethanol-
seeking behavior has also been examined. Treatment of Wistar rats with a CB1 full agonist
(WIN 55,212-2) (Alen et al., 2008) during ethanol deprivation resulted in long-lasting
potentiation of the operant response to obtain ethanol reward when ethanol access was
restored. Relapse of ethanol SA using both a FR and PR schedule was potentiated by WIN
55,212-2 across multiple deprivation periods. This potentiation of ethanol SA using a FR
schedule was blocked by the D, receptor antagonist raclopride, indicating the involvement
of dopaminergic signaling in this process (Alen et al., 2008). Pretreatment of Wistar rats
with A%-THC potentiated reinstatement of operant responding for both beer and near-beer,
indicating that the effect of A9-THC on reinstatement of ethanol-seeking behavior was not
completely selective for ethanol. Administration of A%-THC also resulted in reinstatement
of operant responding for 10.4% sucrose, providing additional evidence that these effects of
AS-THC are not selective for ethanol (McGregor et al., 2005).

7. Ethanol-stimulated dopamine release

Mice lacking CB; do not show ethanol-stimulated dopamine release in the nucleus
accumbens (NAc) (Hungund et al., 2003). CB; KO mice exhibit increased expression of
dopamine D, receptors in the striatum, suggesting that dopaminergic reward signaling is
impacted by alterations in endocannabinoid signaling (Houchi et al., 2005). Pharmacological
blockade of CB4 using SR141716A prevents ethanol-stimulated dopamine release in the
NAc of C57BI6 wild-type but not CB; KO mice (Hungund et al., 2003). Treatment with
AM251, another CB; inverse agonist, blocked ethanol-stimulated dopamine release in the
NAc of ethanol-preferring Fawn Hooded rats (Femenia et al., 2010). Systemic treatment
with SR141716A blocked sub-second dopamine increases in the NAc of Wistar rats
subjected to in vivo voltammetry (Cheer et al., 2007). Interestingly, 2-AG-mediated synaptic
plasticity (depolarization-induced suppression of inhibition) on GABAergic neurons
projecting from the rostromedial tegmental nucleus to the ventral tegmental area (VTA) is
increased for sP rats that consume more ethanol. This alteration in synaptic plasticity drives
increased dopamine neuron firing providing a possible mechanism for the increased ethanol
consumption in sP rats (Melis et al., 2014). Thus, the current data show that
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pharmacological and genetic inactivation of CB; blocks ethanol-stimulated mesolimbic
dopamine release in preclinical rodent models.

8. Conditioned place preference for ethanol

Mice lacking CB; exhibit decreased conditioned place preference (CPP) for ethanol
(Basavarajappa et al., 2003; Houchi et al., 2005; Thanos et al., 2005). However, CB; KO
mice display normal CPP for cocaine and quinpirole, indicating that CB; KO mice possess
the ability to acquire drug-associated contextual cues (Houchi et al., 2005). The effect of
cannabinoid agonists on CPP for ethanol is difficult to assess as they often cause
conditioned place aversion (Lepore et al., 1995; Cheer et al., 2000). One approach to avoid
this complication is to examine CPP for ethanol in mice lacking the enzymes responsible for
endocannabinoid hydrolysis or in animals treated with inhibitors for these enzymes.
Surprisingly, there were no differences in CPP for 2 g/kg ethanol in either FAAH KO mice
(Blednov et al., 2007) or in astrocyte glutamate transporter (EAAT1) KO mice that display
decreased endocannabinoid signaling (Karlsson et al., 2012). Thus, the current literature
demonstrates that genetic blockade of CB eliminates CPP for ethanol, a result that closely
parallels the effect of CB disruption on ethanol-stimulated mesolimbic dopamine release
(Hungund et al., 2003). However, testing the effect of enhanced ECS signaling on ethanol
CPP warrants further investigation.

9. Sensitivity and tolerance for ethanol

Mice lacking CB; exhibit marked differences in ethanol sensitivity. Mice lacking CB1 on
either a C57BI6 or DBA/2J genetic background display a longer duration of loss of righting
reflex (LORR) following systemic injection of either 2 (Vinod et al., 2008b) or 4 g/kg
ethanol (Naassila et al., 2004). Sensitivity to the anxiolytic effect of ethanol was unchanged
in CB1 KO mice (Racz et al., 2003; Houchi et al., 2005). Reports of sensitivity to the
hypothermic effects are mixed with some studies indicating that CB; KO mice are less
sensitive to ethanol (Racz et al., 2003; Vinod et al., 2008b) while others suggest that these
mice are more sensitive to ethanol (Naassila et al., 2004).

FAAH KO mice exhibit decreased sensitivity to the hypothermic, sedative/hypnotic, and
ataxic effects of ethanol (Basavarajappa et al., 2006; Blednov et al., 2007; Vinod et al.,
2008a). Treatment with 0.5 mg/kg URB597 decreased sensitivity to the LORR effect caused
by 3.2 g/kg ethanol while causing faster recovery from the ataxic effects of ethanol using the
rotarod test. These results suggest that increased endocannabinoid signaling leads to a
generalized decrease in sensitivity to multiple physiological and behavioral responses for
ethanol. The converse is true for CB; KO mice that generally display increased sensitivity to
the sedative/hypnotic effects of ethanol. However, studies examining sensitivity to the
hypothermic effect of ethanol in CB, KO are mixed and additional work on this specific
aspect of ethanol sensitivity would be valuable.

10. Effects of acute ethanol on endocannabinoids

Acute treatment of SK-N-SH neuroblastoma cells with 100 mM ethanol decreased
production of AEA and NAPE, a precursor for AEA. However, in cultured hippocampal
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neurons, acute treatment with 50 mM ethanol increased 2-AG and AEA levels
(Basavarajappa et al., 2008) raising the possibility that acute ethanol might produce cell-type
specific effects on endocannabinoid levels. In Wistar rats, acute treatment with 4 g/kg
ethanol caused elevated AEA in the NAc (Ceccarini et al., 2013). Likewise, acute ethanol
exposure caused an increase in AEA and NAPE-PLD, an enzyme involved in AEA
biosynthesis in the hippocampus and cortex of developing post-natal (PN) day 7 mouse pups
(Subbanna et al., 2013). In contrast, acute ethanol failed to alter 2-AG in PN7 mice
(Subbanna et al., 2013). Acute ethanol treatment in PN7 mice causes CB1-dependent
caspase-3 activation, neurodegeneration, inhibition of ERK 1/2 signaling, and DNA
methylation leading to long-term defects in novel object recognition memory (Subbanna et
al., 2013; Nagre et al., 2015). These studies suggest that acute ethanol treatment likely
increases endocannabinoid levels in native neuronal populations. Other studies have
demonstrated that acute ethanol administration decreased the level of AEA in plasma,
nucleus accumbens, cerebellum, and hippocampus of Wistar rats without having an effect on
the activities of NAT, FAAH, and NAPE-PLD, enzymes involved in AEA biosynthesis and
hydrolysis (Ferrer et al., 2007). This result is consistent with studies in neuroblastoma cells
showing that acute ethanol exposure decreases AEA levels. Conflicting reports on the effect
of acute ethanol on endocannabinoid levels make this a murky and unresolved issue.
Additional work investigating the effect of acute ethanol on AEA and 2-AG in additional
primary neuronal populations, and via other administration routes in vivo would help clarify
this issue.

11. Effects of chronic ethanol on endocannabinoids

Much evidence demonstrates that chronic ethanol exposure stimulates endocannabinoid
release in cultured cells as well as in the brain. Chronic treatment of SK-N-SH
neuroblastoma cells with 100 mM ethanol for 72 hours activates phospholipase A2 (PLA)),
an enzyme involved in the synthesis of AEA (Basavarajappa et al., 1997). PLA, activity was
also increased in the brains of Swiss-Webster mice subjected to four days of continuous
ethanol vapor inhalation. Interestingly, shorter one or two day ethanol vapor exposures
decreased PLA, activity in the brain suggesting that acute and chronic ethanol exposure may
have opposing effects on activation of PLA, (Basavarajappa et al., 1998). Chronic treatment
of neuroblastoma cells with ethanol for 72 hours caused an increase in AEA and NAPE
synthesis (Basavarajappa et al., 2008). Similarly, chronic treatment of cultured cerebellar
granule neurons with 100 or 150 mM ethanol stimulated extracellular AEA while inhibiting
FAAH activity (Basavarajappa et al., 2003).

Involuntary 72-hour exposure to ethanol vapor inhalation in mice increased AEA while
decreasing FAAH activity in the cortex (Vinod et al., 2006). Interestingly, the increase in
cortical AEA returned to basal levels after 24 hours of withdrawal, suggesting that ethanol-
stimulated endocannabinoid levels rapidly return to normal once chronic ethanol exposure is
stopped. Chronic intermittent ethanol (CIE) exposure in C57BI6 mice increased the amount
of 2-AG but not AEA in the dorsolateral striatum (DePoy et al., 2013). Chronic exposure of
non-selected Wistar rats to an ethanol-containing liquid diet increased AEA and 2-AG in the
limbic forebrain (Gonzalez et al., 2004). Consistent with other studies showing a decrease in
endocannabinoid levels during ethanol deprivation, the levels of AEA and 2-AG rapidly
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decreased in the limbic forebrain following cessation of ethanol treatment (Gonzalez et al.,
2004).

Sixty days of voluntary 10% (v/v) ethanol drinking in alcohol-preferring sP rats increased 2-
AG and AEA levels and decreased the amount of FAAH protein and activity in the striatum
(Vinod et al., 2010). In this study, subsequent alcohol deprivation decreased striatal levels of
AEA and 2-AG in a manner similar to the effect of withdrawal from involuntary ethanol
administration. This study also found higher basal levels of AEA in the hippocampus and
striatum and higher 2-AG in the cortex and hippocampus of sP rats compared to ethanol
non-preferring sNP rats (Vinod et al., 2010). This finding raises the possibility that high
basal levels of endocannabinoids might be a predisposing factor for elevated ethanol
consumption and abuse. Additional studies have shown that fixed ratio self-administration
of ethanol dose-dependently increased 2-AG but not AEA in the NAc shell of non-selected
Wistar rats (Caille et al., 2007). Acute systemic injection of ethanol also increased 2-AG but
decreased AEA in the NAc of ethanol-naive Wistar rats (Alvarez-Jaimes et al., 2009). These
studies demonstrate that contingent and non-contingent chronic ethanol exposure robustly
stimulate endocannabinoid levels in the brain.

Acute or repeated withdrawal from chronic ethanol-containing liquid diet in Wistar rats
decreased FAAH, MAGL, CBy, CB,, and GPR55 gene expression in the amygdala, and
these decreases were more pronounced following repeated cycles of withdrawal (Serrano et
al., 2012). Additional work demonstrates that endocannbinoid levels in the hippocampus of
Sprague-Dawley rats are increased by acute or protracted withdrawal from CIE
(Mitrirattanakul et al., 2007). Taken together, the rodent studies described in this section
demonstrate that chronic ethanol causes long lasting increases in endocannabinoid levels
across a wide range of different brain regions that can persist during protracted abstinence.

12. Effects of acute ethanol on CB,; coupling

Acute treatment of cultured hippocampal neurons with ethanol did not change CB; protein
levels (Basavarajappa et al., 2008). Acute treatment of Wistar rats with 4 g/kg ethanol had
no effect on NAT activity or the expression of NAPE-PLD, FAAH, or CB transcripts in the
hippocampus or cerebellum (Ferrer et al., 2007). However, other recent studies demonstrate
that acute ethanol treatment increases CB; transcript in the hippocampus and cortex of
developing PN7 mice (Subbanna et al., 2013). Small animal position emission tomography
(PET) imaging finds that acute ethanol treatment increases CB; availability in the NAc
(Ceccarini et al., 2013).

13. Effects of chronic ethanol on CB; coupling

Most studies indicate that chronic ethanol treatment in rodents, regardless of whether
ethanol administration is voluntary or not, causes decreased CB; protein expression and G
protein coupling. CB1 binding in Swiss-Webster mice subjected to 72 hours of involuntary
ethanol vapor exposure is decreased in the striatum indicating down-regulation of CB1 in
this brain region (Vinod et al., 2006). This study also found that CB; G protein coupling,
assessed by agonist-stimulated [3°S]-GTPyS binding, was decreased in the striatum
following chronic ethanol. The effects of involuntary chronic ethanol exposure were also
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examined using PET imaging. In this study, chronic exposure to an ethanol-containing
liquid diet decreases CB; availability in the striatum and hippocampus (Ceccarini et al.,
2013). Likewise, inhibition of evoked GABAergic IPSCs by WIN 55,212-2 was absent in
Layer I1/111 of mouse organotypic cortical slice cultures exposed to chronic ethanol (Pava
and Woodward, 2014).

Chronic voluntary consumption of ethanol in mice decreases CB binding and agonist-
stimulated [3°S]-GTPyS binding in the mouse limbic forebrain (Basavarajappa et al., 2006).
A similar effect of chronic voluntary access to ethanol on decreased CB; coupling was
observed in sP rats selected for high ethanol consumption. Interestingly, this decrease in
CB; coupling in sP rats was reversed by ethanol withdrawal (Basavarajappa et al., 2006),
closely paralleling the ability of withdrawal to reverse ethanol-induced up-regulation of
endocannabinoids in the brain. Decreased CB; protein and coupling was detected in naive
ethanol-preferring AA rats suggesting the possibility that altered basal endocannabinoid
signaling might underlie the increased ethanol consumption in this rat model. One possible
explanation for this observation is that elevated basal endocannabinoid levels might be
responsible for desensitizing and uncoupling CB; in ethanol-preferring rats (Hansson et al.,
2007; Vinod et al., 2012). Additional recent work has shown that CIE exposure causes
uncoupling of CB; and ablates CB1-mediated synaptic plasticity in organotypic cultures
from the dorsal striatum (Adermark et al., 2011; DePoy et al., 2013). This work also finds
enhancement of learning tasks mediated by the dorsal striatum that may underlie habit
formation associated with drug taking behavior (DePoy et al., 2013).

Some studies suggest that the effect of withdrawal on CB; coupling, binding, and transcript
levels is similar to what is observed for brain endocannabinoids with ethanol-induced effects
on CB;y returning to normal following 24 hours of ethanol deprivation (Vinod et al., 2006;
Serrano et al., 2012). Another study found that withdrawal from CIE increased CB;
transcript in the rat prefrontal cortex (Rimondini et al., 2002). Other work suggests that
withdrawal from CIE causes increased CB; protein in the hippocampus (Mitrirattanakul et
al., 2007; Ceccarini et al., 2013; Coelhoso et al., 2013), striatum (Ceccarini et al., 2013;
Coelhoso et al., 2013), and NAc (Coelhoso et al., 2013) that persist for up to 40 days. These
results suggest that persistent upregulation of CB4 occurs during acute withdrawal and
protracted abstinence.

The collective evidence indicates that chronic ethanol exposure potentiates levels of 2-AG
and AEA in the brain. However, work from Parsons and colleagues (Caille et al., 2007)
shows that contingent operant SA of ethanol may selectively up-regulate 2-AG but not
AEA. An opposite change occurs at the receptor level with chronic ethanol inducing a
decrease in CB1 binding and coupling, raising the possibility that ethanol-induced increases
in endocannabinoids drive CB; uncoupling in the brain.

12. Human studies on the role of endocannabinoid signaling in alcoholism

Recent work has investigated the effects of alcohol dependence on ECS signaling in the
human brain. Post-mortem analysis of individuals diagnosed with alcohol dependence found
decreased CB4 and FAAH protein, decreased CB1 coupling to G proteins, and decreased

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 February 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henderson-Redmond et al. Page 13

FAAH activity (Vinod et al., 2010). A second post-mortem analysis of ECS components
found a decrease in MAGL but not FAAH enzymatic activity without any differences in
MAGL protein levels (Erdozain et al., 2014). Human studies using the PET CB; ligand
[18F] FMPEP-d2 found decreased CB; binding in alcohol-dependent patients that correlated
with the length of abuse and was not reversed after 2-4 weeks of abstinence (Hirvonen et al.,
2013). A different PET imaging study found that acute alcohol in humans increased CBq
availability while chronic alcohol abuse caused a decrease in CB; that persists during
abstinence for at least one month (Ceccarini et al., 2014). A third PET imaging study found
decreased CB during early abstinence in alcohol dependent patients (Neumeister et al.,
2012). Although SR141716A (Rimonabant) decreases ethanol consumption in preclinical
animal models, treatment with 20 mg/day Rimonabant had no effect on alcohol consumption
in non-treatment seeking heavy alcohol drinkers (George et al., 2010) or relapse rate in
recently detoxified alcohol-dependent patients (Soyka et al., 2008).

Several studies have demonstrated a possible genetic link between ECS components and risk
of alcohol and poly-substance abuse. Studies examining a possible role of the silent
1359G/A Cnrl (CB1) polymorphism in alcohol abuse found mixed results. Some studies
showed this polymorphism was not associated with alcohol dependence (Zuo et al., 2007;
Benyamina et al., 2010), while another suggested that homozygosity at this allele conferred
increased risk of alcohol withdrawal delirium (Schmidt et al., 2002). Meta-analysis revealed
that a polymorphism in the AAT Cnrl repeat sequence is associated with substance
dependence (Benyamina et al., 2010). Another Cnrl polymorphism (rs2023239; also termed
TAG or the C allele) has been associated with increased risk of poly-substance abuse in
European, African American, and Japanese populations (Zhang et al., 2004). This
polymorphism was linked to increased CB; binding in the brain (Hutchison et al., 2008;
Hirvonen et al., 2013), increased activation of ventromedial prefrontal cortex and midbrain
by alcohol cues, and increased subjective reward for alcohol (Hutchison et al., 2008). A loss
of function mutation in FAAH (P129T) that confers decreased FAAH protein and catalytic
activity has been associated with problem alcohol and drug use (Sipe et al., 2002; Chiang et
al., 2004). In summary, human studies suggest a complex interplay between
endocannabinoid signaling and alcohol dependence by revealing that: 1) genetic variation in
endocannabinoid signaling might be linked to alcohol dependence; 2) blockade of CB4 with
Rimonabant does not attenuate alcohol consumption or relapse of problem drinking; 3)
alcohol dependence decreases CB binding and coupling as well as MAGL activity and
FAAH protein and activity.

13. Conclusions

Given the recent trend towards legalization of recreational marijuana, understanding how
AS-THC and ECS signaling affect alcohol motivated behavior and addiction is of great
importance. We reviewed results from a large number of laboratories showing that CB;
blockade or deletion disrupts voluntary consumption and self-administration of ethanol,
reward for ethanol, and relapse and reinstatement of ethanol-motivated behavior in
preclinical rodent models. Chronic exposure to ethanol stimulates endocannabinoid levels in
the rodent brain leading to decreased CB; binding and uncoupling of CB4 from G protein
signaling pathways that persist into acute withdrawal and protracted abstinence (Figure 1). A
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similar effect is observed in humans where binding of a CB4 PET ligand is reduced in
alcohol dependent individuals. Recent work has examined potential effects of negative
allosteric modulators of CB; in drug addiction models. It will be interesting to see whether
negative allosteric modulators of CB1 might suppress ethanol-motivated behavior in
preclinical models. Nonetheless, an improved and evolving understanding of the interplay
between the ECS and alcohol consumption helps shed light on the mechanisms of alcohol
use disorders and also furthers the possible development of ECS-directed drugs for treating
this disease.
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Highlights

An integrative analysis of literature related to the effects of endocannabinoid system
activation and inactivation on ethanol-motivated behavior,

A comprehensive review of previous work related to the impact of acute versus chronic
ethanol exposure on CB1-mediated endocannabinoid signaling,

Specific areas and questions on the topic of alcohol and endocannabinoid system
interactions where additional work is needed have been identified.
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Figure 1. Chronic ethanol down-regulates and uncouples CB; from G protein signaling
pathways

Under basal conditions in the absence of ethanol, the ECS is activated (designated as flames
surrounding the post-synaptic neuron) when the plasma membrane of the post-synaptic
neuron becomes depolarized by excitatory neurotransmission. Chronic treatment of cells and
animals with ethanol increases endocannabinoid levels through activation of
endocannabinoid-synthesizing enzymes such as PLA, and inhibition of endocannabinoid
hydrolytic enzymes such as FAAH. Consequently, elevated endocannabinoid levels cause
down-regulation of CB4 and also uncouple this receptor from downstream G protein
signaling pathways including modulation of ion channels (GIRKs and VGCCs), adenylyl
cyclase (AC), and MAPKSs. The effect of chronic ethanol treatment differs from acute
ethanol exposure, which does not cause marked down-regulation or desensitization of CB;
that persists during acute withdrawal and abstinence.
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Table 1
Voluntary Ethanol Drinking
Species | Strain or Gender Pharmacological Alcohol Alcohol References
Phenotype compound drinking Consumption
paradigm
Mice CB1-/- Male - Limited 3 Poncelet et al., 2003
Access
Mice CB1-/- Male - Limited } Thanos et al., 2005
Access
Mice CB1-/- Male and - Continuous i Hungund et al., 2003
Female Access
Mice CB1-/- Male and - Continuous 3 Naassila et al., 2004
female Access
Mice CB1-/- Male - Continuous 3 Wang et al., 2003
Access
Mice C57BI6 Male SR141716A Limited 4 Arnone et al., 1997
Access
Mice C57BIl6 Male WIN 55,212-2 Drinking in the 3 Linsenbardt & Boehm, 2009
Dark
Mice FAAH -/- Female - Continuous } Basavarajappa et al., 2006
Access
Mice FAAH -/- Male - Continuous i Vinod et al., 2008a
Access
Mice FAAH -/- Male - Continuous 3 Blednov et al., 2007
Access
Mice FAAH -/- Female - Continuous 3 Blednov et al., 2007
Access
Mice C57BI6 Male URB597 Continuous 1 Blednov et al., 2007
Access
Mice C57BIl6 Male URB597 Continuous 3 Vinod et al., 2008a
Access
Rat Sardinian Male SR141716A Limited } Colombo et al., 1998
ethanol- Access
preferring
Rat Sardinian Male SR141716A Continuous 3 Serra et al., 2001
ethanol- Access
preferring
Rat Fawn Hooded Male AM251 Continuous 4 Femenia et al., 2010
Access
Rat Wistar Male SR147778 Chronic 3 Lallemand & De Witte, 2006
Ethanol Vapor
Rat Sardinian Male WIN 55,212-2 or Continuous } Colombo et al., 2002
ethanol- CP 55,940 Access
preferring
Rat Sardinian Male Pre-Treatment with Continuous No a Colombo et al., 2002
ethanol- SR141716A blocked Access
preferring WIN 55,212-2 or

CP 55,940 stimulatory
effect
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Table 2
Ethanol Self-Administration
Species | Strain or Gender | Pharmacological | Self- Alcohol References
Phenotype compound Administration Self-
Schedules Administration
Rat Wistar Male SR141716A Fixed-ratio 3 Cippitelli et al., 2005;2007;2008
Rat Wistar Male SR141716A Fixed-ratio 3 Economidou et al., 2006
Rat Wistar Male SR141716A Fixed-ratio 3 Caille et al., 2007
Rat Wistar Male SR141716A Fixed and 3 Economidou et al., 2006
progressive-ratio
Rat Wistar Male SLV330 Fixed-ratio 4 de Bruin et al., 2011
Rat Long-Evans Male SR141716A Fixed-ratio second } Freedland et al., 2001
order schedule
Rat Wistar Male SR141716A Progressive-ratio Gallate & McGregor, 1999
Rat Wistar Male SR141716A Progressive-ratio Gallate et al., 2004
Rat Alko Alcohol Male SR141716A Fixed-ratio Malinen & Hyytia, 2008
(AA)
Rat P Male SR141716A Fixed-ratio 3 Getachew et al., 2011
reinstatement
Rat sP Male SR141716A Fixed-ratio extinction 3 Colombo et al., 2004
responding
Rat Wistar Male CP 55,940 Progressive-ratio 1 Gallate et al., 1999
Rat Alko Alcohol Male WIN 55,212-2 Fixed-ratio 3 Malinen & Hyytia, 2008
(AA)
Rat Wistar Male URB597 Progressive-ratio Noa Cippitelli et al., 2008
Rat Wistar Male URB597 into PFC Progressive-ratio 3 Hansson et al., 2007

(prefrontal cortex)
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