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Abstract
Background—Endogenous cannabinoids such as anandamide and 2-arachidonoylglycerol (2-
AG) exert important regulatory influences on neuronal signaling, participate in short- and long-
term forms of neuroplasticity, and modulate stress responses and affective behavior in part
through the modulation of neurotransmission in the amygdala. Alcohol consumption alters brain
endocannabinoid levels, and alcohol dependence is associated with dysregulated amygdalar
function, stress responsivity and affective control.

Methods—The consequence of long-term alcohol consumption on the expression of genes
related to endocannabinoid signaling was investigated using quantitative RT-PCR analyses of
amygdala tissue. Two groups of ethanol-exposed rats were generated by maintenance on an
ethanol liquid diet (10%): one group received continuous access to ethanol for 15 days, while the
second group was given intermittent access to the ethanol diet (5 days/week for 3 weeks). Control
subjects were maintained on an isocaloric ethanol-free liquid diet. To provide an initial profile of
acute withdrawal amygdala tissue was harvested following either 6 or 24 hours of ethanol
withdrawal.

Results—Acute ethanol withdrawal was associated with significant changes in mRNA
expression for various components of the endogenous cannabinoid system in the amygdala.
Specifically, reductions in mRNA expression for the primary clearance routes for anandamide and
2-AG (FAAH and MAGL, respectively) were evident, as were reductions in mRNA expression for
CB1, CB2 and GPR55 receptors. Although similar alterations in FAAH mRNA were evident
following either continuous or intermittent ethanol exposure, alterations in MAGL and
cannabinoid receptor-related mRNA (e.g. CB1, CB2, GPR55) were more pronounced following
intermittent exposure. In general, greater withdrawal-associated deficits in mRNA expression
were evident following 24 versus 6 hours of withdrawal. No significant changes in mRNA
expression for enzymes involved in 2-AG biosynthesis (e.g. DAGL-α/β) were found in any
condition.
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Conclusions—These findings suggest that ethanol dependence and withdrawal are associated
with dysregulated endocannabinoid signaling in the amygdala. These alterations may contribute to
withdrawal-related dysregulation of amygdalar neurotransmission.
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Introduction
Chronic alcohol exposure has been shown to affect the function of several neurotransmitter
systems in the central nervous system and these alterations are implicated in the
development of tolerance and dependence to ethanol (Koob et al., 1998). Among these
systems, a growing amount of evidence points to an important influence of the endogenous
cannabinoid system (ECS) in ethanol-related behaviors [for review see (Rodriguez de
Fonseca et al., 2005)].

The ECS is a lipid transmitter system, consisting of at least two G protein-coupled receptors,
CB1 and CB2, their endogenous ligands N-arachidonoylethanolamine (anandamide) and 2-
arachidonoylglycerol (2-AG), and the enzymes that are involved in the regulation and
metabolism of anandamide and 2-AG (Ahn et al., 2008; Di Marzo, 2008; Fowler, 2006). The
primary pathway for anandamide synthesis is mediated by a specific phospholipase D
(NAPE-PLD) (Okamoto et al., 2004), though alternate routes of anandamide formation have
also been proposed (Leung et al., 2006; Liu et al., 2008; Liu et al., 2006; Simon and Cravatt,
2006; Simon and Cravatt, 2008). The primary biosynthetic route for 2-AG is mediated by
two sn-1-selective DAG lipases, DAGL-α and DAGL-β (Bisogno et al., 2003). Inactivation
of endocannabinoid signaling is mediated by cellular reuptake and subsequent intracellular
hydrolysis. Fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) have
been identified as enzymes primarily responsible for the degradation of anandamide and 2-
AG, respectively (Cravatt et al., 1996; Dinh et al., 2002).

Several findings demonstrate that CB1 receptors exert a facilitory influence on ethanol
preference and consumption. While CB1 activation increases ethanol consumption in both
rats (Colombo et al., 2002) and mice (Wang et al., 2003), CB1 receptor antagonists such as
SR141716A decrease ethanol consumption (Arnone et al., 1997; Freedland et al., 2001;
Rodriguez de Fonseca et al., 1999). In agreement with these findings, CB1 receptor
knockout mice display low ethanol preference and intake compared to wild-type mice
(Hungund et al., 2003; Naassila et al., 2004; Thanos et al., 2005; Wang et al., 2003). In situ
hybridization studies have shown an increase in CB1 receptors mRNA expression in several
brain areas of Marchigian Sardinian alcohol-preferring rats, suggesting an altered function
of CB1 receptors in these genetically selected alcohol-preferring rats (Cippitelli et al., 2005).
Moreover, alcohol-preferring AA rats are characterized by reduced FAAH expression and
function in the prefrontal cortex (PFC) and localized infusion of the FAAH inhibitor
URB597 into the PFC increases ethanol consumption by outbred Wistar rats (Hansson et al.,
2007).

As occurs with other neurotransmitters (i.e., dopamine, corticotropin-releasing factor, etc.)
chronic ethanol exposure induces neuroadaptations in the ECS. These effects of ethanol are
dependent on the route of administration, dose, voluntary versus forced administration and
the duration of ethanol exposure. Acute intraperitoneal administration of ethanol decreases
anandamide but not 2-AG levels in the nucleus accumbens, and does not affect the
expression of CB1 receptors, NAPE-PLD or FAAH mRNA expression in various brain
regions (Ferrer et al., 2007). However, self-administered ethanol dose-dependently increases
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2-AG levels without modifying the levels of anandamide in nucleus accumbens
microdialysates (Alvarez-Jaimes et al., 2009; Caille et al., 2007). Long-term alcohol
exposure increases both 2-AG and anandamide formation in human neuroblastoma cells and
primary cultures of rodent cerebellar granule neurons (Basavarajappa and Hungund, 1999;
Basavarajappa et al., 2000; Basavarajappa et al., 2003). Consistently, chronic inhalation of
ethanol vapor induces a down-regulation of CB1 receptors and a desensitization of
cannabinoid-activated signal transduction (Basavarajappa et al., 1998; Basavarajappa and
Hungund, 1999; Vinod et al., 2006), suggesting the induction of overactive endocannabinoid
production. Although the exact nature of the neuroadaptive changes in humans are yet to be
described, several genetic polymorphisms of endocannabinoid-related genes confirm the
existence of a link between these signaling lipids and alcohol abuse. These include
polymorphisms and/or mutations of the genes encoding either the CB1 receptors (Comings
et al., 1997; Schmidt et al., 2002) or the anandamide degrading enzyme FAAH (Sipe et al.,
2002).

One of the most consistent features of alcohol abuse and alcoholism is the presence of
anxiety, mostly associated to withdrawal and protracted abstinence. One regional substrate
for alcohol-associated anxiety is the amygdala (Koob, 2009; Merlo Pich et al., 1995) which
is a crucial subcortical area that integrates reward, emotions and conditioned learning [for
review see (Rodriguez de Fonseca and Navarro, 1998)]. Although several studies have
demonstrated drug-induced alterations in amygdalar endocannabinoid function (Kamprath et
al., 2011; Orio et al., 2009; Rodriguez de Fonseca et al., 1997; Schmidt et al., 2011) there is
scarce information on the effects of chronic alcohol on the ECS components in the
amygdala. In the present study, we evaluated the effects of alcohol withdrawal following
chronic ethanol treatment on the expression of different cannabinoid signaling-related genes
in the amygdala. Since there is considerable evidence that repeated cycles of withdrawal
contribute to excessive ethanol consumption and progressively worsen withdrawal-
associated symptoms (Holter et al., 1998; Lopez and Becker, 2005; Overstreet et al., 2002;
Overstreet et al., 2004; Rimondini et al., 2002), we have compared the potential differences
existing between continuous and intermittent ethanol exposure on these neuroadaptations.

Materials and methods
Subjects

Male Wistar rats (Charles River, Wilmington, MA, USA) weighing 250–300 g at the
beginning of the experiments were housed in groups of two in a humidity and temperature-
controlled (22°C) vivarium on a 12 h light/dark cycle (lights off at 10AM). Upon arrival in
the vivarium, rats were allowed to acclimatize to the new environment for 7 days before any
experimental procedure was performed. The rats had ad libitum access to food and water,
except during exposure to an ethanol-containing liquid diet. All procedures were conducted
in strict adherence to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Chronic ethanol treatment
Regular chow diet was removed and replaced by the liquid diet consisting of chocolate
flavored Boost liquid nutritional supplement fortified with vitamins and minerals. Rats were
separated into two main groups; the chronic continuous diet and the chronic intermittent diet
groups (figure 1). The chronic continuous group was separated into two groups; the ethanol
group (n=16) received a diet containing 10% (w/v) ethanol and the control group (n=16)
received an ethanol-free diet supplemented with sucrose to equalize the caloric intake in
both groups. The diet was available 24 h for 15 days. The chronic intermittent group was
also separated into ethanol group (n=16) and control group (n=16) and maintained on the
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diet 5-days per week. On weekends the animals were given ad libitum access to chow and
water. This schedule was maintained for 3 weeks. This allowed the animals to undergo two
withdrawal periods of 2 days each prior to experiment, which was performed on day 1
during third withdrawal.

The ethanol intake was evaluated every day during maintenance of the liquid diet. The daily
ethanol intake data (g/kg) represent the mean of the average of ethanol ingest relative to
body mass per cage (2 rats/cage).

On the morning of the final liquid diet day, animals were maintained in their home-cage
with access to the regular chow diet and water. Rats were anesthetized by isoflurane
inhalation and decapitated 6 and 24 h after removing the liquid diet. Brains were quickly
removed, immediately frozen on dry ice and stored at −70°C until determination of the
expression of the main components of the endocannabinoid system using quantitative real-
time PCR.

Dissection of the amygdala
Brains were sectioned coronally (2 mm slices) in a rat brain matrix. The amygdala was
dissected out bilaterally with a 2-mm-diameter punch tool using the rat brain atlas of
Paxinos and Watson (Paxinos and Watson, 1998)

Quantitative real-time PCR
Quantitative real-time PCR was used to measure CB1, CB2, NAPE-PLD, FAAH, DAGL-α,
DAGL-β and MAGL mRNA levels. Total RNA from amygdala was extracted by using the
Trizol method, according the manufacturer’s instructions (Gibco BRL Life Technologies,
Baltimore, MD, USA). All RNA samples had A260/280 ratios of 1.8 to 2.0 after purification
with RNeasy micro- or minelute cleanup-kit (Quiagen, Hilden, Germany). Purified RNA
from each sample and random hexamers were used to generate first strand cDNA using
transcriptor reverse transcriptase (Roche Applied Science, Indianapolis, IN, USA). Negative
controls included reverse transcription reactions omitting reverse transcriptase. The obtained
cDNA was used as the template for quantitative real-time PCR, which was performed in an
iCycler system (Bio-Rad, Hercules, CA, USA) using the SYBR Green I detection format
(FastStart Universal Master kit, Roche). Each reaction was run in duplicate and contained
2.5 μl of cDNA template, 5 mM Cl2Mg and 0.4–0.5 μM of primers in a final reaction
volume of 15 μl. Cycling parameters were 95°C for 5 min to activate DNA polymerase, then
35–45 cycles of 95°C for 10 s, annealing temperature for 15 s (table 1) and a final extension
step of 72°C for 15 s in which fluorescence was acquired. Melting curves analysis were
performed to ensure only a single product was amplified. β-actin and Cyclophilin (Cyp)
were evaluated as endogenous reference gene candidates. Cyp was chosen the house-
keeping gene since it was more stable and no significant changes were detected between the
different groups in the present study. Thus, gene expression was normalized to Cyp. Primers
for PCR reaction (table 1) were designed based on NCBI database sequences of rat reference
mRNA and checked for specificity with BLAST software from NCBI website
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Quantification was carried out with a standard
curve run at the same time as the samples with each reaction run in duplicate. Absolute
values from each sample were normalized with regard to the house-keeping gene Cyp.

Blood alcohol assay
Blood samples were collected once per week during maintenance of the ethanol liquid diet.
Rats were tail-bled within the first 2–3 h after the beginning of the dark cycle. The method
consisted of clipping the tail approximately 5 mm from the tip to collect 100 μL of blood
into a microtube containing anticoagulant (4 μL heparin; 1000 USP units/mL). Samples

Serrano et al. Page 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://blast.ncbi.nlm.nih.gov/Blast.cgi


were centrifuged at 2000 g for 10 min. Serum was extracted and assayed for ethanol content
using the alcohol oxidase method (Analox Instrument LTD, Lunenburg, MA, USA).

Statistical analysis
All data for graphs and tables are expressed as the mean ± SEM. The different experiments
included 8–6 animals per group according to the assay. Statistical analysis of results was
performed using the computer program GraphPad Prism version 4.0 (GraphPad Software
Inc., San Diego, CA, USA). The significance of differences between groups were evaluated
by two-way analysis of variance (ANOVA) followed by a post hoc analysis for multiple
comparisons (Bonferroni test). A p-value below 0.05 was considered statistically significant.

Results
In the present study, we examined the effect of single and repeated withdrawals after a long-
term exposure to alcohol on the ECS in the amygdala of rats. For that purpose, we evaluated
changes on the gene expression of relevant components of the ECS, such as the CB1, CB2
and GPR55 receptors, and the synthesis (NAPE-PLD, DAGL-α and DAGL-β) and
degradation (FAAH and MAGL) enzymes, measured at 6 and 24 h into withdrawal.

Ethanol consumption and blood alcohol levels
The average daily ethanol intake by rats during the 3 weeks maintenance on continuous and
intermittent ethanol-containing liquid diet was 10.34±0.39 g/kg and 10.95±0.42 g/kg,
respectively, resulting in average blood alcohol concentrations of 401.8±16.4 mg/dL and
393.94±18.34 mg/dL, respectively (determined from measures taken 1x/week/rat; see
Materials and methods).

Effects of single and repeated withdrawal on anandamide-related enzyme mRNA
expression

The effects of long-term alcohol exposure on FAAH and NAPE-PLD mRNA levels
following 6 and 24 h of withdrawal are shown in figure 2. There was no significant effect of
prior ethanol exposure on FAAH expression measured 6 h into withdrawal (F1,24 = 0.4669;
n.s.) and also no significant influence of the pattern of ethanol exposure (e.g. continuous vs.
intermittent diet; F1,24 = 0.035; n.s.) (figure 2A). In contrast a robust ethanol-related
reduction in FAAH gene expression was evident following 24 h withdrawal (F1,28 = 16.53;
p < 0.0005), though there was no significant influence of the pattern of ethanol exposure on
this effect (pattern of exposure, F1,28 = 0.1901; n.s.; interaction between ethanol and
exposure pattern F1,28 = 1.55; n.s.) (figure 2B). Post-hoc analysis revealed a significant 61%
reduction in FAAH mRNA in rats given continuous ethanol access (p < 0.01) and a similar
(though non-significant) trend was evidence in animals given intermittent ethanol access.

Although there was no significant overall effect of ethanol exposure on NAPE-PLD mRNA
expression at either withdrawal time (6 h, F1,26 = 1.206; n.s.; 24 h, F1,25 = 0.5077; n.s.),
significant effects of exposure pattern were evident (6 h, F1,26 = 6.533; p < 0.05; 24 h, F1,25
= 4.576; p < 0.05) along with a significant interaction between ethanol and pattern of
exposure following 6 h (F1,26 = 6.533; p < 0.05) but not 24 h (F1,25 = 0.5077; n.s.)
withdrawal (figures 2C, 2D). In the continuous exposure group NAPE-PLD mRNA
expression was significantly increased (p < 0.05) following 6 h withdrawal, though this
effect was absent after 24 h withdrawal. In contrast, NAPE-PLD mRNA expression tended
to be reduced by intermittent ethanol exposure at both withdrawal time points.
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Effects of single and repeated withdrawal on 2-AG-related enzymes mRNA expression
The effects of long-term alcohol exposure on MAGL, DAGL-α and DAGL-β mRNA levels
following 6 and 24 h of withdrawal are shown in figure 3. Although no significant effect of
ethanol exposure was evident following 6 h withdrawal (F1,28 = 0.1287; n.s), a significant
influence of the pattern of ethanol exposure was present (F1,28 = 5.53; p < 0.05) with no
interaction between ethanol and exposure pattern (F1,28 = 0.8404; n.s) (figure 3A). By
contrast, a significant effect of ethanol exposure was evident following 24 h withdrawal
(F1,26 = 4.431; p < 0.05) with a significant 25% reduction in MAGL mRNA levels in the
intermittent ethanol exposure group (figure 3B). However, no significant effect of exposure
pattern (F1,26 = 1.653; n.s.) or interaction between ethanol and pattern (F1,26 = 2.922; n.s.)
were evident at this withdrawal time.

Similar to the effects on MAGL, there was no overall effect of ethanol on DAGL-α mRNA
expression after either 6 h (F1,27 = 1.076; n.s.) or 24 h (F1,27 = 0.4458; n.s.) withdrawal
(figures 3C, 3D). However, a significant effect of exposure pattern was evident following 6
h withdrawal (F1,27 = 7.460; p < 0.05) though no interaction between ethanol and pattern
was present (F1,27 = 2.833; n.s.). There was no effect of exposure pattern on DAGL-α
mRNA measured after 24 h withdrawal (F1,27 = 0.3421; n.s.). There were no effects of
ethanol exposure (6 h: F1,25 = 0.0837; n.s.; 24 h: F1,27 = 0.1007; n.s.) or pattern of exposure
(6 h: F1,25 = 4.099; n.s.; 24 h: F1,27 = 0.0252; n.s.) on DAGL-β mRNA levels(figures 3E,
3F).

Effects of single and repeated withdrawal on CB1, CB2 and GPR55 receptors
Following 6 h of withdrawal, CB1 receptor mRNA expression was significantly altered as a
function of alcohol exposure (F1,27 = 8.846; p < 0.01) and exposure pattern (F1,27 = 33.47; p
< 0.0001), though there was no significant interaction between these effects (F1,27 = 2.976;
n.s.) (figure 4A). Following 24 h withdrawal, the effect of ethanol on CB1 mRNA was no
longer significant (F1,26 = 0.4879; n.s.), though the significant effect of exposure pattern
persisted (F1,26 = 44.85; p < 0.0001) and no interaction between these effects was present
(F1,27 = 0.9919; n.s.) (figure 4B).

With regard to CB2 receptor mRNA after 6 h withdrawal, although there was a significant
influence of exposure pattern (F1,26 = 5.572; p < 0.05) there was no overall effect of prior
ethanol exposure (F1,26 = 2.02; n.s.) or interaction between ethanol and exposure pattern
(F1,26 = 0.7294; n.s.) (figure 4C). Following 24 h withdrawal there were significant
influences of both ethanol exposure (F1,27 = 7.791; p < 0.01) and exposure pattern (F1,27 =
7.104; p < 0.05) but no interaction between these factors (F1,27 = 2.859; n.s.) (figure 4D). At
this time point CB2 mRNA expression was significantly reduced in animals given
intermittent ethanol exposure (p < 0.01), and a tendency toward reduced levels was evident
in animals given continuous ethanol access.

Evaluations of GPR55 mRNA expression revealed that at the 6 h withdrawal time point
there was no significant influence of prior ethanol exposure (F1,27 = 3.293; n.s.) or pattern of
exposure (F1,27 = 0.00378; n.s.) (figure 4E). However, after 24 h withdrawal a significant
influence of prior ethanol exposure was evident (F1,27 = 8.049; p < 0.01) without a
significant influence of exposure pattern (F1,27 = 2.918; n.s.) or interaction between ethanol
history and exposure pattern (F1,27 = 0.08442; n.s.) (figure 4F). At this time point GPR55
mRNA expression tended to be lower in ethanol exposed rats, regardless of the pattern of
exposure the animals received.
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Discussion
In the present study we evaluated the effects of chronic ethanol exposure and withdrawal on
the amygdalar ECS using two different scheduled access protocols consisting of continuous
versus intermittent access to an ethanol liquid diet. The results indicate that alcohol exposure
affects gene expression for the primary clearance routes for anandamide and 2-AG as well
as the mRNA expression for CB1, CB2 and GPR55 receptors. Specifically, we observed that
the first withdrawal after continuous alcohol exposure primarily altered gene expression
related to anandamide biosynthesis and clearance, while repeated withdrawals induced by
intermittent alcohol exposure also altered gene expression for the 2-AG degrading enzyme
MAGL and cannabinoid receptors (CB1, CB2 and GPR55). The average daily ethanol
consumption and blood alcohol concentrations did not differ between the continuous and
intermittent access groups, and as such the differential effects observed following these
exposure protocols likely reflects the influence of singular versus multiple withdrawal
periods. The relevance of the present findings is derived from the important influence of
endocannabinoid signaling in the regulation of emotionality (Hill and Gorzalka, 2009; Lutz,
2009; Moreira and Wotjak, 2010), and the known involvement of the amygdala in mediating
dependence-related disruption of affective state, dependence-related increases in alcohol
consumption and relapse behaviors.

Previous observations have described neuroadaptations in the ECS in response to alcohol
exposure. Biochemical studies have shown that chronic ethanol administration is associated
with elevated formation of both anandamide and 2-AG in SK-N-SH cells and cerebellar
granule neurons (Basavarajappa and Hungund, 1999; Basavarajappa et al., 2000;
Basavarajappa et al., 2003). In whole animal studies, chronic ethanol vapor inhalation by
mice results in a widespread reduction of CB1 receptor density and CB1 agonist-induced G
protein activation (Basavarajappa et al., 1998; Basavarajappa and Hungund, 1999; Vinod et
al., 2006). However, alcohol exposure appears to produce regionally distinct effects on brain
endocannabinoid levels. For example, while alcohol exposure increases tissue anandamide
content in limbic forebrain structures and nucleus accumbens (Gonzalez et al., 2002;
Gonzalez et al., 2004), significant decreases in anandamide content are observed in the
amygdala, hippocampus and prefrontal cortex (Malinen et al., 2009; Rubio et al., 2007).
Inconsistent effects of ethanol exposure on tissue anandamide levels in the caudate putamen
and 2-AG levels in the prefrontal cortex have also been reported (Malinen et al., 2009;
Rubio et al., 2007), and this may result from experimental factors such as rat strain, gender
and experimental paradigm employed.

The present results show that withdrawal from chronic alcohol exposure is associated with
alterations in the ECS that appear to be reliant both on the nature of exposure and the
duration of withdrawal. In our study, rats given continuous access to ethanol liquid diet
displayed an increase in mRNA expression for the anandamide biosynthesis enzyme NAPE-
PLD at early phases of withdrawal (6 h) and a significant reduction in mRNA expression for
the anandamide clearance enzyme FAAH at later withdrawal times (24 h). If these
alterations in mRNA expression confer changes in enzyme levels or function, the observed
increase in anandamide biosynthesis and decrease in clearance suggests a withdrawal-
associated potentiation of anandamide signaling. We suspect that this may reflect a
homeostatic response to alcohol-induced reductions in brain interstitial anandamide levels
(Ferrer et al., 2007). In contrast to these effects on anandamide, no changes in the expression
of 2-AG related genes were evident in the continuous ethanol exposure group. In this regard,
the present results are consistent with evidence of decreased anandamide levels with no
change in 2-AG levels in rat amygdalar tissue during the early stages of ethanol withdrawal
(Rubio et al., 2008). While no significant changes in cannabinoid receptor mRNA
expression were evident following 6 h withdrawal from continuous ethanol exposure, there
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was a tendency toward reduced CB1, CB2 and GPR55 mRNA expression at 24 h withdrawal
from continuous exposure. This temporal profile aligns with the onset of decreased FAAH
expression at 24 h, but not 6 h of withdrawal from continuous ethanol, which may confer
increased anandamide levels at this later stage of acute withdrawal. However, recent
evidence that chronic FAAH inhibition does not alter CB1 receptor expression or function
(Schlosburg et al., 2010) suggests the presently observed temporal profile for altered FAAH
and cannabinoid receptor mRNA expression are not functionally linked. Down-regulation of
FAAH expression likely results not only decreased clearance of anandamide but also other
N-acylethanolamines including oleoylethanolamide (OEA) and palmitoylethanolamide
(PEA). These lipids signal through nuclear PPAR receptors and do not possess significant
affinity for classical cannabinoid receptors. However, PEA is a potent agonist at GPR55
receptors (Godlewski et al., 2009) and it is conceivable that increased levels of PEA
resulting from decreased clearance by FAAH contribute to reductions in GPR55 mRNA
expression present after 24 h ethanol withdrawal.

Withdrawal from intermittent ethanol exposure was generally associated with greater
disruptions in ECS gene expression than observed during withdrawal from continuous
ethanol exposure. Consistent with abstinence from continuous exposure, expression of
FAAH and CB1 mRNA were decreased during withdrawal from intermittent ethanol
exposure. In addition, withdrawal from intermittent ethanol exposure was also characterized
by significant reductions in mRNA expression for the 2-AG hydrolytic clearance enzyme
MAGL as well as mRNA expression for CB2 and GPR55 receptors. Moreover, the onset of
reduced CB1 and GPR55 mRNA expression occurred earlier in the progression of
withdrawal and in the case of GPR55 this reduction in expression persisted through to the 24
h withdrawal time-point. While a functional correlation between deficits in mRNA
expression for endocannabinoid clearance mechanisms and cannabinoid receptors remains to
be determined, the present data clearly demonstrate greater disruptions in amygdalar ECS
components following repeated versus singular ethanol withdrawals.

In this regard, prior studies have demonstrated a sensitization of stress-induced increases in
forebrain and amygdalar tissue 2-AG levels following repeated episodes of stress, and this
enhancement of stress-induced 2-AG signaling is linked to the behavioral and physiological
habituation to repeated homotypic stress (Patel et al., 2004; Patel et al., 2005b). In light of
the stressful nature of alcohol withdrawal the present observation of altered MAGL mRNA
expression following repeated but not singular withdrawals is consistent with these prior
observations. In this context, recent evidence suggests that the brain ECS is activated in
response to anxiogenic situations, and that this activation is part of a negative feedback
system that limits the expression of anxiety-like behavior (Gaetani et al., 2003; Haller et al.,
2002; Hill and Gorzalka, 2009; Lutz, 2009; Moreira and Wotjak, 2010). Indeed,
enhancement of endocannabinoid signaling through inhibition of endocannabinoid clearance
mechanisms produces anxiolytic-like behavioral effects in rodents (Bortolato et al., 2006;
Kathuria et al., 2003; Rutkowska et al., 2006; Sciolino et al., 2011). In this context, the
presently observed withdrawal-related decrease in gene expression for endocannabinoid
clearance mechanisms may reflect a homeostatic mechanism to increase endocannabinoid
signaling and thereby constrain physiological and behavioral stress responses. Consistent
with this hypothesis is evidence that inhibition of FAAH activity reduces alcohol
withdrawal-associated anxiety-like behavior (Cippitelli et al., 2008).

An unexpected finding from the present experiment is evidence for a disruption in the
circadian cycling that has been characterized for some ECS related genes (Valenti et al.,
2004). In the present study samples taken at the 6 h withdrawal time were harvested during
the dark phase of the diurnal cycle, while those for the 24 h withdrawal time were harvested
during the light phase of the cycle. In ethanol-naïve control animals, we observed that
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FAAH gene expression is significantly higher during the light phase of the diurnal cycle, in
agreement with previous reports of increased FAAH activity during the light phase (Glaser
and Kaczocha, 2009; Valenti et al., 2004). However, these diurnal changes in FAAH
expression were absent animals previously exposed to chronic ethanol (see figure 2). The
mechanism underlying this effect is unknown, though it is possible that dependence-related
disruption in glucocorticoid signaling (Little et al., 2008) plays a role given the known
influence of glucocorticoids in the regulation of FAAH activity (Waleh et al., 2002). The
possible disruption in diurnal FAAH expression or activity may have implications for the
well-known disruption of sleep patterns associated with alcohol dependence and withdrawal
(Landolt and Gillin, 2001; Trevisan et al., 1998) given that FAAH is the primary clearance
route for oleamide that is a sleep-induced fatty acid amide (Boger et al., 1998; Labar and
Michaux, 2007). However, the linkage between the present observation of disrupted diurnal
cycles of FAAH mRNA expression and dependence-related sleep disruptions is tenuous and
certainly requires further investigation.

One important caveat related to the present results is the fact that while our tissue sampling
procedure selectively dissected amygdalar tissue, this approach did not differentiate between
amygdalar sub-nuclei. This may be an important consideration in light of the differential
expression of ECS components within subregions of the amygdala. Immunohistochemical
analysis revealed very high levels of CB1 receptors in the lateral amygdala and basolateral
amygdala (BLA) (Herkenham et al., 1991; Katona et al., 2001) with no detectable signaling
in the central amygdala (CeA). Electrophysiological studies also demonstrated robust CB1
influence in the lateral amygdala and BLA and a lack of CB1 receptor influence in the CeA
(Katona et al., 2001). However, other studies have detected faint but consistent
immunopositive CB1 signal in the CeA (Kamprath et al., 2011; McDonald and Mascagni,
2001; Patel et al., 2005a; Tsou et al., 1998) and recent work has demonstrated a robust
endocannabinoid influence on both excitatory and inhibitory transmission in the CeA
(Kamprath et al., 2011; Roberto et al., 2010). Thus, CB1 receptor expression in amygdala is
predominantly localized to the BLA with much lower, yet functionally significant levels
found in the CeA. The distribution of FAAH and MAGL follows a similar pattern, with a
dense presence of these hydrolytic enzymes in the BLA and much less prominent expression
in the CeA (Gulyas et al., 2004). Because of this profile of ECS components in the
amygdalar nuclei, it is possible that relatively large ethanol-induced changes in the
expression of endocannabinoid-related genes in the CeA are overwhelmed by the overall
greater presence of ECS genes in the BLA. Because of the more pronounced presence of
ECS components in the BLA versus CeA, it is likely that the present findings are largely
reflective of ethanol-induced changes in ECS gene expression in the BLA. In other words,
even relatively large ethanol-induced changes in the expression of endocannabinoid-related
genes in the CeA may be masked by the much greater presence of ECS genes in the BLA.

In this context it is worth emphasizing that the BLA and CeA play distinct roles in
mediating the behavioral and physiological effects of ethanol (Huang et al., 2010; Moonat et
al., 2011; Radwanska et al., 2008) and chronic ethanol exposure has been shown to induce
differential physiological effects in these two amygdalar nuclei (Bertotto et al., 2011;
Pandey et al., 2008; Ruggeri et al., 2010; Zhang and Pandey, 2003). Accordingly it will be
important in future studies to more closely investigate sub-regional differences in the effects
of chronic ethanol on ECS function in the nuclei of the amygdala.

In summary, we report that withdrawal from chronic alcohol exposure is associated with
alterations in the amygdalar ECS that appear to be reliant both on the nature of exposure and
the duration of withdrawal. In general, exposure to repeated withdrawals was associated
with more broad and robust alterations in ECS gene expression (including FAAH, MAGL
and cannabinoid receptors) while singular withdrawal was primarily associated only with
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anandamide-related disruptions in gene expression, and greater withdrawal-associated
deficits in mRNA expression were evident following 24 h versus 6 h of withdrawal. These
findings provide initial evidence for an involvement of the amygdalar ECS in the
manifestation of negative motivational states and enhanced stress responsivity associated
with alcohol dependence and withdrawal.
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Figure 1.
Experimental design used for the different scheduled access protocols: the chronic
continuous diet and the chronic intermittent diet. Abbreviations: LD, liquid diet; WD,
withdrawal.
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Figure 2.
Effect of a single or repeated withdrawal on mRNA expression of FAAH (A, B) and NAPE-
PLD (C, D) in the amygdala. Samples were collected at 6 and 24 h into withdrawal.
Absolute values from each sample were normalized with regard to the housekeeping gene
cyclophilin. Graphs represent the mean ± SEM (6–8 animals per group). Data were analyzed
by two-way ANOVA (alcohol exposure and type of diet) and a Bonferroni post-test. *p <
0.05 and **p < 0.01 denote significant differences compared to the corresponding vehicle-
treated group.
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Figure 3.
Effect of a single or repeated withdrawal on mRNA expression of MAGL (A, B), DAGL-α
(C, D) and DAGL-β (E, F) in the amygdala. Samples were collected at 6 and 24 h into
withdrawal. Absolute values from each sample were normalized with regard to the
housekeeping gene cyclophilin. Graphs represent the mean ± SEM (6–8 animals per group).
Data were analyzed by two-way ANOVA (alcohol exposure and type of diet) and a
Bonferroni post-test. *p < 0.05 denotes significant differences compared to the
corresponding vehicle-treated group.
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Figure 4.
Effect of a single or repeated withdrawal on mRNA expression of CB1 (A, B), CB2 (C, D)
and GPR55 receptors (E, F) in the amygdala. Samples were collected at 6 and 24 h into
withdrawal. Absolute values from each sample were normalized with regard to the
housekeeping gene cyclophilin. Graphs represent the mean ± SEM (6–8 animals per group).
Data were analyzed by two-way ANOVA (alcohol exposure and type of diet) and a
Bonferroni post-test. **p < 0.01 denotes significant differences compared to the
corresponding vehicle-treated group.
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