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Abstract
Background—Alcoholics report persistent alcohol craving that is heightened by cognitive cues,
stressful situations, and abstinence. The role of endogenous cannabinoids in human alcohol craving
—though long suspected—remains elusive.

Materials and methods—We employed laboratory exposure to stress, alcohol cue, and neutral
relaxed situations through guided imagery procedures to evoke alcohol desire and craving in healthy
social drinkers (n=11) and in treatment-engaged, recently abstinent alcoholic subjects (n=12) and
assessed alcohol craving, heart rate, and changes in circulating endocannabinoid levels. Subjective
anxiety was also measured as a manipulation check for the procedures.

Results—In healthy social drinkers, alcohol cue imagery increased circulating levels of the
endocannabinoid anandamide, whereas neutral and stress-related imagery had no such effect.
Notably, baseline and response anandamide levels in these subjects were negatively and positively
correlated with self-reported alcohol craving scores, respectively. Cue-induced increases in heart rate
were also correlated with anandamide responses. By contrast, no imagery-induced anandamide
mobilization was observed in alcoholics, whose baseline anandamide levels were markedly reduced
compared to healthy drinkers and were uncorrelated to either alcohol craving or heart rate.

Conclusions—The results suggest that plasma anandamide levels provide a marker of the desire
for alcohol in social drinkers, which is suppressed in recently abstinent alcoholics.
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Introduction
Unlike healthy drinkers, who can moderate their desire for alcohol, alcoholics often suffer from
persistent craving that is heightened by cognitive cues, stressful life events, or abstinence
(Sinha 2007; Sinha et al. 2009). Theories of alcohol addiction conceptualize this loss of control
as a disease state in which homeostatic mechanisms that respond to rewarding stimuli are partly
replaced by maladaptive stress signals (Koob and Le Moal 2005; Sinha 2007). The neural
processes underlying this transition remain incompletely understood, though animal studies
suggest involvement of multiple neurotransmitter systems, including the endogenous
cannabinoids anandamide (arachidonoylethanolamide) and 2-arachidonoylglycerol (2-AG)
(Fattore et al. 2007). Animal experiments have implicated these lipid messengers in the
response to pleasurable stimuli (Bortolato et al. 2007; Mahler et al. 2007; Rademacher and
Hillard 2007; Soria-Gomez et al. 2007;) and in the modulation of stress-related behaviors
(Bortolato et al. 2007; Gobbi et al. 2005; Hill et al. 2005, 2006a, b; Hohmann et al. 2005;
Kathuria et al. 2003; Patel et al. 2005; Scherma et al. 2008). For example, blockade of
anandamide deactivation by inhibition of the intracellular enzyme fatty-acid amide hydrolase
(FAAH; Kathuria et al. 2003) restores normal body-weight gain and sucrose intake in rats
subjected to chronic mild stress (Bortolato et al. 2007), while inhibition of anandamide
transport reduces alcohol self-administration in rats (Cippitelli et al. 2007). Moreover, FAAH
inhibition or direct anandamide injections into the nucleus accumbens stimulate feeding (Soria-
Gomez et al. 2007) and enhance “liking” reactions elicited by intraoral sucrose in rats (Mahler
et al. 2007). On the other hand, genetic or pharmacological blockade of FAAH activity
increased alcohol preference in mice (Vinod et al. 2008). Despite this and other emerging
evidence (Basavarajappa 2007), the role of the endocannabinoid system in the response to
rewarding stimuli in humans remains largely unknown.

Alcohol craving can be elicited experimentally by having subjects imagine, while listening to
audio-taped narratives, personalized alcohol-related or stressful life events reconstructed from
prior interviews. Using this guided-imagery approach, it has been shown that (1) exposure to
alcohol or drug-related imagery increases alcohol craving in healthy drinkers, alcoholics, and
drug-dependent individuals (Fox et al. 2007, 2008, Sinha et al. 2003, 2009); (2) exposure to
stress-related imagery elicits robust alcohol craving in alcoholics but has minimal effect in
healthy drinkers (Chaplin et al. 2008; Sinha et al. 2009); and (3) exposure to neutral imagery
provides an active control condition for comparison of nonspecific effects (Sinha 2007; Sinha
et al. 2009)). Notably, increases in alcohol craving responses, such as those elicited by guided
imagery, are predictive of relapse and treatment outcomes (Anton et al. 1996; Brady et al.
2006; Cooney et al. 1997; Sinha et al. 2006; Sinha 2007).

In addition to craving, exposure to cues and stress also evokes a series of physiological
responses that include changes in heart rate, blood pressure, and skin conductance (Carter and
Tiffany 1999; Sinha 2001a; Sinha et al. 2009). Furthermore, cue-related increases in heart rate
are significantly associated with cue-induced alcohol craving responses in a meta-analysis of
cue reactivity studies (Carter and Tiffany 1999). More recently, we have shown that this
significant association is observed in social drinkers and not in abstinent alcoholics and more
robustly in men than women (Chaplin et al. 2008; Sinha et al. 2009). These increased heart
rate responses, which are initiated by imagery-induced activation of the autonomic nervous
system, are sensed by polymodal C- and Aδ-fibers and are transmitted via spinothalamocortical
connections to specific brain regions including the insular cortex, a brain region that is
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specifically involved in the integration of body-state information (Contreras et al. 2007; Craig
2002; Naqvi et al. 2007) and also known to play a role in the complex neural circuitry associated
with drug craving (Contreras et al. 2007; Naqvi et al. 2007).

In the present study, we asked whether peripheral endocannabinoid signaling contributes to
the interoceptive state experienced during craving for alcohol. To address this question, we
used the guided imagery method—a widely used approach for experimental provocation of
emotion, stress, mood, and craving states (e.g., Drobes and Tiffany 1997; Litt and Cooney
1999; Mayberg et al. 1999; Orr et al. 1993; Pitman et al. 1987; Sinha 2007; Sinha et al. 2009;
Teasdale et al. 1999) to elicit alcohol craving in healthy social drinkers and abstinent alcoholics.
Subjects were presented with stress, alcohol cue, and neutral imagery across three experimental
sessions on consecutive days, one exposure per day, with order randomized and
counterbalanced across subjects. Concentrations of circulating endocannabinoids were
assessed at multiple time points on each day and were compared to self-reported levels of
alcohol craving and changes in heart rate responses.

Materials and methods
Participants

Treatment-seeking individuals (n=12; ten men, two women) meeting Diagnostic and Statistical
Manual of Mental Disorders (DSM)-IV criteria for current alcohol dependence (AD) were
admitted to the Clinical Neuroscience Research Unit (CNRU) of the Connecticut Mental Health
Center at Yale University for 5 weeks of inpatient treatment and research participation. The
CNRU is a locked inpatient treatment research facility with no access to alcohol or drugs and
limited access to visitors. Urine and breath analyzer testing were conducted regularly to ensure
continued abstinence. All patients participated in specialized substance abuse treatment for 4
weeks prior to the laboratory sessions. Healthy individuals (n=11, nine men, two women), who
did not meet current or lifetime DSM-IV criteria for alcohol dependence were recruited from
the community via local advertisements. Healthy subjects were light social drinkers (SD; up
to six drinks weekly) and had been abstinent an average of 40±24.19 days. Although average
age was significantly different between social drinkers and abstinent alcoholics, age was not
found to contribute significantly to anandamide responses in this study and was not correlated
to circulating anandamide levels in our previous studies (Giuffrida et al. 2004; Leweke et al.
2007). Participants did not meet current DSM-IV criteria for dependence on any other
psychoactive substances, with the exception of alcohol and nicotine in the AD group. In
addition, individuals on medications for medical or psychiatric problems were excluded from
the study. All subjects underwent a complete medical evaluation to ensure good physical health,
and the study was approved by the Human Investigation Committee of the Yale University
School of Medicine.

All participants completed demographic, diagnostic Structured Clinical Interview for DSM-
IV-I (First et al. 1995) and alcohol and drug use assessments over the course of two to three
intake sessions. Following these sessions, healthy individuals were admitted for a three-night
stay to the Yale General Clinical Research Center to participate in three laboratory sessions on
consecutive days. Alcoholic individuals were similarly tested in three laboratory sessions after
28 days of abstinence.

Procedures
Imagery script development procedures—Prior to the laboratory sessions, guided
imagery scripts for alcohol cues, personal stressors, and neutral relaxing states were developed.
Alcohol cue scripts were developed based on situations that included alcohol-related stimuli
and resulted in subsequent alcohol use (e.g., buying alcohol, being at a bar, watching others
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drink alcohol). Alcohol-related situations that occurred in the context of negative affect or
psychological distress were not allowed. Stress imagery scripts were developed from subjects’
descriptions of recent personal stressful events that were experienced as “most stressful.”
“Most stressful” was determined by having the subjects rate their individual level of distress
for each stressful situation on a ten-point Likert scale where “1=not at all stressful” and “10=the
most stress they felt recently in their life.” Only situations rated as 8 or above were accepted
as appropriate for script development. Examples include a breakup with a significant other or
unemployment-related stress. Neutral scripts were developed from the participants’ individual
experiences of commonly experienced neutral relaxing situations, such as a summer day
relaxing at the beach or a fall day reading at the park. Details of each elicited situation were
described using the Scene Construction Questionnaires, based on methods developed by Lang
et al. (1980, 1983) and further adapted in our previous work with drinking samples (Chaplin
et al. 2008; Fox et al. 2007; Sinha 2001b; Sinha et al. 2003, 2009).

Each script presented during the laboratory sessions was 5 min in length and was audio-taped
and presented on consecutive days, one stimulus script presentation per day presented in a
randomized order and counterbalanced across participants. All research staff and laboratory
technicians involved in conducting the experimental procedures, including blood processing
and assay analysis, were blind to the type of the imagery condition and content of the scripts
assigned to each laboratory session. Subjects remained blind to the order of the imagery
condition until imagery induction on each day.

Habituation and imagery training session—On a day prior to the laboratory sessions,
subjects were brought into the testing room where they were acclimatized to specific aspects
of the study procedures, such as intravenous insertion, and training in completing the subjective
rating forms and specific training in relaxation and imagery procedures (Sinha 2001b).

Laboratory sessions—On each day, subjects abstained from breakfast and were brought
into the testing room at 8:00 A.M. by the research nurse. All subjects were allowed an initial
smoke break at 7:30 A.M. to address potential nicotine craving. After settling into a sitting position
in a hospital bed, a heparin-treated catheter was inserted by the research nurse in the antecubital
region of the subject's nonpreferred arm, in order to periodically obtain repeated blood samples
during the laboratory sessions. A pulse sensor was also attached to the subject's index finger
on that same arm. This was followed by a 1-h adaptation period. At 9:00 A.M., subjects were
provided headphones, and the audiotape presented the instructions for the imagery procedure
and the script for guided imagery. After imagery, subjects remained in the testing room for an
additional 75 min for repeated measurements to examine recovery from the imagery exposure.
After the last assessment at 10:30 A.M., the subject was disconnected from the apparatus and
served breakfast.

Laboratory assessments
Subjective measures
Alcohol craving—Desire to drink alcohol was assessed using a ten-point visual analog scale
(VAS) in which 1 was anchored at “not at all” and10at “extremely high.” Subjects rated their
“desire for an alcoholic drink” in that moment. Alcohol craving was assessed prior to imagery
(−5), immediately following imagery (0 time point) and at +15, +30, +45, +60, and +75 min
after imagery.

Subjective anxiety—Anxiety was assessed using a ten-point VAS in which 1 was anchored
at “not at all” and 10 at “extremely high” for how “anxious, tense, and/or jittery” subjects felt
in that moment. Subjective anxiety was assessed prior to imagery (−5), immediately following
imagery (0 time point) and at +15, +30, +45, +60, and +75 min after imagery.
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Physiological measures
Heart rate—A pulse sensor was attached to the subject's finger and connected to the Dinamap
Monitor to provide a continuous measure of pulse. Heart rate was averaged for the 5 min prior
to imagery (as a baseline measurement), during the imagery period (averaged for the 0 time
point) and then at each of the +15, +30, +45, +60, and +75 min after imagery.

Plasma preparation—To assess plasma levels of endocannabinoids, 4 ml of whole blood
were collected in heparinized EDTA glass vials at two baseline timepoints (−20 and −5),
immediately following imagery (0 time point) and at +15, +30, +45, +60, and +75 min after
imagery for all three experimental sessions. The tubes were placed on ice immediately after
blood drawing. Within 30 min of collection, the blood was centrifuged at 4°C, and 2 ml of
plasma were pooled, aliquoted, and stored at −80°C until shipment to the University of
California, Irvine for analysis.

Lipid extraction from plasma—Anandamide, oleoylethanolamide (OEA), and 2-
arachidonoylglycerol were extracted from 0.3 ml of plasma/sample essentially as described
(Giuffrida et al. 2000), with minor modifications. Proteins were precipitated by adding an equal
volume of acetone (−20°C) containing deuterium-labeled internal standards for anandamide,
OEA, and 2-AG, followed by centrifugation at 1,000×g for 10 min. Supernatants were
collected, and residual acetone was evaporated under a stream of nitrogen. Lipids were
extracted using chloroform/methanol (2:1 vol/ vol), and the organic phase was concentrated
for liquid chromatograpy/mass spectrometry (LC/MS) analyses.

LC/MS analyses—Anandamide, OEA, and 2-AG were fractionated using an Agilent 1100
Series LC/MS system (Palo Alto, CA, USA), equipped with a Zorbax Eclipse XDB-C18
cartridge column (4.6×50 mm i.d., 1.8 μm). We used a gradient of methanol (B) in water (A)
at a flow rate of 1.5 ml min−1 (85% to 90% B in 2 min; 90% to 100% B in 1 min; isocratic
100% B for 1 min and an equilibration time of 3 min) and a column temperature of 40°C. MS
analyses were performed with an electrospray ion source in the positive ionization mode.
Capillary voltage was 3,000 V, and fragmentor voltage was varied from 120 to 140 V. Nitrogen
gas flow was 13 l min−1 at 350°C, and nebulizer pressure was 60 psi. Sodium adducts of
molecular ions ([M+Na+]) of anandamide (mass-to-charge ratio, m/z=370), OEA (m/z=348),
and 2-AG (m/z=401) were quantified in the selected-ion monitoring mode using appropriate
deuterium-containing internal standards. Spectra were acquired at 0.6 s/cycle and collected
with Agilent Chemstation software.

Statistical analyses
Linear Mixed Effect (LME) models (Laird and Ware 1982) were implemented to analyze
baseline and change from baseline measures, using the SAS software package (version 9.1,
2006; SAS Institute, Cary, NC, USA). Fixed effect factors were the between-subjects factor
of group (healthy vs. alcoholic drinkers) and the within-subjects factors of imagery condition
(alcohol cues, stress, and neutral) and time point (varying levels), and subjects the random
effect factor. LMEs are particularly well suited when the design calls for repeated
measurements within the same individual that can lead to positive correlations between
measurements. Such models are also useful if data are missing, as it prevents the exclusion of
subjects with missing data points (Littell et al. 1998). Spearman's Rho coefficients were used
to assess correlations between anandamide measurements and alcohol craving and heart rate
responses.
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Results
Participants

There were no differences between the alcoholic and healthy drinking groups on gender, race,
years of education, body mass index (BMI), and lifetime prevalence of psychiatric disorders.
However, the alcoholics were significantly older in age and were all smokers, while the socially
drinking group was younger, and only 36% were smokers (see Table 1).

Circulating endocannabinoid levels
Baseline endocannabinoid levels in plasma were consistent with those reported in previous
studies using similar analytical approaches (Sparling et al. 2003). Baseline plasma anandamide
were markedly reduced in abstinent alcoholics compared to healthy social drinkers
(F1,20=10.68, P=0.004; Fig. 1a).

To assess response to imagery procedures, LME analysis of change from baseline measure
revealed an overall significant imagery main effect (F2,38=6.81, P=0.003) and a group ×
imagery interaction (F2,38=5.94, P=0.006). Simple effects analysis indicated that, in healthy
drinkers, alcohol cues significantly increased plasma anandamide levels when compared to
neutral or stress-related imagery (Fig. 1b–d). There was an overall effect of stress-related
imagery to decrease anandamide, but no single time-point reached statistical significance (Fig.
1c). Underscoring the biochemical selectivity of this response, alcohol cues did not alter plasma
concentrations of the other major endocannabinoid ligand, 2-AG, or those of OEA, a
noncannabinoid analogue of anandamide (Table 1). Importantly, no alcohol cue-induced
anandamide mobilization was observed in the alcoholics (Fig. 1b).

Alcohol craving and subjective anxiety responses
As expected from previous studies (Chaplin et al. 2008; Fox et al. 2007; Sinha et al. 2003,
2009), alcohol-related imagery robustly increased craving in both healthy drinkers (t40=2.45,
P=0.019) and alcoholics (t40=7.48, P<0.0001) relative to the neutral condition, whereas
stressful vs. neutral imagery elicited alcohol craving only in alcoholics (healthy drinkers,
t40=1.01, P=0.32; alcoholics, t40=4.01, P=0.0003; Fig. 2). There were no increases in alcohol
craving in the neutral condition in either group. As a manipulation check, we also assessed
anxiety levels, and as expected and reported in our previous studies (Chaplin et al. 2008; Fox
et al. 2007; Sinha et al. 2003, 2009), subjective anxiety also significantly increased with stress
imagery (healthy drinkers, t40=4.40, P<0.0001; alcoholics, t40=3.51, P<0.001) and with
alcohol cue imagery (healthy drinkers, t40=2.75, P<0.009; alcoholics, t40=5.24, P<0.0001)
relative to neutral-relaxing imagery.

Relationship between plasma anandamide and craving
Correlation analyses revealed that, in healthy drinkers, maximal alcohol cue-induced craving
was negatively correlated with anandamide levels at time=0 (rho=−0.69, P=0.027; Fig. 3a).
By contrast, no such correlation was found in alcoholics (rho=−0.04, P=0.90; Fig. 3b), nor
were comparable relationships present in stress and neutral imagery conditions (data not
shown). Furthermore, in healthy but not alcoholic drinkers, craving was positively correlated
to cumulative alcohol cue-induced anandamide elevations in plasma (average change from
baseline over time=15−45 min, the period during which maximal increases in anandamide
levels were observed; healthy drinkers, rho=0.64, P=0.045; alcoholics, rho=−0.039, P=0.90;
Fig. 3c, d).
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Relationships of plasma anandamide with heart rate
To explore the possible relationship between peripheral anandamide mobilization and
autonomic activation during alcohol craving, we compared plasma anandamide levels with
peak changes in heart rate. In healthy drinkers, alcohol-related imagery produced elevations
in heart rate (alcohol cues vs. neutral imagery, t40=2.30, P=0.027), which were correlated to
maximal elevations in plasma anandamide levels (peak heart rate vs. peak anandamide, alcohol
cues imagery, rho=0.66, P=0.039; Fig. 4a). Notably, stress imagery also increased heart rate
in healthy drinkers (stress vs. neutral imagery, t40=3.46, P=0.0013), but they failed to elevate
plasma anandamide (Fig. 1c), and peak heart rate changes elicited by stress imagery were
uncorrelated to peak anandamide levels (peak heart rate vs. peak anandamide, stressful
imagery, rho=0.47, P=0.17). Overall, heart rate area under the curve (AUC) and anandamide-
area under the curve response in alcohol cue but also in stress condition were significantly
correlated (alcohol cue, rho=0.76, P=0.01, stressful imagery, rho=0.68, P=0.02) only in the
healthy controls. There were no significant associations between neutral heart rate (AUC) and
plasma anandamide (AUC). By contrast, neither alcohol cues nor stressful imagery
significantly elevated heart rate in alcoholics (alcohol cues vs. neutral imagery: t40=1.87,
P=0.07; stress vs. neutral imagery: t40=0.64, P=0.53), and no relationship was found between
peak heart rate and plasma anandamide levels in these subjects (peak heart rate vs. peak
anandamide, alcohol cue: rho=0.28, P=0.37, stressful imagery, rho=−0.32, P=0.31; Fig. 4b
and data not shown).

Secondary analyses
As the alcoholics were significantly older than the controls, we repeated the LME analyses of
change from baseline for anandamide levels with age as a covariate, and the findings remained
significant (imagery main effect, F2,38=5.45, P=0.008; group × imagery interaction, F2,38 =
5.07, P=0.01). As all of the alcoholics were smokers, it was not possible to include smoking
as a covariate in the overall LME analyses. However, we conducted an analysis to examine
whether anandamide levels were different at baseline or in the LME models of change from
baseline in the smoking and nonsmoking healthy drinking subgroups. There were no
differences at baseline and no significant effects of smoking status on the main effect of imagery
in the healthy drinking group. Although these analyses are post hoc, they suggest that the
differences in age and smoking status between groups did not influence baseline anandamide
levels and response of anandamide to stress, alcohol cues, and neutral imagery.

Discussion
In the present study, we used a guided imagery approach to investigate the role of peripheral
endocannabinoid signaling in alcohol craving. As previously shown (Chaplin et al. 2008; Fox
et al. 2007; Sinha et al. 2003, 2009), exposure to a personalized alcohol-related imagery
increased craving both in healthy social drinkers and detoxified alcoholics, whereas stressful
imagery produced craving only in alcoholics. In healthy drinkers, alcohol cue-induced craving
was accompanied by a marked elevation in circulating levels of anandamide but not of related
lipid messengers (2-AG, OEA). Plasma anandamide concentrations in these subjects were
closely correlated with both craving scores and cue-induced heart rate responses, suggesting
that anandamide mobilization in peripheral tissues may be a marker for the body state
associated with the desire for alcohol. Although the functional significance of these findings
remains uncertain, the negative relationships between plasma anandamide levels at peak cue-
induced craving on the one hand and the positive relationship between peak craving scores and
increases in cue-induced anandamide responses on the other lead us to speculate that peripheral
anandamide might be involved in physiological processes aimed at modulating alcohol craving.
Testing this hypothesis will require further experimentation, but it is interesting to note that
alcoholics appear to lack the alcohol cue-induced rises in plasma anandamide levels observed
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in social drinkers and to display reduced baseline anandamide levels in plasma (uncorrelated
to either alcohol craving or heart rate responses).

The possibility that peripheral anandamide signaling is engaged by processes involved in the
modulation of alcohol craving raises several questions. The first relates to the tissue source
responsible for the rise in plasma anandamide evoked by alcohol cues. Although anandamide
is produced both in brain and peripheral tissues, its levels in human blood and cerebrospinal
fluid show no statistical correlation (Giuffrida et al. 2004), which implies that the bulk of
circulating anandamide originates in the periphery rather than the brain. This is also supported
by the presence of efficient anandamide-deactivating mechanisms (transport and hydrolysis)
in the microvasculature that separates brain from blood (Chen et al. 2004) and by the greater
concentration of anandamide found in plasma than in cerebrospinal fluid (Giuffrida et al.
2004). However, we cannot exclude the possibility that a small fraction of peripheral
anandamide may derive from a source within the central nervous system.

A second question prompted by our findings pertains to the neural mechanism(s) by which
alcohol-related cues increase plasma anandamide levels. We found a positive correlation
between alcohol cue-induced changes in anandamide levels and peak heart rate, which may be
interpreted to suggest that alcohol cues engage the autonomic nervous system to initiate
anandamide mobilization in peripheral tissues. Indeed, autonomic activation has been
previously invoked to explain the ability of physical exercise to increase plasma anandamide
levels in human volunteers (Sparling et al. 2003), consistent with current data that overall heart
rate (AUC) and anandamide levels (AUC) during both the stress and the alcohol cue condition
were significantly correlated only in controls. The observation that exposure to stressful
imagery does not elevate circulating anandamide levels and peak anandamide is not correlated
with peak heart rate even though stress markedly increases heart rate may be explained in the
context of a growing body of evidence, which shows that stress- and cue-induced drug and
alcohol craving, as well as positive and negative emotions, are associated with distinct patterns
of somato-visceral activity ( Fox et al. 2007; Liu and Weiss 2002; Rainville et al. 2006; Shaham
et al. 2003). On the other hand, alcoholics showed suppressed basal levels of plasma
anandamide, no increases in anandamide during cue-induced imagery, and no significant
associations between the suppressed anandamide levels, heart rate, and the high levels of
alcohol craving in the cue or the stress condition. Chronic alcohol abuse is associated with
significant autonomic dysregulation (Rechlin et al. 1996; Ingjaldsson et al. 2003; Bar et al.
2006; Kahkonen and Bondarenko 2000; Shively et al. 2007), documented during early
abstinence in basal states as well as in response to stress and alcohol cue exposure in alcoholics
(Thayer et al. 2006; Sinha et al. 2009). The current data indicating suppression of basal and
response levels of anandamide in alcoholics is consistent with autonomic dysregulation noted
in alcoholism, allowing us to speculate that an important aspect of healthy desire and craving
modulation could involve sympathetic and parasympathetic balance as well as anandamide
signaling, both of which are dysfunctional in early abstinent alcoholics. Clearly, future research
is needed to more specifically understand the role of anandamide in autonomic regulation and
in specific modulation of hedonic states.

A third question prompted by our results centers on the possible mechanism by which
peripheral anandamide might influence subjective increases in alcohol craving. We do not have
enough data to answer this question, but one possibility is that anandamide released in
autonomic end-organs may activate CB1 receptors localized on primary C- and Aδ-fibers to
modulate the activity of multimodal sensory neurons (Agarwal et al. 2007; Calignano et al.
1998, 2000). These neurons transmit somatic signals to specific cortical regions including the
insular cortex via the spinothalamocortical pathway (Craig 2002), thus providing a possible
route by which transient changes in peripheral anandamide production might influence
interoceptive signaling in the brain. Other possibilities are that anandamide mobilization might
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serve as a negative feedback mechanism to oppose an increase in sympathetic outflow or that
it might represent an epiphenomenon devoid of functional significance. Nevertheless, the
questions outlined above can be addressed in human experimental models such as that
employed in the present study. For example, the role of anandamide in craving may be
differentially probed using CB1 receptor antagonists (Rinaldi-Carmona et al. 2004) and FAAH
inhibitors (Kathuria et al. 2003). Additional points to be explored experimentally in the future
are whether appetitive cues other than alcohol (for example, food) also increase plasma
anandamide levels and whether anandamide mobilization is impaired in addictions other than
alcoholism.

The hypothesis that alcohol addiction is accompanied by an allostatic disruption in peripheral
anandamide mobilization leads to the prediction that drugs that normalize this signaling
mechanism, such as FAAH inhibitors (Kathuria et al. 2003), might help control craving in
alcoholics. This idea is apparently contradicted by animal experiments showing that CB1
receptor blockade reduces alcohol and drug cue-induced reinstatement of drug seeking (De
Vries et al. 2001; Fattore et al. 2007) which have led to the suggestion that endocannabinoids
facilitate, rather than modulate, alcohol craving. This interpretation may be overly simplistic,
however, as it is based on the assumption that different endocannabinoids play identical roles
in addiction and that such roles can be unmasked by system-wide blockade of CB1 receptors.
On the contrary, multiple lines of evidence suggest that the two best-known endocannabinoids,
anandamide and 2-AG, operate as highly localized messengers with functions that are often
distinct (Batkai et al. 2004; Hohmann et al. 2005; Kurihara et al. 2001; Makara et al. 2005) or
even antagonistic (Maccarrone et al. 2008).

In conclusion, it is important to note that, as the current findings are limited by a small sample
size, they should be considered preliminary and clearly warrant replication. Furthermore,
although the influence of smoking in the controls did not appear to affect anandamide levels
in response to alcohol cue imagery, as all of the alcoholics were smokers, the role of nicotine
smoking will need to be systematically explored in future studies. Despite these caveats, the
results suggest that peripheral anandamide mobilization, elicited by cue-induced autonomic
activation, is involved in interoceptive signaling contributing to the moderation of desire for
alcohol in healthy drinkers. This signal is ostensibly suppressed in alcoholics. If replicated in
a larger study, our results might point to potential new avenues for therapeutic intervention in
decreasing craving and relapse susceptibility in alcohol addicts.
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Fig. 1.
a Baseline anandamide levels averaged across all imagery conditions. Black bar healthy
drinkers; gray bar alcoholics; **P<0.01, F1,20=10.68, healthy drinkers vs. alcoholics. b–d
Plasma anandamide levels in healthy drinkers (black squares) and abstinent alcoholics (gray
triangles) measured before and after exposure to b alcohol-related, c stress-related, or d neutral
imagery. t=−5 min indicates beginning, and t=0 min indicates conclusion of guided imagery.
Dotted lines indicate average baseline values of anandamide for healthy drinkers (black
lines) or alcoholics (gray lines) within each imagery session. *P<0.05, t=15 vs. 0 min in healthy
drinkers following alcohol-related imagery. Pound sign P=0.05, t=75 vs. 0 min in healthy
drinkers following stress-related imagery. Results are expressed as mean±SEM
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Fig. 2.
Alcohol craving in healthy drinkers (black squares) and abstinent alcoholics (gray triangles)
measured before and after the following imagery conditions: a alcohol-related, b stress-related,
or c neutral. t=−5 min indicates beginning, and t=0 min indicates conclusion of guided imagery.
Dotted lines indicate average baseline values for craving. Results are expressed as mean±SEM;
n=11 (healthy subjects) and 12 (alcoholic subjects)
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Fig. 3.
Correlations (scatter plots) between plasma anandamide levels and peak alcohol craving
following alcohol cues, at t=0 min in a healthy drinkers (black squares), or b alcoholics (gray
triangles). Scatter plots for peak craving vs. average change in anandamide over t=15−45 min
in c healthy drinkers (black squares)or d alcoholics (gray triangles). Dotted lines depict linear
regression lines
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Fig. 4.
Correlations (scatter plots) between peak plasma anandamide levels and peak heart rate
following alcohol cues in a healthy drinkers (black squares)or b alcoholics (gray triangles).
Dotted lines depict linear regression lines
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Table 1
Demographics and sample characteristics of alcohol dependent and healthy social drinkers

Participant characteristics Alcoholic patients (n=12) Social drinkers (n=11)

Gender: number (%) male 10 (83%) 9 (82%)

Race: number (%) Caucasian 9 (75%) 6 (54%)

African American 3 (25%) 1 (9%)

Hispanic 0 (0%) 3 (27%)

Other 0 (0%) 1 (9%)

Age: mean (SD)* 39.17 (6.9) 28.3 (9.5)

Years in education: mean (SD) 13.17 (2.0) 14.0 (1.7)

Years of alcohol use: mean (SD)** 18.42 (7.13) 9.1 (9.9)

Number of smokers: N (%)** 12 (100%) 4 (36%)

Mean BMI: mean (SD) 26.43 (4.59) 25.77 (4.84)

Lifetime prevalence of psychiatric disorders: N (%)

Lifetime mood disorders 4 (33.3%) 2 (18%)

Lifetime posttraumatic stress disorder (PTSD) 1 (9%) 1 (9%)

Lifetime Anxiety Disorders (without PTSD) 2 (18%) 1 (9%)

*
P<0.05

**
P<0.01
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