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Neural Substrates of Alcohol-Induced Smoking Urge in
Heavy Drinking Nondaily Smokers
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A strong link exists between cigarette smoking and alcohol use, which may be explained by the experimental observation that alcohol
ingestion promotes cigarette craving and precipitates smoking. At the neuroanatomic level, it is unclear where and how alcohol exerts
these effects, although the process likely involves the ventral striatum given its function in motivational salience and appetitive
reinforcement. In a double-blinded, placebo-controlled, crossover study, heavy drinking nondaily social smokers (ie, light smokers or
‘chippers’) were examined using functional magnetic resonance imaging after they ingested an acute dose of alcohol or placebo. We
probed reactivity in the ventral striatum and other brain regions during exposure to visual smoking vs nonsmoking control cues. We
found that alcohol enhanced self-reported ratings of desire to smoke, and in this context, significantly increased ventral striatum
responses to smoking compared with control cues. In exploratory analyses, we observed that alcohol dampened orbitofrontal activity
across both cue types, whereas dorsolateral prefrontal and anterior cingulate cortex activation to smoking cues was not affected by
alcohol. This study bridges a pharmacological challenge approach to the study of brain reactivity to smoking cues, extends prior cigarette
cue imaging studies to nondependent smokers, and elucidates a potential neurobiological mechanism to explain the co-consumption of

alcohol and cigarettes in nondependent users.

INTRODUCTION

Tobacco and alcohol use are leading causes of preventable
disease, and contribute to nearly seven million deaths
each year worldwide (World Health Organization, 2007).
A strong link exists between cigarette smoking and
alcohol use (Dani and Harris, 2005; Harrison et al, 2008).
Smokers are 10 times more likely to develop alcoho-
lism than their nonsmoking counterparts (DiFranza
and Guerrera, 1990). Relative to placebo, alcohol precipi-
tates cigarette craving (Epstein et al, 2007) and increases
cigarette consumption (Mitchell et al, 1995). Chronic
alcohol use renders nicotine more reinforcing (Dani
and Harris, 2005), which in turn may promote smoking
behaviors and undermine attempts to quit. Despite such
compelling epidemiological and experimental evidence,
little is known about the neural mechanisms underlying
concurrent and interactive use of alcohol and nicotine in
humans (Sobell et al, 1990).
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Several recent functional neuroimaging studies have
provided some initial clues on mechanisms underlying
smoking or alcohol cue-induced brain reactivity. Smokers
and drinkers are vulnerable to cravings when exposed to
cues associated with the pleasures of smoking and drinking
(eg, cigarette-related images, olfactory cues) (Niaura et al,
1988; Wrase et al, 2002; Brody, 2006; Bragulat et al, 2008).
When exposed to smoking-related cues, smokers have been
shown to exhibit robust responses in mesolimbic brain
regions (nucleus accumbens (NAcc) and broader ventral
striatum (vSTR)) (David et al, 2005; Franklin et al, 2007).
The vSTR is centrally implicated in brain-based models as
the common pathway of addiction (Robinson and Berridge,
1993; Koob and Le Moal, 2001; Everitt and Robbins, 2005;
Kalivas and Volkow, 2005). Thus, there is reason to predict
that modulating vSTR function would impact the desire and
motivation to use nicotine and other addictive substances
(Kalivas and Volkow, 2005) given that vSTR is thought to
signal the presence of nicotine in the environment. In
humans, the vSTR is activated by smoking-related cues
(David et al, 2005; Brody, 2006) and associated with
abstinence-induced craving (Wang et al, 2007). Further,
acute alcohol administration enhances vSTR activity
(Gilman et al, 2008) and its reactivity to alcoholic drink
odors (Bragulat et al, 2008). Given that alcohol is often
consumed along with cigarette smoking, alcohol may serve


http://dx.doi.org/10.1038/npp.2009.177
mailto:aking@bsdad.uchicago.edu
http://www.neuropsychopharmacology.org

as a potent amplifier of vSTR reactivity to salient smoking-
related cues.

We have previously shown that alcohol intensifies
smoking urges in nondependent, heavy drinking social
smokers (King and Epstein, 2005; Epstein et al, 2007). Social
smokers, also known as light smokers, nondaily smokers,
or tobacco chippers, appear to be increasing in prevalence
(for review, see Shiffman, 2009), and are able to smoke
without experiencing significant withdrawal symptoms or
associated consequences (Shiffman, 1989; Shiffman et al,
1990, 1995). Nondaily social smokers also tend to exhibit
frequent pairings and exacerbations of cigarette smoking in
the context of alcohol drinking (King et al, 2008). In terms
of neuroimaging research, this subgroup may be of interest
due to lack of the potential confound of withdrawal and
abstinence states that may increase amplitude in frontal
brain regions (McClernon et al, 2005; Wang et al, 2007) and
the reduced potential for ‘ceiling effects’ in smoking urge
ratings (Sayette et al, 2000, 2005; Epstein et al, 2007).
However, to our knowledge, there have been no neuroima-
ging studies to date assessing non-nicotine dependent
smokers’ response to cigarette cues and the potential
enhancing effects of alcohol on such responses. Therefore,
this study was a preliminary investigation designed to
characterize the brain’s, particularly the vSTR, response to
smoking cues in the context of consuming an intoxicating
dose of alcohol or placebo in heavy drinking nondaily
smokers. We hypothesized that alcohol would amplify
reactivity of vSTR to smoking-related cues during this
vulnerable period of heightened craving. We also explored
alcohol’s effects on other brain regions that have been
shown to be activated by smoking cues, including anterior
and posterior cingulate cortex (ACC, PCC), orbitofrontal
cortex (OFC), and dorsolateral prefrontal cortex (DLPFC)
(Brody et al, 2002; Due et al, 2002; David et al, 2005;
McClernon et al, 2005, 2008a, b; Wilson et al, 2005; McBride
et al, 2006; Franklin et al, 2007).

MATERIALS AND METHODS

Subjects

Twelve healthy, right-handed young adults (age 21-26 years)
participated after giving written informed consent as
approved by the University of Chicago Institutional Review
Board. To be included, subjects had to be nondependent,
light social smokers (smoke on a nondaily basis, between 1
and 50 cigarettes per week) with nondependent heavy social
drinking patterns (consuming >10 alcoholic drinks per
week while engaging in 1-5 weekly heavy or ‘binge’ drinking
(5+ drinks per occasion for men; 4+ drinks for women;
SAMHSA, 2005) episodes). These specific criteria were
chosen to be consistent with prior studies, indicating these
social drinkers-smokers exhibit sensitivity to alcohol-
induced smoking urges (King and Epstein, 2005; Epstein
et al, 2007; King et al, 2008) and to be consistent with
epidemiological studies examining smoking patterns in
at-risk alcohol drinkers (Dawson, 2000; SAMHSA, 2005). All
smoking and drinking criteria were determined by Time-
Line Follow-Back (Sobell et al, 1979; Sobell and Sobell,
1995) and Quantity-Frequency Interview indices (Cahalan
and Cisin, 1968). Exclusion criteria included past or current
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substance, alcohol, or nicotine dependence, as well as other
major psychiatric, neurological, or medical illness as con-
firmed by medical examination, the Fagerstrom Test of
Nicotine Dependence (FTND; Heatherton et al, 1991), and a
Structured Clinical Interview for DSM-IV (First et al, 1995)
conducted by a trained diagnostic interviewer. Excluding
candidates with alcohol or nicotine dependence avoided
potential abstinence and withdrawal complications or con-
founding effects on functional magnetic resonance imaging
(fMRI) signal.

Experimental Protocol

The study used a randomized, blinded, two-session, within-
subjects, double-dummy design. The two sessions were
separated by at least 48 h and involved an adapted version
of a smoking-cue fMRI task previously used (Brody,
2006). Before each session, participants were instructed
to abstain from alcohol, recreational drugs, and any
psychoactive medications for at least 48h, as well as
caffeine, food, and cigarette smoking for 3h. On arrival,
between 11:00 a.m - 3:00 p.m, the subject underwent absti-
nence verification, consumed a low-fat snack (20% daily
calories), and acclimated to the laboratory. During this
period, to minimize potential expectancy effects that might
dampen urges and cue-related activation (Wilson et al,
2005; McBride et al, 2006), the subjects were informed that
they may or may not be allowed to smoke later in the
session; however, in all cases, no smoking occurred during
the session.

Approximately 45 min after arrival, the participant was
served a beverage and a small, placebo gel capsule (con-
taining dextrose). To reduce alcohol expectancies, the
subject was told that both the beverage and gel-capsule
might contain alcohol, a stimulant, a sedative, a placebo,
or a combination of these substances. The beverage only
actually contained either alcohol (0.8g/kg; 16% volume
alcohol) or placebo (0.0 g/kg; 1% volume ethanol as a taste
mask). The beverages were prepared with Kool-Aid, water,
Splenda, and the appropriate dose of 190-proof ethanol
based on body weight and were consumed through a straw
in a lidded, opaque cup to conceal potential scent cues.
Women received an 85% dose to adjust for total body water
differences (Sutker et al, 1983; Frezza et al, 1990). The
subject consumed the beverage over a 13 min interval, timed
such that the upcoming fMRI task would concur with
expected peak blood alcohol levels and subjective effects
such as smoking urge (Epstein et al, 2007). Immediately
after beverage consumption, the subject was escorted into
the scanning room and underwent approximately 20 min of
fMRI preparation and structural scanning before beginning
the fMRI task.

The fMRI task involved viewing pictorial stimuli of
smoking and control content as performed previously
(Due et al, 2002; McClernon and Gilbert, 2004; David
et al, 2005; McClernon et al, 2005, 2008b; Brody,
2006). In brief, stimuli consisted of color photographs of
smoking content (n=64; images of a person, holding a
cigarette, lighting a cigarette, etc) or control content
(n=64; similar to the smoking-related images, but with a
person handling neutral, nonsmoking cue items (ie, pens,
markers, glasses)) (see Figure 1). The stimulus set was
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Figure 1 Schematic illustration of fMRI task and stimuli. Participants
were presented to visual cues (smoking and control) in 20s blocks that
were interspersed with blank/fixation blocks.

Fixation

composed of images obtained from the International
Smoking Image Series (Gilbert and Rabinovich, 2003)
(n=>51), a proprietary set (n=77), and four blank gray-
scale images with a centered fixation cross. The image types
were matched for gender, race, environment, general com-
plexity, and RGB color value. The images were presented in
20's blocks (four per block) without repetition. Picture blocks
were interspersed with 20 s blocks of four blank, gray-scale
screens with a central fixation crosshair. To orient subjects
and maintain attention to task, we instructed subjects to
‘imagine yourself in each of the following images’ and press
a button for each new image; participants’ reaction time to
each image was collected. The entire paradigm consisted of
four fMRI ‘runs’ for a total task time of 22 min.

Functional Imaging: Acquisition and Analysis

Blood oxygenated level-dependent (BOLD) signals were
collected using a 3T GE MRI scanner from 30 axial,
5-mm-thick slices using a T2*-sensitive gradient echo
reverse spiral acquisition sequences (repetition time,
2000 ms; echo time, 25ms; 64 X 64 matrix; 24 cm field of
view; flip angle, 77°). This was followed by a high-resolu-
tion, T1-weighted volumetric anatomical scan for anatomi-
cal localization.

Data from all 24 sessions met criteria for high quality with
minimum head motion (<1mm displacement in any one
direction). Functional data were analyzed using SPM2
(Welcome Department of Cognitive Neurology, London,
UK; http://www.fil.ion.ucl.ac.uk/spm) using a pharmacolo-
gical fMRI and region of interest (ROI)-based analytic
approach described previously (Phan et al, 2008). In brief,
images were spatially realigned to correct for head motion,
warped to a canonical template in Montreal Neurologic Ins-
titute (MNI) space, resampled to 2 mm? voxels, and smoo-
thed with an 8 mm”’ kernel to minimize noise and residual
differences in gyral anatomy. The general linear model was
applied to the time series, convolved with the canonical
hemodynamic response function and with a 128 s high-pass
filter. Condition effects were modeled with box-car regres-
sors (smoking, control, fixation) representing the occur-
rence of each block type, and effects were estimated at each
voxel and for each subject. A statistical image for the con-
trast of smoking > fixation and control > fixation was obtai-
ned for each cue type and analyzed in a second-level
random-effects model for significant differences in brain
activation between the alcohol (ALC) and placebo (PBO)
sessions.

In this multifactorial mixed-model, repeated-measures
ANOVA, beverage (ALC or PBO) and cue (smoking or
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control) were fixed factors, and subject was a random
factor. We tested for significant main effect of beverage,
main effect of cue, and interaction of beverage x cue across
the entire brain. The threshold for significance for
activations observed in the vSTR was set to stringent level
of p<0.05, false discovery rate, which effectively corrects
for multiple voxel-wise comparisons across the entire brain
(Genovese et al, 2002). In our exploratory analyses, to
compare results with prior smoking cue-induced studies
(Brody et al, 2002; Due et al, 2002; David et al, 2005;
McClernon et al, 2005, 2008a, b; Wilson et al, 2005; McBride
et al, 2006; Franklin et al, 2007) and alcohol challenge fMRI
studies (Bragulat et al, 2008; Gilman et al, 2008) and for
subsequent generation of new hypotheses, we report
activation results in other brain regions other than the
vSTR that survive the more lenient threshold of p<0.001
(uncorrected) with an extent threshold of clusters with a
minimum of 10 contiguous voxels. All activation loci were
determined by anatomically based labels (Walter et al,
2003) based on the atlas of Tzourio-Mazoyer et al (2002).
As there is no consensus on an atlas-based anatomical ROI
or automated anatomical labeling method for clearly
defining the vSTR, we used published studies to locate if
observed activation would fall within the ‘vSTR’ as pre-
viously described (David et al, 2005; Martinez et al, 2003).
David et al (2005) showed that greater ventral striatal
activation in addicted smokers than nonsmokers presented
with smoking-related cues using fMRI, and defined the
vSTR by defining anatomical landmarks that are consistent
with the activation foci observed in our study.

To clarify main effects of beverage, cue, or their
interactions observed from the whole-brain voxel-wise
ANOVA, we conducted post hoc t-tests to determine the
source of significance. Within our a priori ROI (vSTR), we
extracted BOLD signal responses (parameter estimates, f3
weights) to smoking and control cues from a functional ROI
defined as 10 mm spheres (left, right) surrounding the peak
activation, and entered these values into a repeated-
measures ANOVA where beverage (ALC or PBO) and cue
(smoking or control) were fixed factors, and subject was a
random factor. Significant main effect of beverage and of
cue and beverage X cue interactions were followed with post
hoc paired t-tests on ROI-derived f§ weights to determine
the source of significance; significance was set at p<0.05,
two-tailed.

Behavioral Data Analysis

Self-reported changes in smoking urge were assessed over
the course of the protocol (immediately before consump-
tion, and then repeated at 30, 45, 60, and 75min after
initiation of alcohol/placebo ingestion) using scores from
the first item of the Brief Questionnaire on Smoking Urges
(BQSU; Cox et al, 2001). This item (‘I have a desire for a
cigarette right now’) was rated from 1 to 7 (increasing
intensity), has been shown to be influenced by alcohol (King
and Epstein, 2005; Epstein et al, 2007), and is significantly
correlated with the total BQSU score (r= +0.91) (Epstein
et al, 2007). These were analyzed using two-factor ANOVA
with factors beverage (ALC, PBO) and time. Significant
main effect of beverage and beverage by time interactions
were followed with paired t-tests (ALC vs PBO) to examine
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the source of significance at each time point. We
determined the effects of ALC on fMRI task performance
in terms of response times (in milliseconds) using a
beverage (ALC, PBO) and cue (smoking, control) ANOVA;
any significant main effects or beverage x cue interactions
were followed up with paired t-tests (ALC vs PBO).
Significance for all tests was set at p <0.05, two-tailed.

RESULTS
Description of Study Population

The sample was composed of 10 men and 2 women, with an
average age of 23.2 years (£ 1.8 SD) and a racial breakdown
of 8 Caucasians, 3 Asians, and 1 African-American subject.
Of the 12 subjects, 11 (92%) met lifetime criteria for DSM-
IV alcohol abuse, but none met lifetime criteria for either
alcohol or nicotine dependence. As expected, FTND scores
were fairly negligible (M = 0.08 £ 0.08; one subject scored a
1 on this scale, all others 0), confirming lack of physical
nicotine dependence in the sample. The Time-Line Follow-
Back interview of participants’ past month alcohol drinking
and cigarette smoking behaviors revealed that all subjects
had nondaily patterns for both alcohol drinking and cigarette
smoking. On average, alcohol drinking occurred on 13.2
(£7.1) days in the past month, with 7.8 (£3.4) heavy
drinking days. Cigarette smoking occurred on 14.7 (+7.1)
of days in the past month. Smoking co-occurred on 71%
(9.4/13.2) of the days in which any alcohol was consumed,
and 83% (6.5/7.8) of heavy drinking days. The average
number of drinks consumed per drinking occasion was
6.7 (£ 3.5) and the average number of cigarettes smoked per
smoking day was 4.3 (£ 2.8). The average last self-reported
last alcohol use before the study sessions was 3.8 (+1.7)
days and the average last cigarette use was 2.7 ( +2.3) days.
All baseline breathalyzer tests were negative for presence of
alcohol, and baseline exhaled carbon monoxide levels were
negligible (<2.4 £ 1.8 p.p.m.), confirming compliance with
study abstinence instructions on the testing days.

Alcohol Effects on BAC, Smoking Urge, and Task
Performance

BAC levels for the session are depicted in Figure 2a. Alcohol
ingestion increased BAC to a peak of 0.90mg% at 75 min
after initiation of the beverage (ie, 60 min after drinking
completion), with a slow elimination phase over the next
few hours. For intensity of desire to smoke ratings, a main
effect of beverage (F(,;1)=7.47, p<0.019) and time
(F(4,44) = 15.89, p<0.000) was observed (Figure 2b). Speci-
fically, predrink baseline scores did not differ between the
sessions ((ALC 2.9 (+1.7) vs PBO 2.8 (t1.4); t;3;)=0.13,
p =not significant), or at 30 min after the initiation of the
beverage ingestion (3.3 (£2.1) vs 2.9 (£ 1.7), respectively;
t11)=0.63, p=not significant). However, alcohol, com-
pared with placebo, did increase ratings of desire to smoke
at both 45min (ALC 4.8 (%*1.7) vs PBO 3.7 (+1.8);
t11)=2.24, p<0.05) and 60 min after drinking initiation
(5.2 (£1.2) vs 4.0 (£ 1.7), respectively; £y = 2.45, p <0.05),
and persisted at 75 and 90min. Of note, fMRI scanning
occurred between 35 and 55min after drinking initia-
tion, corresponding to the ascending limb of the BAC and
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Figure 2 (a) Alcohol effects on breath alcohol levels throughout the
session. ‘Drink’ shade corresponds to the timing and duration of alcohol/
placebo ingestion, and fMRI scan’ corresponds to the timing and duration
when brain activation was measured. (b) Alcohol effects on self-reported
desire to smoke ratings. Alcohol elicited greater smoking urge (> placebo)
at 45, 60, and 75 min after initiation of beverage consumption. ‘Drink’ shade
corresponds to the timing and duration of alcohol/placebo ingestion, and
fMRI scan’ corresponds to the timing and duration when brain activation
was measured. *p <0.05, two-tailed.

smoking urge intensity. Finally, in terms of response times
for button pressing on onset of new stimuli during the fMRI
tasks, there were no significant effects of beverage, cue type,
or interactions of these variables (all ps>0.30).

Alcohol Effects on Ventral Striatum Activity

As expected, we observed that alcohol increased activity in
both left and right vSTR as shown by a significant main
effect of beverage (ALC>PBO) (see Table 1 and Figure 3).
It is important to note that these activations produced
by alcohol survived correction for multiple comparisons
across the entire brain. ROI-based analyses of vSTR activity
showed that alcohol, compared with placebo, enhanced
activity in the right vSTR in the presence of the smoking
cues vs control cues (beverage x cue, p=0.01; post hoc
t-tests: smoking cue, alcohol > placebo, p =0.003; alcohol,
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Table I Main Effects of Session, Cue, and Their Interactions, on Brain Response

MNI Coordinates

ANOVA Post hoc t-test
Cluster
Main effect Direction Region Laterality size (mm?) Z score (x, Y, z)
Session PBO>ALC Middle occipital gyrus R 10040 540 46 —82 0
L 504 3.60 —28 -92 6
L 144 3.50 —38 =72 18
Cuneus L 304 4.64 —24 —100 26
R 720 3.87 20 —94 32
R 408 3.85 14 —104 18
R 1232 3.68 2 —92 6
R 392 361 4 =72 12
Precuneus L 2392 4.26 —14 —88 48
Fusiform gyrus L 8024 4.22 -36 —60 —16
Superior frontal gyrus/mPFC R 3000 4.00 8 64 2
M 856 347 0 62 32
Postcentral gyrus L 200 352 —-30 —24 44
Parahippocampal gyrus R 112 377 22 —44 4
L 104 344 —16 —16 —10
Gyrus rectus/OFC R 376 374 6 58 —16
Superior frontal gyrus/OFC R 544 350 2 36 —10
Cerebellum R 208 3.63 30 —32 -32
Posterior cingulate gyrus L 184 349 —14 —36 26
Inferior frontal gyrus L 184 339 —44 28 4
Superior occipital gyrus L 160 330 —10 —104 12
ALC>PBO Middle frontal gyrus R 2304 4.65 38 16 50
Superior frontal gyrus R 488 376 8 28 48
Postcentral gyrus R 1432 379 60 -30 50
Cerebellum L 136 3.65 —10 —44 —18
Ventral striatum?® L 384 3.63 —-18 16 -8
R 232 3.54 16 16 -6
Middle temporal gyrus L 88 330 —52 —48 10
Cue S>C Middle frontal gyrus/DLPFC R 680 3.86 36 38 38
L 616 3.84 =32 38 34
Anterior cingulate gyrus R 184 359 2 32 6
Posterior cingulate gyrus R 152 343 8 —-30 50
N>C Inferior occipital gyrus R 1336 374 26 —96 -6
L 248 326 —26 —98 —16
Fusiform gyrus R 344 3.60 28 —36 -22
Interaction (ALC C & PBO S) > Middle frontal gyrus L 640 399 —20 18 44
(ALC S & PBO C)
Mid cingulate gyrus R 1256 394 12 —10 42
R 224 355 12 8 36
Precentral gyrus R 2968 390 26 —28 58
L 232 333 =22 —26 58
Cerebellum L 184 3.69 —28 -70 —40
Putamen L 104 328 —24 0 0

ALC, alcohol; PBO, placebo; S, smoking; C, control; DLPFC, dorsolateral prefrontal cortex; mPFC, medial prefronal cortex; OFC, orbitofrontal cortex; MNI, Montreal
Neurologic Institute.

°A priori region of interest in bold; Significant at p <0.05, false discovery rate (FDR)-corrected for multiple voxel-wise comparisons across the entire brain. All other
activations shown at p<0.00! (uncorrected) with a cluster extent threshold of at least 10 contiguous voxels.
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smoking cue> control cue, (p=0.04)) (Figure 4). Alcohol
(> placebo) had a similar effect on smoking cues in the left
vSTR; although the beverage x cue interaction was not
significant, we did observe increased activation in left vSTR
only during smoking cues (¢;;)=2.37 p=0.04) and not
during control cues.

Relationship Between Striatal Activation and Smoking
Urge

We conducted an exploratory correlation analysis to
examine the relationship between alcohol-induced change

Figure 3 Alcohol effects on ventral striatum. Statistical F map (whole-
brain voxel-wise repeated-measures ANOVA) overlaid on a canonical
brain rendering (Montreal Neurologic Institute (MNI) coronal y plane = 16)
showing a main effect of session (alcohol, placebo) on bilateral ventral
striatum activation.
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in craving (ALC>PBO change in extent of subjective
smoking urge during the 30 and 45min post-beverage
ingestion time points) and change activation (ALC>PBO)
in left and right vSTR. As would be expected, we observed a
significant positive correlation between change in right vSTR
and change in urge at the 30 min time point (r= +0.61,
p=0.03); however, correlations at the 45min time point
(r=+40.30, p=not significant) and in the left vSTR at
either time point were not significant (r = +0.41, r= +0.11,
p = not significant, respectively).

Alcohol Effects on Activity in Other Brain Regions

Our exploratory whole-brain voxel-wise analyses revealed a
main effect of beverage (across both cue types) on brain
activation in medial OFC, cuneus, precuneus, fusiform
gyrus, middle and inferior frontal gyrus, mid cingulate
cortex, middle and superior occipital gyrus, middle
temporal gyrus, parahippocampal gyrus, cerebellum and
postcentral gyrus (see Table 1). Post hoc t-tests showed that
alcohol attenuated (PBO > ALC) activity in OFC, middle and
superior occipital gyrus, pre/cuneus, fusiform gyrus, para-
hippocampal gyrus, posterior cingulate gyrus, and inferior
frontal gyrus, whereas it enhanced (ALC >PBO) activity in
middle frontal gyrus and middle temporal gyrus. A main
effect of cue type across beverage was observed in
perigenual ACC, PCC, DLPFC, fusiform gyrus, and inferior
occipital gyrus. Post hoc t-tests showed that smoking
(> control) cues elicited greater activity in DLPFC, ACC,
and PCC, whereas control (>smoking) cues increased
activity in fusiform gyrus and inferior occipital gyrus.
Significant beverage x cue interactions were observed in
middle cingulate cortex, middle frontal gyrus, precentral
gyrus, cerebellum and putamen (see Table 1).

REGION

Left Ventral Striatum

CUE
@ Smoking

DNon-Smoking
%*: p<0.05
Placebo Alcohol Placebo Alcohol
SESSION

(2) Brain image illustrating the functional ROI from which data were extracted. (b) Mean f weights (£ SEM) extracted from right and left ventral

striatum, with a significant beverage x cue interaction in the right ventral striatum to smoking cues during the alcohol session, *p <0.05, and post hoc
exploratory t-test showing greater left vVSTR activity to smoking cues on the alcohol vs placebo condition, *p <0.05.
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DISCUSSION

We found that consumption of a moderately intoxicating
oral dose of alcohol increased ratings of desire to smoke,
even within the constraints of the fMRI scanning environ-
ment. Moreover, we observed that alcohol amplified vSTR
reactivity to appetitive cues associated with smoking in
young individuals who tend to use cigarettes in the context
of alcohol intoxication. Taken together, these findings may
represent a critical initial step to understanding why alcohol
and cigarettes are often consumed together (Dani and
Harris, 2005).

In our prior studies, we have shown that alcohol dose-
dependently increases urge to smoke even in the absence of
in vivo smoking cues in heavy social drinking, non-
nicotine-dependent smokers (King and Epstein, 2005;
Epstein et al, 2007). In those laboratory studies examining
two independent samples, heavy drinking social smokers
were found to crave cigarettes more after consuming an
intoxicating alcohol dose (4-5 drink equivalent) compared
with a lighter alcohol dose (2-3 drink equivalent) or a
placebo beverage, and this effect was driven by heightened
alcohol-related stimulation rather than as a means to coun-
teract alcohol’s sedative effects (Epstein et al, 2007). These
data suggest that nondependent smokers are likely to have
smoking urges when drinking, and we may speculate that
such urges would lead to escalation of their smoking beha-
viors in the context of alcohol intoxication. However, until
recently, these studies were confined to self-report or beha-
vioral studies, with little neurobiological evidence to explain
the mechanism by which alcohol stimulates smoking urges
and/or behaviors within intoxicated smokers.

Emerging evidence from functional neuroimaging has
consistently shown that visual and olfactory cues associated
with drug use (nicotine, alcohol, etc) evoke robust
activations in mesolimbic NAcc and vSTR, even in
nondependent users (Kareken et al, 2004; David et al,
2005; Franklin et al, 2007). Moreover, vSTR metabolism and
reactivity to appetitive, smoking cues is exaggerated in
smokers and correlated with cigarette craving (David et al,
2005; McClernon et al, 2005; Wang et al, 2007). Interest-
ingly, alcohol enhances vSTR activity to emotional stimuli
and self-ratings of intoxication predict striatal activation
(Gilman et al, 2008). Convergent with these findings, our
data show that alcohol intoxication amplifies vSTR reactiv-
ity to smoking-related cues in the context of cigarette
craving. Together, these data fit well with current neuro-
biological models that implicate vSTR as a central and
common node of dysfunction in drug addiction (Koob
and Le Moal, 1997; Everitt and Robbins, 2005; Kalivas and
Volkow, 2005). Future studies are needed to delineate the
neurochemical underpinnings of alcohol’s effects on
reward/cue-related vSTR function, though some evidence
suggests that enhanced release of dopamine is involved
(Knutson and Gibbs, 2007). It is plausible that alcohol
promotes smoking behaviors (drug seeking) by enhancing
the motivational salience of drug cues (smoking-related
images) by reward-related neural substrates (ie, dopamine
release, VSTR activation). Although the neurochemical
mechanism by which alcohol might enhance vSTR activa-
tion is unclear, we would speculate that alcohol may
promote dopamine release preferentially in the vSTR/NAcc
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as shown by a recent [''C]raclopride positron emission
tomography study in humans (Boileau et al, 2003).
Interestingly, alcohol drinking in alcohol-preferring rats
enhances dopamine release in mesolimbic brain areas
including the vSTR (Honkanen et al, 1997; Bustamante
et al, 2008). This increase in dopamine may be reflected by
the increase in the BOLD fMRI signal in vSTR (Knutson and
Gibbs, 2007). In addition, it is possible that alcohol-
mediated opioid release in vSTR may relate to this pathway
(Barson et al, 2009), and/or to increased motivation to
continued drinking or smoking behavior.

In this study, we also observed that alcohol attenuated
activity in OFC regardless of cue type, whereas alcohol did
not affect the smoking cue-related activation in the DLPFC,
ACC, and PCC. The OFC has been shown to mediate
adaptive behavior in the context of changing reward-
punishment contingencies (Rogers et al, 1999; O’Doherty
et al, 2001; Ernst et al, 2002). Moreover, OFC has been
hypothesized to mediate drug craving and motivational
value of a stimulus in the context of impulse control
(London et al, 2000). Nicotine-dependent individuals show
increased OFC activity in response to smoking cues (Brody
et al, 2002; David et al, 2005). Further, recently, Brody et al
(2007) showed that the orbital medial frontal gyrus, among
other prefrontal areas, is engaged when smokers attempt to
resist craving when processing cigarette cues. Among heavy,
nicotine-dependent smokers, DLPFC, ACC, and PCC are
consistently activated by smoking cues and the extent of
activation these regions has been shown to be positively
correlated with smoking craving/urge (David et al, 2005;
McClernon et al, 2005; McBride et al, 2006; Franklin et al,
2007; Wang et al, 2007). This study represents the first
extension to alcohol preadministration of such effects, and
the data suggest that smoking cue-related reactivity in these
prefrontal regions is not altered by alcohol, at least within
heavy drinking nondaily social smokers.

The advantages of including participants with nondepen-
dent smoking and drinking patterns include avoiding
potential confounds of withdrawal and abstinence states
that may increase amplitude in frontal brain regions
(McClernon et al, 2005; Wang et al, 2007) and potential
‘ceiling effects’ in smoking desire ratings (Sayette et al,
2000, 2005; Epstein et al, 2007). These persons are also of
interest because they exhibit frequent pairings of cigarette
smoking in the context of alcohol drinking (King et al,
2008), and are able to smoke on a non daily basis without
experiencing overt consequences, withdrawal symptoms, or
complexities in reward or punishment-based decision-
making (Shiffman, 1989; Shiffman et al, 1990, 1995). In
this study, we may speculate that neural activation in
regions associated with motivational salience (striatum)
underlie alcohol’s stimulant-like and smoking-urge increas-
ing effects that lead to chronic, (Epstein et al, 2007),
reciprocal drinking-smoking co-misuse (McKee et al, 2004;
Harrison et al, 2008). It is important to note that in this
study, cigarette cues alone (ie, in the placebo session) did
not activate the striatum, which may be consistent with
the behavioral patterns in these subjects. As mentioned
earlier, heavy drinking nondaily smokers desire cigarettes
primarily in the presence of alcohol, especially during heavy
or binge drinking episodes. Therefore, for persons with
nondependent smoking and drinking patterns, we might



predict that dopamine-mediated conditioned responses in
regions relating to motivational salience would not be
pervasive, but more selective for alcohol. Future studies
examining neurobiological processes in addicted smokers at
various developmental stages of initiation, exacerbation,
and maintenance/recovery phases vs those with sustained
nondaily patterns may help elucidate the function of
motivational processes and cue reactivity in these various
stages.

There are several strengths to note in this study, including
a within-subjects design for beverage (alcohol, placebo) and
cue type (smoking, control), validation of paradigm features
(salience of smoking cues and alcohol as a potent stimulus
for cigarette urges), and minimization of expectancy effects
of cigarette availability (Wilson et al, 2005). However, there
are also several limitations worth mentioning, including (1)
small sample size precluded ascertainment of the function
of individual difference factors, such as effects related to
sex (King et al, 2008, 2009), race/ethnicity, or differential
alcohol and cigarette use patterns (Smolka et al, 2006;
McClernon et al, 2008b); (2) reliance on self-report for
smoking urge assessment, and not including other mea-
sures, such as peripheral skin conductance or heart rate; (3)
inability to examine dose-response relationships or thresh-
old effects of alcohol (King and Epstein, 2005; Epstein et al,
2007) due to inclusion of only one dose of alcohol. Finally,
alcohol exerts its reinforcing effects on multiple neuro-
transmitter systems in the brain making it difficult to
ascertain a specific neurochemical pathway for the effects in
this fMRI study; however, recent data suggest that vSTR
release of dopamine, the key reward signal, increases local
BOLD signal by postsynaptic dopamine receptor activation
(Knutson and Gibbs, 2007) and reward-related vSTR acti-
vation is predicted by extent of dopamine release (Schott
et al, 2008). Future studies are needed to clarify this issue
further and to extend these findings to populations both at
heightened risk for and with alcohol and nicotine dependence.

In conclusion, this study bridged a pharmacological
challenge approach to the rapidly emerging study of brain
reactivity to drug cues and elucidates a potential neurobio-
logical mechanism to explain the co-consumption of alcohol
and cigarettes. Results showed that the vSTR reacts to drug-
related visual cues only under the influence of alcohol but
not placebo in persons who engage in regular substance
co-misuse. This observation was concurrent to the increase
in subjective urge to smoke induced by alcohol, and the
increase in right ventral striatal activation was associated
with increased smoking urge induced by alcohol. Clinically,
these results may help to understand mechanisms under-
lying alcohol-related increases in smoking relapse in those
attempting to quit smoking but who still drink alcohol (Baer
and Lichtenstein, 1988; Dawson, 2000; Harrison et al, 2008),
and to target neurobiological strategies to avert perpetua-
tion of concomitant heavy drinking and cigarette smoking
behaviors in adolescents and emerging adults at risk for
development of dependence on either or both substances.
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