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Abstract

Cigarette-dependent smokers automatically and involuntarily orient attention towards smoking

cues (SCs). This attentional bias is clinically significant, as it may contribute to relapse. Thus,

identifying neural and genetic correlates of attentional bias is critical for improving interventions.

Our previous studies show that the dopamine transporter (DAT) SLC6A3 genotype exerts

profound effects on limbic responses to SCs. One potential mechanism underlying these effects is

greater attentional bias for SCs. Here, we explored associations between attentional bias for SCs

and neural responses to SCs among ‘sated’ smokers genotyped for the SLC6A3 polymorphism.

Pseudo-Continuous arterial spin-labeled (pCASL) perfusion fMR images were acquired during SC

exposure in 35 smokers genotyped for the SLC6A3 variable number of tandem repeats (VNTR)

polymorphism (n=16, 9-repeats; n=19,10/10-repeats). Participants completed a visual dot-probe

attentional bias task, which contained pictures of smoking and non-smoking pictures, to examine

whether genetic variation in DAT influences attentional bias and to investigate relationships

between attentional bias and neural responses to SCs. Although attentional bias to smoking

pictures was not significantly different between 9-repeats and 10/10-repeats, 9-repeats showed a

positive correlation between attentional bias and increased SC-induced brain activity in the

amygdala; whereas, 10/10-repeats showed an inverse correlation in the medial orbitofrontal cortex

(mOFC). In group comparisons, 9-repeats exhibited positive correlations between attentional bias

and SCs in the mOFC and amygdala, relative to 10/10-repeats. Findings suggest that genetic

variation in the DAT gene influences brain responses associated with attentional bias; thus,

providing additional support for a SC-vulnerable endophenotype.
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INTRODUCTION

Many drug abuse and addiction theories suggest that drug-related cues maintain and

contribute to drug use and relapse (O'Brien et al., 1998; Sinha and Li, 2007; Wikler and

Pescor, 1967). For example, exposure to drug-related cues, such as seeing one’s drug of

choice or associated paraphernalia, elicits increased physiological arousal and subjective

craving (Carter and Tiffany, 1999; Droungas et al., 1995; Waters et al., 2009). Drug-related

cues also influence cognitive processes, including attention; whereby, substance-dependent

individuals automatically and involuntarily orient their attention toward drug-related stimuli

(Field and Cox, 2008). This selective attention, or attentional bias, for drug-related cues is

thought to develop as a result of dopamine-mediated incentive sensitization learning

processes (Franken, 2003; Robinson and Berridge, 1993; Volkow et al., 2006).

According to recent addiction theories (Lang, Bradley & Cuthbert, 1997; Robinson and

Berridge, 1993), drug-related stimuli acquire incentive-motivational properties as a result of

repeated drug use. Specifically, repeated drug use causes dopamine (DA) release in

mesocorticolimbic reward circuitry, comprising ventral tegmental area (VTA) neurons and

their projections to the nucleus accumbens (NAc), prefrontal cortex, and other forebrain

regions (Di Chiara, 1999; Di Chiara et al., 1999). Over time, the repeated drug-related DA

response becomes sensitized, and consequently, drug-related cues acquire “incentive

salience”. Thus, evidence suggests that DA-driven incentive salience influences attention

toward drug-related cues, elicits approach behaviors, and contributes to craving and drug use

(Robinson and Berridge, 2000).

Although a wealth of research on attentional bias exists, very few studies have examined the

underlying neurobiological mechanisms of attentional bias for smoking cues (SCs). In one

of the first fMRI studies of attentional bias, Janes and colleagues (Janes et al., 2010b) used

an offline smoking emotional Stroop task and fMRI measures of brain reactivity to smoking

versus neutral cues to examine the neural correlates of attentional bias for SCs among

women smokers. Findings revealed that attentional bias was correlated with brain activity to

SCs in limbic regions, namely the amygdala, hippocampus, and insula. A potential

interpretation of Janes et al.’s (2010b) work is that emotive circuitry, which includes the

amygdala, hippocampus, and insula, are acting to enhance identification of emotionally

salient stimuli (i.e., reminders to smoke) by boosting sensory processing and shifting

attention toward SCs. Thus, brain regions involved in incentive salience appear to underlie

attentional bias to SCs; however, given recent evidence for a role of the dopamine

transporter SLC6A3 (DAT) gene in modulating SC responses (Franklin et al., 2009; Franklin

et al., 2011b), additional research is needed in order to examine whether genetically-

mediated inter-individual differences in the SLC6A3 gene contribute to attentional bias.

In a previous study, our laboratory found that SCs activate limbic regions, including the

ventral striatum, amygdala, insula, hippocampus and medial orbitofrontal cortex,

Wetherill et al. Page 2

Addict Biol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



independent of withdrawal (Franklin et al., 2007). Responses were robust; however, we

noted considerable inter-individual variability. Due to the DAT’s role in removing synaptic

DA after its release in response to addictive drugs and conditioned cues associated with

repeated drug use (Jaber et al., 1997), we hypothesized that variation in the DAT may

underlie the observed variable responses to SCs. Thus, we evaluated the impact of genetic

variation in the DAT gene on brain perfusion to SCs. Briefly, smokers with the 9- variable

number tandem repeat (VNTR) allele (9-repeats), which is associated with lower DAT

expression (Fuke et al., 2001; Mill et al., 2002) and may potentiate DA responses, exhibited

heightened neural responses to SCs compared with homozygous 10-repeat VNTR allele

(10/10-repeats) smokers (Franklin et al., 2009; Franklin et al., 2011b). Given that both

groups are equally dependent on cigarettes and smoking reminders and withdrawal are two

major relapse-provoking factors, we suggest that 9-repeats might represent a subgroup of

smokers who are more vulnerable to relapse in the presence of SCs, whereas smoking

behavior in 10/10-repeats may be influenced more by withdrawal. Further, because greater

attentional bias to smoking-related stimuli may be associated with increased likelihood of

experiencing a lapse after establishing abstinence (Janes et al., 2010a), identifying neural

correlates and putative genetic vulnerabilities of attentional bias for SCs is crucial in the

development of effective therapeutics.

The aim of the present study was to examine the associations between attentional bias for

SCs and brain responses to SCs among 9-repeat and 10/10-repeat smokers. Nicotine-

dependent sated smokers completed a visual dot-probe attentional bias task and took part in

a pseudo-continuous arterial spin-labeled (pCASL) perfusion fMRI SC-reactivity

experiment. The visual dot-probe attentional bias task used in this study is an objective

measure of attention between two co-present visual stimuli, and as such, avoids potential

cognitive or mood interference from word-related Stroop or counting tasks (Ehrman et al.,

2002; Field, Munafo & Franken, 2009). pCASL perfusion fMRI is quantitative and stable

over time, and as such, is well-suited for examining sustained brain changes (Detre et al.,

1992), such as those evoked by drug-related stimuli (Franklin et al., 2009; Franklin et al.,

2007). Based on the work by Janes and colleagues (2010b) and our previous SC studies, we

hypothesized that 9-repeats would have positive correlations between attentional bias and

increased brain reactivity to SCs in limbic regions such as, the insula, amygdala, and

hippocampus compared with 10/10-repeats; thus, providing a potential neural mechanism

for greater cue-responsivity among 9-repeats.

METHODS AND MATERIALS

Participants

Thirty-five physically healthy smokers (16 males) ranging in age from 18 to 58 (36.2 ± 12.5)

were recruited via radio advertisements and local list-serves stating that the study was

intended for smokers contemplating quitting, but were not ready to quit in the near future.

Of this sample, perfusion fMRI data on 15 were reported on previously (Franklin et al.,

2011b), and 20 new participants were added to the sample as part of an ongoing smoking

study. The final sample was 60% Caucasian American; 26% African American, and 14%
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multiple ethnicities. Table 1 provides additional demographics and smoking history

characteristics.

Participants were screened, tested on study knowledge (by means of a study-specific quiz

that consists of 10 true or false items), and consented prior to psychological and physical

evaluations. The MINI International Neuropsychiatric Interview (Sheehan, Lecrubier &

Sheehan, 1998) assessed current DSM-IV diagnosis of substance dependence other than

nicotine and current severe psychiatric symptoms. The Fagerstrom Test for Nicotine

Dependence (FTND) (Fagerstrom and Schneider, 1989) assessed severity of nicotine

dependence. Exclusion criteria included: other current substance dependence, current Axis I

DSM IV psychiatric diagnoses, significant medical conditions, an intellectual ability

estimate score of ≤ 80 on the Weschler Abbreviated Scale of Intelligence (WASI)

(Weschler, 1999), an abnormal structural MRI, a history of head trauma or injury causing

loss of consciousness lasting greater than three minutes or associated with skull fracture or

inter-cranial bleeding, or who had irremovable magnetically active objects on or within their

body. Smokers received $100.00 for an initial consenting appointment and completion of

MRI scanning and cognitive bias sessions. The study adhered to the Declaration of Helsinki

and was approved by the University of Pennsylvania Institutional Review Board.

Genotyping

Blood samples were acquired during the initial physical examination, and genomic DNA

was extracted from anti-coagulated venous blood samples using a standard salting out

method (Lahiri and Nurnberger, 1991). Genotyping of the SLC6A3 40bp repeat

polymorphism (rs28363170) was performed as previously described (Vandenbergh et al.,

1992). Briefly, PCR was performed using a mix of 100ng genomic DNA, 1× Amplitaq

buffer containing MgCl2, 200 nM dNTP mix, 150 nmol for each primer (Fwd: 5'-TGT GGT

GTA GGG AAC GGC CTG AG-3' and Rev: 5'-CTT CCT GGA GGT CAC GGC

TCAAGG-3') and 2.5 Units AmpliTaq per reaction. The PCR conditions included an initial

melting step (94 °C; 4 min) followed by 40 cycles of melting (94 °C; 1 min), annealing (65

°C; 1 min) and extending (72 °C; 1 min). A final extension step was used (72 °C; 5 min).

Agarose gel electrophoresis separated reaction products, and product sizes were determined

by comparison to molecular weight standards and known sequenced samples. In addition,

four samples were confirmed by sequencing. All samples were run in duplicate with 100%

concordance rate and were read independently by two blinded investigators.

Visual Dot-Probe Attentional Bias Task

Participants completed an off-magnet visual dot-probe behavioral task designed to

objectively measure attention shifts toward smoking pictures (Ehrman et al., 2002).

Participants smoked ad lib until approximately 5 minutes before the task. The dot-probe task

consisted of 20 color photographs of smoking-related content (e.g., pack of cigarettes) and

20 photographs not specifically related to smoking (e.g., pack of playing cards). Stimuli

were matched for overall composition and degree of visual complexity. Participants were

told that picture pairs would briefly flash on the screen followed by an asterisk (the dot

probe) in the position previously occupied by one of the pictures. Participants were asked to

indicate the position of the target as quickly and accurately as possible by using the left and
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right index fingers to strike the left or right response key, respectively. After a 20-trial

practice block containing picture pairs without smoking-related stimuli, participants

completed 80 stimulus pair trials. Each stimulus pair was presented four times,

counterbalancing for picture/dot-probe location.

Each trial began with the presentation of a fixation point (X) in the center of the computer

screen for 1 s immediately followed by a pair of photographs presented for 500 ms (one to

the left and one to the right of fixation point). After the 500 ms presentation, an asterisk

appeared in place of one of the images and remained on the screen until the participant

responded or for 2 s, if there was no response. E-Prime software (Psychology Software

Tools, Pittsburgh, PA) was used for task presentation and behavioral response recording in

the form of reaction times (RTs) and accuracy. Incorrect trials were not used in mean

reaction time calculations, and trials with 200 ms > RT > 1000 ms were eliminated (Ehrman

et al., 2002; Townshend and Duka, 2001). For each subject, a relative attentional bias score

was computed as RTnon-smoking – RTsmoking (Lubman et al., 2000) with positive bias scores

reflecting attentional bias for SCs and negative scores reflecting bias towards nonsmoking

cues.

Imaging Approach and Parameters

Pseudo-Continuous arterial spin-labeled (pCASL) perfusion fMRI, a quantitative estimate of

cerebral blood flow (CBF) and indirect measurement of neural activity (Floyd et al., 2003),

assessed brain activation in response to SC exposure. Prior to scanning, participants smoked

ad lib to minimize the potential for nicotine withdrawal-induced craving that might accrue

over the scanning session, and scanning occurred approximately 20–25 minutes after

smoking to allow the acute cardiovascular effects of smoking to dissipate. The 35 minute

scanning session included, in sequence, a five minute resting baseline scan where

participants were instructed to lie still in the scanner with their eyes open; a 10 minute non-

SC pCASL scan; a high resolution structural scan; and a 10 minute SC pCASL scan.

Ten-minute audio-visual clips were presented during pCASL scanning. The SC video

included individuals differing in race, age, and sex who were smoking and using explicit

language designed to induce appetitive desire for a cigarette. The non-SC video was similar

in content; however, the video did not portray cigarette smoking or smoking reminders.

Imaging data were acquired on a 3.0 Tesla Trio whole-body scanner (Siemens AG,

Erlangen, Germany) using a Bruker volume coil (volume coils are designed to provide a

homogenous receiving sensitivity and are 1 channel; Bruker Biospin, Billerica, MA) for 15

subjects and a standard 8-channel receive-only array head coil for the remaining 20 subjects.

For co-registration of the functional data, a T1-weighted 3D high resolution MPRAGE scan

was acquired with FOV = 160 mm, TR/TE=1510/3 ms, 192 × 256 matrix, slice thickness 1

mm for 15 subjects and FOV = 250 mm, TR/TE = 1620/3 ms, 192 × 256 matrix, slice

thickness 1 mm for the remaining 20 subjects. pCASL perfusion fMRI sequence was used

for resting baseline, SC and non-SC data acquisition. Interleaved images with and without

labeling were obtained using a gradient echo echo-planar imaging sequence with a delay of

1000 ms for 15 subjects or 700 ms for 20 subjects inserted between the end of the labeling

pulse and image acquisition (FOV = 130 mm, matrix = 64 × 64 × 14, TR/TE = 3000/17 ms,
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flip angle = 90°, slice thickness = 6 mm with a 2 mm inter-slice gap for 15 subjects and a 1.2

mm inter-slice gap for 20 subjects.

Imaging Data Processing and Statistical Analyses

An SPM-based ASL data processing toolbox (Wang et al., 2008) was used for pCASL

perfusion data analyses as described previously (Franklin et al., 2009; Franklin et al.,

2011b). Briefly, ASL image pairs were realigned to the mean of all control images and

spatially smoothed with a 3D isotropic Gaussian kernel at 10 mm FWHM. 100 CBF image

series were generated from the 100 label/control ASL image pairs using a simplified two-

compartment model with the sinc interpolation method for CBF calculations (Aguirre, Detre

& Wang, 2005). The mean control image of each subject’s data was co-registered to the

structural image using the mutual information based co-registration algorithm provided by

SPM8. The same transformation parameters were applied to co-register the CBF maps to

each subject's anatomical image. Subsequently, the structural image was spatially

normalized to the Montreal Neurological Institute (MNI) standard brain. The resulting

transformation matrix was used to align the CBF images to MNI space. A binary brain mask

was used to exclude the non-brain areas in the CBF maps.

Contrasts between cue sets were defined in the general linear model (GLM) model to assess

the voxel by voxel CBF difference for each subject. Using the corresponding parametric

maps of the contrasts, region of interest (ROI) analyses of the CBF data were conducted

using GLM. Based on our previous studies on SC-reactivity among cigarette-dependent

smokers (Franklin et al., 2009; Franklin et al., 2011b), the ROI mask included the medial

orbitofrontal cortex (mOFC), ventral striatum (VS), hippocampus, amygdala, anterior

cingulate cortex (ACC), and insula. The ROI mask was created using the Harvard–Oxford

probabilistic anatomical atlas provided with FMRIB Software Library (FSL) (Smith et al.,

2004) and is available for viewing at http://franklinbrainimaging.com/. Significant voxels

passed a voxelwise statistical threshold (p < 0.005) and, to control for multiple comparisons,

were required to be part of a larger 400 µl cluster, as determined by a Monte-Carlo

simulation and resulted in 5% probability (corrected) of a cluster surviving due to chance.

Correlations between brain responses to SCs and attentional bias scores were computed for

all subjects and then for each DAT genotype group by performing a regression analysis on

ROI contrast images of interest (SCs versus non-SCs), using attentional bias scores as the

dependent variable. Significant functional clusters from the ROI analysis were used to

extract mean CBF values from each subject. Mean CBF values were then correlated with

attentional bias scores using IBM SPSS Statistics 19.0 (SPSS Inc., Chicago, IL). Group

correlations (9-repeats, 10/10-repeats) were computed, and correlation coefficients

representing associations between SC-induced brain activity and attentional bias scores were

transformed in z using Fisher transformation before comparing correlations between 9-

repeats and 10/10-repeats.

Wetherill et al. Page 6

Addict Biol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://franklinbrainimaging.com/


Demographic and Behavioral Statistical Analyses

Continuous demographic variables were summarized, by calculating means and standard

error measurements (X ± SEMs). Nominal demographic variables were summarized by

calculating proportions and compared across groups using chi-square analyses.

RESULTS

Group Assignment

Thirty-five smokers were genotyped for variance in the SLC6A3 gene (homozygous 10-

repeats: n = 19; 9-repeats: n = 16). Smokers who carried at least one 9-repeat allele were

classified and grouped together for analyses, as homozygotes for the 9-repeat allele are rare,

and 10/10-repeat probands were classified as 10/10-repeats. Allele frequencies were 0.26 for

9-repeat carriers and 0.74 for 10/10-repeats, which is similar to what has been observed in

other studies (Franklin et al., 2011b; Vandenbergh et al., 2002). Genotype frequencies did

not deviate from that expected under Hardy-Weinberg equilibrium (χ2 = 0.08).

Participant Characteristics

There were no significant differences between genotypes in race, sex, cigarettes smoked per

day, pack years (a measure to quantify intensity of chronic cigarette exposure since smoking

initiation) or FTND scores (Table 1). Participants smoked between 10 and 30 cigarettes per

day (15.4 ± 6.2), and FTND scores were 4.4 ± 0.3, indicating moderate nicotine dependence.

On average, participants had an attentional bias score of 8.0 ± 3.5 ms, ranging from 44.3 to

−35.8 ms. There were no significant differences between groups in attentional bias scores (p

= 0.92; 9-repeats, mean = 8.4 ms ± 4.5; 10/10-repeats, mean = 7.7 ms ± 5.4).

Smoking Cue Reactivity

For the full sample of sated smokers, ROI analyses revealed significant activation to SCs

relative to non-SCs in the mOFC and VS. 9-repeats exhibited significant activity in response

to SCs in the mOFC and VS. There were no areas of statistically significant activations

among 10/10-repeats. In comparison to 10/10-repeats, 9-repeats exhibited significantly

greater activity in response to SCs vs non-SCs in the left parahippocampal gyrus/

hippocampus and left insula (Figure 1, Table 2). When thresholds were reduced to p < 0.05,

SC reactivity activation patterns were similar to our previous findings with increased

activity in the VS/mOFC only in 9-repeats (Franklin et al., 2009; Franklin et al., 2011b).

Representative sagittal, axial, and coronal sections co-registered to the MNI brain are shown

in Figure 1. Coordinates listed in Table 2 were chosen from the suprathreshold voxel of each

significant cluster using the Duvernoy Brain Atlas (Duvernoy, 1999) and the Atlas of the

Human Brain (Mai, Voss & Paxinos, 2008).

Attentional Bias and Neural Activity

There were no significant correlations between attentional bias for SCs and brain reactivity

to SCs vs non-SCs in a priori ROIs (i.e., insula, amygdala, hippocampus) when examining

all smokers as a whole or among 10/10-repeats. For 9-repeats, however, a positive

correlation was found between attentional bias for SCs and increased brain activity to SCs
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vs non-SCs in the right amygdala-hippocampal complex. Direct comparisons between

groups revealed that attentional bias to SCs correlated with increased SC-reactivity in the

bilateral amygdala for 9-repeats compared with 10/10-repeats.

An inverse correlation between attentional bias to SCs and brain reactivity to SCs vs non-

SCs was observed in the mOFC. This correlation appeared to be carried by 10/10-repeats

who also showed an inverse correlation between attentional bias for SCs and brain activity

to SCs vs non-SCs in the mOFC. Further, DAT group comparisons showed that attentional

bias to SCs correlated with increased SC-reactivity in the mOFC and bilateral amygdala for

9-repeats compared with 10/10-repeats (Figure 2). An interactive visual display of all brain

data in all three planes can be found at http://franklinbrainimaging.com.

DISCUSSION

The present study examined associations between attentional bias for SCs and SC-induced

brain responses. Based on previous research (Franklin et al., 2009; Franklin et al., 2011b;

Janes et al., 2010b), we hypothesized that 9-repeats would show positive correlations

between attentional bias and increased brain reactivity to SCs in the insula, amygdala, and

hippocampus compared with 10/10-repeats. Although 9-repeats and 10/10-repeats did not

differ significantly on behavioral performance of attentional bias to SCs, analyses revealed

differential associations between attentional bias to SCs and SC brain responses based on

DAT genotype. Specifically, a positive correlation between attentional bias to SCs and brain

activity during SC exposure was observed in the amygdala of 9-repeats, and direct group

comparisons revealed that 9-repeats exhibited positive correlations between attentional bias

and SCs in the mOFC and bilateral amygdala compared with 10/10-repeats. In earlier work,

we hypothesized that 9-repeats might represent a group of smokers whose relapse is affected

more by exposure to SCs compared with 10/10-repeats whose relapse may be influenced

more by withdrawal from the pharmacological effects of nicotine in the brain. We found and

confirmed that 9-repeats show greater brain responses than 10/10-repeats in reward-relevant

brain regions, namely, the mOFC and VS, possibly identifying a subgroup of cue-vulnerable

smokers (Franklin et al., 2009; Franklin et al., 2011b); however, the mechanism underlying

the greater responses to SCs in the 9-repeats was unknown. Here, our results provide further

evidence that heterogeneity in SC responsivity is likely related to genetic variance in the

DAT, and the mechanism may be related to a difference in attentional bias to SCs in 9-

repeats compared with 10/10-repeat homozygotes.

To our knowledge there is only one other published study examining the relationship

between attentional bias and SC-reactivity using neuroimaging techniques. Specifically,

Janes and colleagues (2010b) found a positive correlation between attentional bias to SCs

and brain reactivity to SCs in the amygdala, insula, and parahippocampal gyrus among

female smokers using an off-magnet smoking emotional stroop task. Here, using a visual

dot-probe attentional bias task and perfusion fMRI, our findings among male and female

smokers are modulated by DAT genotype with 9-repeats showing greater positive

associations between attentional bias to SCs and SC-induced mOFC and amygdalar

activation.
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Theories of amygdalar and mOFC function suggest that the amygdala and mOFC are

extensively interconnected and are involved in detecting and responding to emotionally

salient stimuli (Dolan, 2007; Salzman and Fusi, 2010). Recent research suggests that

attentional focus and reward evaluations elicit both mOFC and amygdala brain activity (Siep

et al., 2009); whereby, the amygdala may detect emotionally salient information (Kanske

and Kotz, 2011; Phillips et al., 2003) and the mOFC may be involved in the conscious

reward experience (Gottfried, O'Doherty & Dolan, 2003; Small et al., 2001). The reciprocal

connections between the amygdala and mOFC and their involvement in incentive

motivational behavior is further supported by neuroimaging studies on patients with focal

amygdala lesions showing that reward-related mOFC brain response is dependent on a

functioning amygdala (Hampton et al., 2007). Future studies using a smoking attentional

bias task during blood oxygen-level dependent (BOLD) fMRI scanning could examine

functional connectivity between these two structures.

Of special interest are the inverse correlations between attentional bias to SCs and brain

reactivity to SCs vs non-SCs in the mOFC among 10/10-repeats. This finding may provide a

potential explanation for our previous findings that 10/10-repeats showed decreased SC-

reactivity in the mOFC. Specifically, the 10/10-repeats may not be attending to SCs and/or

may be evaluating the SCs differently than 9-repeats. Given that the smokers in the current

study were satiated prior to the off-magnet attentional bias task and the SC-reactivity

imaging task, we speculate that this satiated state eliminated brain responses in 10/10-

repeats whose smoking behavior may be influenced to a greater extent by nicotine

withdrawal than by SC exposure. Thus, the inverse correlation observed among 10/10-

repeats may signify reduced cue valuation during satiety. We are currently collecting data to

examine this possibility and plan to examine potential affective biases under withdrawal and

satiated states among DAT genotypes.

The current (and our previous) findings suggesting that genetic variation in DAT influences

individual responses to SCs show several intriguing similarities with a preclinical literature

that focuses on the study of individual differences in the propensity to attribute incentive

salience to reward cues (Flagel, Akil & Robinson, 2009; Robinson and Flagel, 2009;

Saunders and Robinson, 2010). Briefly, when food or drug is paired with an identifiable cue,

the cue itself becomes attractive and elicits approach behaviors in some rats (“sign-trackers,”

STs); other rats direct their attention and behavior away from the cue towards reward

delivery (“goal-trackers,” GTs) (Flagel et al., 2009; Flagel et al., 2007). Historically, STs are

displaying Pavlovian conditioned responses to the cues that are paired with reward delivery

(Hearst and Jenkins, 1974); whereas, GTs are potentially conditioned to the receipt of the

reward itself (Boakes, 1977). It has also been postulated that STs are more vulnerable to

addiction based on their responsiveness to cues (Saunders and Robinson, 2010, 2011);

however, these studies indicate that STs and GTs self-administer cocaine at the same rate

(Saunders and Robinson, 2010, 2011). This suggests to us that both STs and GTs have

vulnerabilities that can lead to addiction, but the brain mechanisms underlying the addictive

behaviors may differ. The authors posit that the individual differences in behavior between

STs and GTs are likely related to variation in systems that respond to reward and attribute

incentive salience to cues, specifically the dopaminergic system.
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Although few studies have examined these putative differences in the brain between STs and

GTs, existing research suggests that differences do exist (Tomie, Grimes & Pohorecky,

2008). For example, a recent study found higher levels of DAT mRNA in the VTA of GTs

compared to STs (Flagel et al., 2007). One interpretation of this may be that lower levels of

mRNA DAT in the VTA neurons of STs would lead to less DAT availability at the

terminals of VTA afferents to the ventral striatum, and consequently, there would be slower

reuptake of DA among STs in response to rewards and reward predictors. Thus, when a cue

is present, DA remains longer in the synapse, leading to increased incentive salience and

enhanced responses, such that STs exhibit maladaptive behavior in the presence of cues.

This biomarker of reduced DAT mRNA in STs, who are cue-responsive, is in direct

alignment with our fMRI data in seemingly cue-responsive 9-repeats. Although we believe

the parallels between the preclinical and our findings support a cue-vulnerable

endophenotype among 9-repeats, we plan to pursue studies exploring how DAT genotype

variation influences other aspects of incentive salience and addictive behaviors, including

treatment outcome.

A limitation of the current study is that behavioral measures are not fully supportive for

differential attentional bias to SCs between DAT variants; however, attentional bias reaction

times for smokers in the current study are similar to those presented in a previous study

using the same visual dot-probe attentional bias task (Ehrman et al., 2002). We believe that

the absence of a difference between groups is related to sample size, and that with a larger

sample size, differences might be observed. Neurophysiological markers are presumed to be

more sensitive, and thus, the results presented here and in Janes et al. 2010b substantiate the

use of a correlational approach. A potential confound in our findings could be due to

differences in data acquisition. For example, the first 15 subjects were scanned using a

Bruker coil; whereas, the remaining subjects were scanned using an 8-channel coil. To

explore whether data acquisition differences affected findings, we compared variances

between both groups using a homogeneity of variance test and found that the variances were

not significantly different. This study is also limited in that only one factor underlying cue

vulnerability was examined: DAT genotype. We recognize that many factors are at play

including race/ethnicity, sex, menstrual cycle, stress and variance in other genes (Franklin et

al., 2008; McClernon et al., 2007; Okuyemi et al., 2006; Sinha, 2009). In fact, Okuyemi and

colleagues (2006) found that African Americans had greater SC-reactivity relative to

Caucasians, which could potentially indicate greater attentional bias based on our results.

Thus, we will continue to acquire data in order to assess the interactions of these and other

factors on relapse vulnerabilities.

The current results extend our prior finding that genetic variation in the DAT gene

influences neural responsivity to SCs by identifying the potential mechanism underlying

these genetic differences. The positive correlation between attentional bias to SCs and brain

responses in the amygdala and mOFC during SC exposure in sated 9-repeats may provide a

potential neural mechanism for the hyperresponsivity in reward-related regions, suggesting

that 9-repeats may represent a cue-vulnerable endophenotype who may be at greater risk for

relapse when exposed to SCs. The deleterious effects of this chronic relapsing disorder

underscore the importance of identifying the neurophysiological vulnerabilities and

protections that could improve treatment response. The available smoking cessation
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medications nicotine replacement therapy (NRT), bupropion and varenicline are efficacious

in some smokers, but overall treatment success is modest (20–40%), reflecting heterogeneity

in treatment response (Wu et al., 2006). All three medications combat withdrawal

(Benowitz, 2009), varenicline blocks smoking reinforcement (Coe et al., 2005), and there is

emerging evidence that bupropion and varenicline can reduce SC reactivity and SC-induced

craving (Brandon et al., 2011; Culbertson et al., 2011; Franklin et al., 2011a). Thus,

matching the appropriate medication to an individual’s specific vulnerabilities could

substantially improve smoking outcomes for all of the existing treatments.
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Figure 1.
Region of interest analysis showing brain activity during smoking cues greater than non-

smoking cues in all smokers, 9-repeats, 10/10-repeats, and 9-repeats vs 10/10-repeats.

Representative fMR saggital, axial, and coronal brain slices, analyzed in SPM8, and overlain

on the MNI brain. T-values range from 3.17 to 5.44, corrected at p < 0.005.
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Figure 2.
Region of interest analysis showing correlation of attentional bias to smoking cues with

brain responses to smoking cues vs non-smoking cues in 9-repeats, 10/10-repeats, and 9-

repeats vs 10/10-repeats. Representative fMR saggital, axial, and coronal brain slices,

analyzed in SPM8, and overlain on the MNI brain. T-values range from 3.24 to 5.19,

corrected at p < 0.005.
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Table 1

Participant characteristics

All
N = 35

10/10-repeats
n = 19

9-repeats
n = 16

p

Sex 16 M (46%) 8 M (42%) 8 M (50%) 0.64

Race 21 CA (60%), 11 CA (58%), 10 CA (63%),

9 AA (26%), 5 AA (26%), 4 AA (25%), 0.950

5 ME (14%) 3 ME (16%) 2 ME (12%)

Means ± (SEMs)

Age 36.6 (2.1) 37.0 (2.8) 36.2 (3.3) 0.86

Education 14.5 (0.4) 14.6 (0.6) 14.4 (0.6) 0.82

Cigarettes per day 15.4 (1.1) 14.5 (1.3) 16.4 (1.7) 0.36

Pack yearsa 13.1 (2.0) 11.6 (2.0) 15.0 (3.8) 0.42

FTND scores 4.4 (0.3) 4.3 (0.4) 4.6 (0.5) 0.66

a
Pack years calculation: Cigarettes per day (÷) cigarettes in a pack (X) years smoking.

FTND = Fagerstrom Test for Nicotine Dependence; CA = Caucasian American; AA = African American; ME = Multiple Ethnicity; 10/10-repeats
= homozygotes for the 10-repeat variable number tandem repeat (VNTR) allele of the DAT; 9-repeats = carriers of 1 or 2 copies of the 9-VNTR
allele of the DAT. FTND scores ranged from 1 to 9.
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