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Abstract

Hyperactive amygdala functioning may underlie emotional dysregulation during smoking

abstinence and represents one neurobiological target for pharmacological cessation aids. Available

pharmacotherapies (e.g., nicotine replacement and varenicline) aid only a subset of individuals

with smoking cessation and therefore elucidating the neurobiological impact of these medications

is critical to expedite improved interventions. In a fMRI study employing a within-subject, double-

blind, placebo-controlled design, we assessed task performance and amygdala functioning during

an emotional face matching paradigm following administration of nicotine and varenicline to 24

abstinent smokers and 20 nonsmokers. All participants underwent ~17 days of varenicline and

placebo pill administration and were scanned, on different days under each condition, wearing a

transdermal nicotine or placebo patch. During the amygdala reactivity paradigm, nicotinic

acetylcholine receptor (nAChR) stimulation by nicotine and varenicline decreased reaction time

(RT) in abstinent smokers but not in nonsmokers. When considering all smokers as a single

homogenous group, no drug-induced effects on amygdala reactivity were detected. However, in an

exploratory analysis we parsed participants into subgroups according to individual differences in

the propensity to demonstrate stable performance augmentation following nAChR stimulation

(stable RT-improvers [SI] vs. variable RT-improvers [VI]). Using this exploratory approach, drugs

appeared to modulate amygdala reactivity in only one smoker subgroup but not in either

nonsmoker subgroup. Specifically, in the SI-smoker cohort abstinence-induced elevated amygdala

reactivity was down-regulated by nAChR stimulation. In contrast, varenicline and nicotine did not

modulate amygdala functioning in the VI-smoker cohort who displayed moderate levels of
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amygdala reactivity in the absence of drug administration. These results suggest that

pharmacotherapies most robustly dampened amygdala functioning in smokers appearing

susceptible to abstinence-induced effects. Such findings provide a step towards fractionating the

smoker phenotype by discrete neurobiological characteristics.
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1. INTRODUCTION

A major impediment for cigarette smokers attempting to quit is the tobacco abstinence

syndrome characterized by anxiety, irritability, and difficulty concentrating (Hughes, 2007;

Piasecki, 2006). Nicotine reverses abstinence-induced emotional dysregulation (Kassel et

al., 2003) and performance deficits (Heishman et al., 1994) suggesting that early relapse

occurs, in part, to relieve such symptoms (Baker et al., 2004). Indeed, those smokers

presenting with higher degrees of affective disturbances and/or poorer task performance

shortly after cessation are those most liable for recidivism (Patterson et al., 2010; Piper et

al., 2011). Thus, early abstinence represents a critical period for interventions to assist

smokers with cessation. Currently available pharmacological cessation aids (e.g., varenicline

and nicotine replacement) are efficacious in only a subset of individuals and therefore

elucidation of the neurobiological impact of these medications is important to expedite the

development of improved interventions.

Amygdala’s role in affect-related processes is well established (Phelps and LeDoux, 2005)

and the neural substrates mediating negative emotional states during acute drug abstinence

are critically centered on amygdala and its interconnected circuitry (Koob, 2009; Koob and

Le Moal, 2005). In chronic smokers acutely deprived of nicotine, elevated amygdala activity

co-varies with increased smoking urges (Wang et al., 2007) and cigarette smoking dampens

this regional hyperactivity (Rose et al., 2003; Zubieta et al., 2005). Additionally, elevated

amygdalar responses to smoking-related cues have been associated with increased smoking

urges (Chase et al., 2011; Kuhn and Gallinat, 2011; Smolka et al., 2006) and greater

susceptibility to relapse (Janes et al., 2010). Such findings suggest that amelioration of

hyperactive amygdala functioning represents one neurobiological target upon which

cessation pharmacotherapies may exert an efficacious response, particularly in the subset of

smokers with greater abstinence-induced hyperactivity. Recent neuroimaging investigations

indicate that varenicline, the first non-nicotine medication specifically developed for

smoking cessation, down-regulates amygdala functioning in chronic smokers (Franklin et

al., 2011a; Loughead et al., in press; Loughead et al., 2010).

Varenicline is thought to aid cessation by ameliorating aversive withdrawal symptoms

during abstinence while also attenuating nicotine’s reinforcing effects upon re-exposure. In

nicotine’s absence, varenicline acts primarily as a partial agonist at α4β2 nicotinic

acetylcholine receptors (nAChRs) producing ~50–60% the relative action of nicotine;

whereas in nicotine’s presence, the drug acts as an antagonist, binding with higher affinity
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and preventing full activation by nicotine (Rollema et al., 2007). Varenicline-induced effects

in animal models of mood and cognition appear mediated by α4β2 and/or α7 nAChR

interactions (Rollema et al., 2009). In the clinic, varenicline reduces abstinence-induced

affective and cognitive disturbances as well as the subjective rewarding aspects of a smoked

cigarette (Patterson et al., 2009). This partial agonist/antagonist profile, targeting both

negative and positive reinforcement mechanisms perpetuating tobacco use, may account for

varenicline’s greater relative efficacy over other pharmacotherapies (Gonzales et al., 2006;

Jorenby et al., 2006). We modeled this putative “dual action” profile by administering

varenicline alone and in combination with transdermal nicotine to a group of overnight

abstinent smokers, as well as to a nonsmoker (negative control) group.

The primary aim of this study was to use the partial agonist/antagonist varenicline and the

full agonist nicotine as pharmacological probes to interrogate abstinence-induced effects on

amygdala functioning and to assess potential differential pharmacological responses in

subsets of smokers. To examine amygdala functioning, we employed functional magnetic

resonance imaging (fMRI) coupled with an emotional face matching paradigm known to

yield a reliable measure of amygdala reactivity (Hariri et al., 2002b; Sergerie et al., 2008)

and previously utilized to assess the impact of pharmacological manipulations (Bigos et al.,

2008; Labuschagne et al., 2010; Paulus et al., 2005). In a placebo-controlled, within-subject

design, participants underwent ~17 days each of varenicline and placebo pill administration

(PILL factor) and were scanned near the end of both medication periods wearing, on

different days, a transdermal nicotine or placebo patch (PATCH factor). Based on

preclinical data regarding the pharmacological properties of varenicline (Rollema et al.,

2009) and operationalized in the current study, we anticipated varenicline (PILL) × nicotine

(PATCH) interactions across dependent variables (Fig. 1A). We hypothesized: 1)

varenicline and nicotine would speed reaction times (RT) in abstinent smokers but not in

nonsmokers; and 2) these pharmacological probes would dampen abstinence-induced

elevated amygdala reactivity in smokers. We further examined differential amygdalar

responses following drug administration in an exploratory analysis by parsing individuals

into “stable” versus “variable/non RT-improvers” according to the degree to which nAChR

stimulation augmented task performance. Using a decrease in RT following drug

administration (relative to a corresponding placebo) as a proxy for a drug response, we

operationally defined stable RT-improvers (SI) as those participants showing RT decreases

following all drug administrations, whereas variable/non RT-improvers were defined as

those who did not show a RT decrease following all drug administrations. We reasoned that

those smokers demonstrating stable RT-improvements following nAChR stimulation would

also be those most likely to show drug-induced changes in regional brain functioning.

2. MATERIAL AND METHODS

2.1 Participants

A total of 24 cigarette smokers (12 females) and 20 nonsmokers (10 females), all right-

handed and 18–55 years of age completed the study. Participants reported no history of drug

dependence (other than nicotine in smokers), neurological or psychiatric disorders,

cardiovascular or renal impairment, diabetes, or contra-indications for MRI scanning. We
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recruited non-treatment seeking daily smokers who reported smoking 10 or more cigarettes

per day for a minimum of two years. Nonsmokers reported no history of daily cigarette use

and no smoking within two years preceding the study. Participant characteristics are

reported in Table 1. Notably, the smoker sample was older (p = 0.04) and less educated than

the nonsmoker sample (p = 0.004). As such, age and years of education were included as

covariates when comparing smokers versus nonsmokers. Data from two male nonsmokers

were excluded from behavioral and imaging analyses due to excessive head motion during

scanning. Before beginning the study, participants gave written informed consent in

accordance with the Institutional Review Board for the National Institute on Drug Abuse

Intramural Research Program. Volunteers were remunerated for participation.

2.2 Design and drugs

This was a two-drug, placebo-controlled, double-blind crossover study involving six fMRI

assessments per participant on separate days. At three points during a varenicline

administration regimen (PILL factor: pre-pill vs. varenicline vs. placebo), all participants

underwent imaging on two occasions, once each with a transdermal nicotine or placebo

patch (PATCH factor). Following two initial pre-pill neuroimaging visits, each participant

underwent ~17 days of varenicline and placebo pill administration and completed nicotine

and placebo patch sessions towards the end of both medication periods (Fig. 1B). The study

physician maintained and randomized drug order while those conducting data collection

remained blinded. For clarity of presentation, data from the pre-pill sessions are omitted

from the main text, but can be found in Supplemental Information.

Varenicline (Chantix®, Pfizer, New York, NY) and placebo pills were distributed in

identical blister packs. Varenicline was administered according to standard guidelines

(http://labeling.pfizer.com) at a dosage of 0.5 mg once daily for days 1–3 of the active

medication interval, 0.5 mg twice daily for days 4–7, and 1 mg twice daily beginning on day

8. Active medication was encapsulated and resembled placebo sucrose capsules. A washout

interval did not separate medication periods. Given a ~24-h elimination half-life (Faessel et

al., 2006), we assumed varenicline carryover effects were negligible in those participants

first receiving active medication as subsequent scanning under placebo pills occurred

approximately two weeks after the last active dose. Medication adherence (Supplemental

Information section ‘1.1 Medication adherence’) and side effects were monitored through

regular telephone assessments and at in-person visits. Participants confirmed taking a

medication dose the morning of neuroimaging assessments. Other than a 12 h abstinence

period before each neuroimaging day, smokers were not asked to alter their smoking

behaviors during participation.

Transdermal nicotine (NicoDerm CQ®, GlaxoSmithKline, Research Triangle Park, NC) or

placebo patches were applied to the upper back at the beginning of neuroimaging visits. All

nonsmokers were administered 7 mg nicotine patches. For smokers, we employed a multiple

dosing strategy to match daily nicotine intake: 21 mg (10–15 cigs/day; n = 11), 28 mg (16–

20 cigs/day; n = 9), 35 mg (21–25 cigs/day; n = 1), and 42 mg (> 25 cigs/day; n = 3).

Patches were worn for the duration of imaging visits, which lasted ~9 h and involved two

MRI sessions. Pharmacokinetic data indicate plasma nicotine concentrations reach a peak
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within 2–4 h after patch application, remain relatively stable for the next 4–6 h, and then

gradually decrease beginning ~8–10 h post-patch (Palmer et al., 1992). As such, data

collection occurred within a 2–9 h post-patch window associated with steady plasma

nicotine levels.

2.3 Procedures

Participation involved a total of 9 visits (1 orientation, 2 neurocognitive, and 6 neuroimaging

days). During the orientation, participants gave consent and received training on multiple

neuroimaging tasks (one reported herein). Instructions were explained at a bench computer

and tasks were practiced in a mock scanner.

Smoking abstinence was not required of smokers before the orientation or neurocognitive

visits. However, overnight abstinence was required on neuroimaging days. We instructed

smokers to have their last cigarette 12 h before their scheduled arrival. Upon arrival, all

participants were tested for recent drug and alcohol use, and for expired carbon monoxide

(CO) levels. Given that the half-life of CO during sleep can be up to 4–8 h (SRNT-

Subcommittee, 2002), we used a guideline of less than or equal to 15 parts per million (ppm)

to verify abstinence. Indicative of compliance, smokers’ CO levels were lower on

neuroimaging days (mean ± SD: 7.1 ± 2.6 ppm) in comparison to visits not requiring

abstinence (18.9 ± 8.9 ppm; t[23] = −8.2, p < 0.001); nonsmokers’ CO levels did not differ

(abstinence required: 1.9 ± 0.3 ppm; not required: 1.8 ± 0.4 ppm; p = 0.2). Smokers did not

smoke during visits.

During each neuroimaging assessment, participants completed two MRI sessions lasting ~2

h each, one in the morning and one in the afternoon. The morning session began ~2–2.5 h

after patch application during which participants completed multiple neuroimaging tasks

(not discussed further). The afternoon session began ~6–7 h after patch application. During

this session, participants completed an amygdala reactivity paradigm after an anatomical

scan and other neuroimaging tasks. The reactivity paradigm was completed ~1.75 h after

scanner entry and 8–9 h post-patch.

2.4 Heart rate

To confirm that pharmacological manipulations produced an observable response at the

physiological level, we measured heart rate (HR) each visit before transdermal patch

application and then at multiple post-patch time points (30, 60, and 120 min). Data were

normalized to percent increase from pre-patch levels and subsequently averaged across post-

patch values.

2.5 Task and performance measure

We adopted a variant of the amygdala reactivity paradigm (Hariri et al., 2002b) previously

used in a similar repeated-measures design (Bigos et al., 2008). On each trial of the task,

participants viewed three simultaneously presented stimuli (a trio) and selected one of the

two choice items (bottom) matching the target (top). Four blocks of face presentation were

interleaved with five blocks of geometric shape presentation. “Face blocks” consisted of six

4 s trials (2, 4, or 6 s inter-trial interval). On any given trial, individual stimuli constituting
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each trio were of similar gender and emotional expression (angry, fearful, surprised, or

neutral) and participants indicated via a button press which face was identical to the target.

Trios were displayed on the screen for a constant 4 s duration regardless of the speed with

which participants responded. During each session, a total of 24 pseudo-randomly ordered

trios were displayed, 12 of each gender and 6 of each emotional expression. Given the

sparse number of stimuli per expression-type and their intermingling within blocks, this

paradigm was not optimized to probe affect-specific responses per se. Rather we were

interested in eliciting a reliable amygdala response across sessions that could be probed for

drug effects. Additionally, neutral facial expressions were used for two reasons: 1) to

provide a large enough pool of images to draw from allowing for presentation of novel

stimuli each session thereby mitigating habituation effects, and 2) novel neutral face

presentation also engages the amygdala (Kukolja et al., 2008). Facial stimuli were obtained

from a standard set of images (www.macbrain.org). “Shape blocks” consisted of six 4 s

trials (2 s inter-trial interval) and involved presentation of ovals and circles. Task-

performance measures were reaction times (RT) from correct-response trials and error rates

(including missed-response trials) collapsed across face-and shape-trials.

RT from correct-response trials were collapsed across face and shape trial-types and

assessed as a measure of task performance. We collapsed RT across trial-types because

pharmacological manipulations augmented performance in abstinent smokers similarly on

both face and shape trials (Supplemental Information: section “1.3 Task performance”).

While there is abundant evidence that smokers encounter abstinence-induced performance

deficits and that nAChR stimulation speeds RT during monotonous tasks (e.g., Heishman et

al., 1994; Kleykamp et al., 2011; Myers et al., 2008), there is also growing appreciation of

individual differences in the susceptibility to such performance deficits (Patterson et al.,

2010; Rukstalis et al., 2005). This individual variability appears clinically relevant as it: 1)

predicts relapse propensity (Patterson et al., 2010), 2) may be mediated by genetic variation

(Greenwood et al., in press; Winterer et al., 2010), and 3) could be leveraged to indicate

which smokers would most benefit from specific pharmacological interventions (Loughead

et al., 2009; Newhouse et al., 2004). We reasoned that smokers most susceptible to

abstinence-induced deficits would receive the greatest benefit from nAChR stimulation by

nicotine and varenicline in terms of RT-improvement and decreased amygdala reactivity.

We parsed participants (both smokers and nonsmokers) into subgroups/cohorts based on

their propensity to show consistent behavioral improvements following nAChR stimulation.

This (sub)grouping scheme was characterized by the question: Did nicotine (both times

administered) and varenicline consistently improve a participant’s task performance? We

operationalized performance improvement (a proxy for an observable drug response) as a

decrease in RT following drug administration relative to a corresponding placebo condition.

We calculated three difference values: two associated with nicotine administration (Δ-NIC1:

pre-pill/placebo-patch minus pre-pill/nicotine-patch; and, Δ-NIC2: placebo-pill/placebo-

patch minus placebo-pill/nicotine-patch) and one with varenicline administration (Δ-VAR:

[pre-pill/placebo-patch + placebo-pill/placebo-patch / 2] minus varenicline-pill/placebo-

patch). Positive values indicated drug administration improved a participant’s performance

whereas negative values indicated drugs did not improve performance. If all three difference
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values were positive, a participant was categorized as a stable RT-improver (SI). If any one

of the difference values was not positive, the participant was categorized as a variable/non

RT-improver (VI). Presumably, individual differences in the propensity to demonstrate

augmented performance following nAChR stimulation are a stable trait best captured by a

composite metric derived from multiple observations. Such a strategy is arguably less

susceptible to “misclassification” due to session-specific variance and thus provides a more

reliable estimate of behavioral improvement in comparison to categorization using a single

difference value.

2.6 MR image collection

Data were acquired with a Siemens 3T Magnetom Allegra scanner (Erlangen, Germany).

During the task, thirty-nine 4-mm thick slices were obtained 30° oblique to the axial plane

using a T2*-weighted, single-shot gradient-echo, echo-planar imaging (EPI) sequence

sensitive to blood oxygenation level-dependent (BOLD) effects (202 volumes; repetition

time [TR] = 2,000 ms; echo time [TE] = 27 ms; flip angle [FA] = 80°; field of view = 220 ×

220 mm; image matrix = 64 × 64). High-resolution oblique-axial structural images were also

acquired using a 3D magnetization prepared rapid gradient-echo (MPRAGE) T1-weighted

sequence (TR = 2,500 ms; TE = 4.38 ms; FA = 8°; voxel size = 1 mm3).

2.7 MR image processing and analyses

We processed and analyzed data with AFNI (Cox, 1996). Functional data were slice-time

and motion corrected, and aligned with anatomical images. Time series were normalized to

percent signal change and submitted to voxel-wise multiple regression. For each participant

and session, regressors for the two task conditions (i.e., face and shape blocks) were

modeled as box-car functions convolved with a canonical hemodynamic response. Six

motion-correction nuisance regressors were also included. We calculated individual contrast

images comparing face versus shape blocks, normalized the images into Talairach space

with re-sampled 3 mm isotropic voxels, and spatially blurred them with a 3 mm Gaussian

kernel.

To identify regions showing differential activity during face versus shape blocks, individual

participant’s contrast images were averaged across the six sessions and then submitted to a

group-level, one-sample t-test. We applied a voxel-wise threshold of p < 10−10 to the

resulting statistical map with a minimum cluster size of 20 voxels. We used this stringent

threshold because the blocked-design and session-averaged contrast images led to a large

effect size and high statistical power. These procedures yielded group-level functionally

defined clusters encompassing right (3780 mm3; center of mass [Talairach, mm]: x = 24, y =

−6, z = −16) and left amygdala regions (2727 mm3; x = −22, y = −4, z = −16).

To characterize drug effects, we examined percent signal change from group-level, task-

defined regions of interest (ROIs). We extracted signal change by averaging across all

voxels within a given ROI. As there were no significant effects of hemisphere/laterality

detected on amygdala reactivity, left and right amygdala values were averaged before further

statistical analyses. Regional percent signal change was assessed in separate mixed-effects

ANOVAs. Task-defined ROI assessment may potentially bias subsequent inferences if the
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comparison generating the ROI is not statistically independent from the contrast of interest

(Kriegeskorte et al., 2009). By defining ROIs based on a group-level analysis collapsed

across all participants and visits, this six-session average was independent of the main drug

comparisons of interest, and hence did not bias results.

2.8 Statistical analyses

HR and RT data were analyzed in GROUP (smoker vs. nonsmoker) × PILL (varenicline vs.

placebo) × PATCH (nicotine vs. placebo) mixed-effects ANOVAs controlling for age and

education. Given individual differences in the propensity to show behavioral improvements

following drug administration, both smokers and nonsmokers were parsed into SI and VI

cohorts (see results below). Therefore, brain activity extracted from task-defined ROIs was

assessed in exploratory COHORT (SI vs. VI) × GROUP × PILL × PATCH mixed-effects

ANOVAs controlling for age, education, and error rates. As differing error rates may

contribute to variability in amygdala activity (Pourtois et al., 2010), we included a

composite error rate measure1 as a covariate of no interest to account for additional

variance. Data are reported as estimated marginal mean ± standard error controlling for

covariates. Unless otherwise stated, statistical corrections (i.e., Bonferroni correction) were

applied and corrected p values are reported.

3. RESULTS

3.1 Heart rate

HR was modulated by pharmacological manipulations similarly in both smokers and

nonsmokers as indicated by the absence of a significant GROUP × PILL × PATCH

interaction (F[1,40]2 = 0.2, p > 0.7; Fig. 2 and Supplemental Fig. S1). Within the smoker

group, both nicotine and varenicline produced a physiological response in accord with the

hypothesized pharmacological interaction pattern (PILL × PATCH: F[1,23] = 6.4, p = 0.04;

Fig. 2A). Specifically, nicotine (vs. placebo) patch administration increased HR under

placebo pill sessions (t[23] = 4.4, p < 0.001), but not under varenicline sessions (p > 0.6). A

similar pattern was observed within the nonsmoker group (Fig. 2B), such that nicotine-

induced HR increases during placebo pill sessions (t[19] = 4.0, p = 0.002) were absent

during varenicline sessions (p > 0.8). These results confirm that nicotine and varenicline

produced a physiological response in both smokers and nonsmokers and, despite differences

in terms of nicotine dose and previous history with nicotine, indicate that the two groups

reacted similar (in terms of HR) to the drug manipulations.

3.2 Task performance

In contrast to the HR measure, pharmacological manipulations differentially impacted RT in

the smoker and nonsmoker groups (GROUP × PILL × PATCH: F[1,38]3 = 4.2, p = 0.047;

Fig. 3 and Supplemental Fig. S2). Within the smoker group, nicotine and varenicline

modulated RT in accord with the hypothesized pharmacological interaction pattern (PILL ×

1Using error rates from each session, we performed a factor analysis with principal components extract to reduce the multiple error
measures into a single composite value for use as a covariate.
2Controlling for age and education.
3Controlling for age and education. Data from two male nonsmokers were excluded from behavioral and imaging analyses.
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PATCH: F[1,23] = 9.5, p = 0.01; Fig. 3A). Specifically, nicotine (vs. placebo) patch

sessions were associated with faster responding under placebo pill (t[23] = −3.9, p = 0.003;

Cohen’s d = −0.69), but not under varenicline conditions (p = 0.7). No nicotine-induced RT

reduction was observed under active medication as varenicline: 1) decreased RT in the

absence of nicotine as predicted (t[23] = −2.1, pone-tailed = 0.046; Cohen’s d = −0.24); and 2)

attenuated nicotine’s impact thereon (t[23] = 2.5, pone-tailed = 0.02; Cohen’s d = 0.32).

Within the nonsmoker group, performance was not affected by administration of either drug

(p values > 0.3; Fig. 3B). Thus, nicotine and varenicline augmented task performance in

abstinent smokers while having no detectable impact on nonsmokers’ RT. When assessing

error rates (Supplemental Fig S2), no significant GROUP, PILL, or PATCH effects were

detected (p values > 0.1), arguing against a speed-accuracy tradeoff explanation of RT

differences.

Not all abstinent smokers displayed consistent RT reductions following nAChR stimulation.

As such, we parsed participants into subgroups/cohorts according to whether the individual

showed a RT decrease (i.e., improvement) following each drug administration. If drugs

decreased RT each administration (i.e., Δ-NIC1 Δ-NIC2 and Δ-VAR were all positive) a

participant was categorized as a stable RT-improver (SI), otherwise the participant was

categorized as a variable/non RT-improver (VI). Using this subject-level criterion, 11

smokers (7 nonsmokers) were categorized as SIs and 13 smokers (11 nonsmokers) as VIs.

One interpretation of why some abstinent smokers showed stable RT-improvements

following drug administration is that these are the smokers who are particularly susceptible

to abstinence-induced RT slowing (Supplemental Figure S3). We hypothesized that those

smokers showing robust behavior augmentation would also be those most likely to show

drug-induced decreases in amygdala reactivity. While the two smoker subgroups were

distinguished by objective pharmacologically-induced effects on RT, the two smoker

cohorts did not significantly differ in terms of demographic or smoking characteristics

(Supplemental Table S1).

3.3 Imaging results

Across all sessions and participants, emotional face presentation produced increased

activation in bilateral amygdala, dorsolateral prefrontal cortex (dlPFC), visual cortex, and

fusiform gyri (Supplemental Table S2). Activity from these task-defined ROIs was extracted

and assessed for drug effects. When considering all smokers as a single homogeneous group

and all nonsmokers, no significant GROUP (smoker vs. nonsmoker), PILL (varenicline vs.

placebo), or PATCH effects (nicotine vs. placebo) were detected with respect to amygdala

reactivity (p values > 0.1). However, given the above indication that subsets of participants

reacted differently to nAChR stimulation at the behavioral level, we subsequently assessed

amygdala reactivity in exploratory COHORT (SI vs. VI) × GROUP × PILL × PATCH

mixed-effects ANOVAs.

Pharmacological manipulations differentially impacted amygdala reactivity across

subgroups of participants as indicated by a significant four-way interaction (COHORT ×

GROUP × PILL × PATCH: F[1,35]4 = 4.5, p = 0.04; Fig. 4A and Supplemental Fig. S4).

Focusing on the smokers, the two cohorts differed in their response to drug manipulations
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(COHORT × PILL × PATCH: F[1,19]5 = 5.4 puncorrected = 0.04). The SI-smoker cohort

showed elevated amygdala reactivity during the placebo-pill/placebo-patch session which

was reduced by nAChR stimulation in accord with the hypothesized pharmacological

interaction pattern (PILL × PATCH: F[1,7]5 = 6.0, puncorrected = 0.04). In contrast, the VI-

smoker cohort displayed moderate levels of amygdala reactivity during the placebo-pill/

placebo-patch session and drug administration did not modulate regional activity as

indicated by the absence of a PILL × PATCH effect (F[1,9]5 = 0.7; p = 0.4). With respect to

nonsmokers, the two subgroups reacted similarly to pharmacological manipulations

(COHORT × PILL × PATCH: F[1,13]4 = 0.01; p = 0.9) such that drug-induced changes in

amygdala reactivity were not detected in either cohort (p values > 0.2). These outcomes in

nonsmokers provide a “negative control” for the analytical strategy used to identify

differential responses within smokers. In sum, the four-way COHORT × GROUP × PILL ×

PATCH interaction was driven by pharmacological effects observed only in SI-smokers but

not in VI-smokers or either nonsmoker cohort. Using a less stringent threshold to define

ROIs, we observed a similar four-way interaction within ventromedial PFC (Supplemental

Fig. S5).

To determine the regional specificity and/or mechanistic selectivity of pharmacological

effects within amygdala, we assessed responses from additional task-defined ROIs in a

REGION (amygdala vs. dlPFC vs. visual cortex) × COHORT × GROUP × PILL × PATCH

mixed-effects ANOVA. Distinct drug-effects patterns were observed across these ROIs as

indicated by a significant five-way interaction (REGION × COHORT × GROUP × PILL ×

PATCH: F[2,34]6 = 3.4, p = 0.04). More specifically, in the right dlPFC we detected a

significant COHORT × GROUP × PATCH interaction (F[1,35] = 7.3, p = 0.01; Fig. 4B).

This distinct drug-effects pattern indicated that nicotine, but not varenicline, reduced dlPFC

reactivity only in SI-smokers (PATCH: F[1,10] = 13.6, p = 0.004) but not in VI-smokers

(PATCH: F[1,12] = 0.01, p = 0.9; COHORT × PATCH: F[1,19] = 7.3, p = 0.01) or either

nonsmoker cohort (p values > 0.14). In the right dlPFC ROI no indications of a varenicline

effect were observed within SI-smokers suggesting that nicotine’s influence in this region

was modulated by nAChRs other than those upon which varenicline acts. Using a less

stringent threshold to define ROIs, we observed a similar interaction effect within left

insula/lateral PFC (Supplemental Fig. S5).

With respect to the visual cortex ROI, we did not detect a significant COHORT × GROUP ×

PILL × PATCH interaction (c.f., amygdala ROI; F[1,35] = 0.1, p = 0.8) nor a significant

COHORT × GROUP × PATCH interaction (c.f., dlPFC ROI; F[1,35] = 2.6, p = 0.1). In

other words, there was no evidence that subgroups of smokers (p values > 0.3) or

nonsmokers (p values > 0.2) showed differential responses to drug administration in visual

cortex. These results from visual cortex provide an important within-subject “control

region” for the drug-induced effects reported within the amygdala and dlPFC ROIs of SI-

smokers.

4Controlling for age, education and errors.
5Controlling for age, cigarettes per day and errors.
6As the REGION factor was composed of three-levels, statistical values from the multivariate approach to repeated-measures
ANOVA are reported. Controlling for age, education, and errors.
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4. DISCUSSION

Modulation of hyperactive amygdala functioning during early smoking abstinence

represents a putative neurobiological target underlying the efficacy of smoking cessation

medications in some individuals. We assessed the behavioral and neurobiological impact of

smoking abstinence and the amelioration of resulting effects by examining the impact of

varenicline (vs. placebo pill) in participants concurrently wearing transdermal nicotine or

placebo patches. When considering smokers as a single homogeneous group, varenicline and

nicotine modulated RT, HR, and self-reported mood (Supplemental Information section “1.5

Self-report measures”) in a manner consistent with varenicline’s partial agonist/antagonist

profile. When considering all smokers, drug administration had no significant impact on

amygdala reactivity. However, an exploratory analysis suggested that nAChR stimulation

via nicotine and varenicline dampened amygdala functioning in a subset of smokers who

demonstrated greater abstinence-induced elevations in reactivity and showed stable RT

improvements following pharmacological manipulations. Finally, when considering

nonsmokers, drug-induced responses were observed at the physiological level (i.e., HR), but

not at the behavioral (i.e., RT) or neurophysiological level (i.e., amygdala reactivity).

4.1 Differential pharmacological effects on amygdala reactivity

Whereas previous neuroimaging investigations have reported the down-regulation of

amygdala functioning following cigarette smoking (Mihov and Hurlemann, 2012; Rose et

al., 2003; Zubieta et al., 2005) or varenicline treatment (Franklin et al., 2011a; Loughead et

al., in press; Loughead et al., 2010), our results suggest individual differences in the effects

of smoking abstinence and subsequent nAChR stimulation on amygdalar responses. In the

SI-smoker cohort, amygdala functioning was hyperactive in the absence of drug

administration during smoking deprivation (i.e., placebo-pill/placebo patch session).

Nicotine replacement and varenicline administration (as indicated by a PILL × PATCH

interaction) decreased such hyperactivity. In contrast, the VI-smoker cohort presented with

moderate levels of reactivity in the absence of pharmacological manipulations and drugs did

not robustly modulate amygdala activity. It may be that those smokers with lower amygdala

reactivity in the absence of nAChR stimulation were at or near “optimal” levels, thus

providing little dynamic range for the pharmacological manipulations to reduce amygdala

functioning.

Down-regulation of hyperactive amygdala functioning, which has been linked to negative

emotional states accompanying drug withdrawal (Koob, 2009), may partly underlie the

beneficial clinical effects of varenicline, particularly in those individuals experiencing

higher degrees of affective disturbances during early abstinence (Piper et al., 2011). While

the current study was underpowered to detect differences between smoker cohorts in regards

to self-reported withdrawal, mood, or tobacco craving (Supplemental information section

“1.5 Self-report measures”), across all sessions and smokers, self-reported withdrawal

symptoms were positively correlated with amygdala reactivity. The current results may also

be considered in light of other pharmacological fMRI studies that have observed decreased

amygdala reactivity following administration of antidepressant (van Marle et al., 2011) or

anxiolytic drugs (Paulus et al., 2005).
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While ~45% of smokers in clinical trials are able to remain abstinent during varenicline

treatment (Gonzales et al., 2006; Jorenby et al., 2006), the distinguishing characteristics of

those individuals showing an efficacious response remain unknown. Differential effects

associated with smoking abstinence and nAChR stimulation on brain activity, such as those

reported herein, may prove useful for identifying those smokers who would most benefit

from nAChR pharmacological treatments and thus facilitate the implementation of

individualized treatment strategies for cessation. Although we did not collect reports

regarding reasons for tobacco use, individuals showing elevated amygdala functioning

during abstinence may be those more likely to indicate smoking for stress reduction,

improved emotional coping, or relaxation (Rose et al., 2007).

4.2 Task performance

Varenicline and nicotine improved task performance in abstinent smokers but not in

nonsmokers. Nicotine’s performance-enhancing properties manifest in multiple domains,

particularly when considering abstinent smokers (Heishman et al., 1994). Similarly,

varenicline has been shown to augment performance in preclinical models (Rollema et al.,

2009) and clinical studies (Loughead et al., in press; Loughead et al., 2010; Patterson et al.,

2009; Sofuoglu et al., 2009). The unique contribution of our study lies in the fact that we

examined the impact of varenicline both in the presence and absence of nicotine. Using this

two-drug approach, we observed not only a varenicline-induced RT reduction (consistent

with a partial agonist effect), but also the attenuation of a nicotine-induced full agonist

response (consistent with an antagonistic effect). While evidence for varenicline’s partial

agonist/antagonist mechanism of action is largely based on cellular and animal data

(Rollema et al., 2009), heretofore it has been unexamined in abstinent human smokers.

Given that a core symptom of nicotine withdrawal is difficulty concentrating, amelioration

of mild behavioral impairment during a quit attempt and attenuation of nicotine’s impact

thereon during a smoking lapse, may contribute to varenicline’s relatively high clinical

efficacy. Furthermore, indications of differential responses to pharmacological

manipulations within smoker subgroups were also observed at the behavioral level. Such

differential responses are consistent with the notion that nAChR stimulation most robustly

improves behavior in individuals performing sub-optimally (Newhouse et al., 2004).

Behavioral performance appears mediated by genetic influences on nAChR function

(Greenwood et al., in press; Winterer et al., 2010) and, when assessed during early

abstinence, predicts smoking relapse (Patterson et al., 2010).

4.3 Heart Rate

Finally, we observed that varenicline reduced nicotine-induced HR increases in both

smokers and nonsmokers. Varenicline’s ability to suppress HR increases has similarly been

observed after intravenous nicotine injection (Sofuoglu et al., 2009). While the distinct

nAChRs involved in the modulation of autonomic activity remain to be more fully

characterized, potential candidates include α3β4, α7, and α4β2 receptors (Li et al., 2010).

Although binding with lower affinity at α3β4 and α7 nAChRs (Rollema et al., 2009),

varenicline’s action beyond α4β2 subtypes cannot be ruled out (Mihalak et al., 2006). Such

effects may be clinically relevant, as the peripheral actions of abused drugs appear to

contribute to activation of the dopaminergic system by serving as conditioned reinforcers
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(Wise et al., 2008). Laboratory assessments indicate varenicline decreases the subjective

rewarding aspects of cigarette smoking (Patterson et al., 2009). Attenuation of nicotine-

induced cardiovascular (and/or other autonomic) responses by varenicline may be one

mechanism mediating subjective changes in perceived smoking satisfaction.

4.4 Limitations and conclusions

While the two-drug, within-subject, cross-over design represents a major strength of our

study, the current results must also be considered in light of limitations. First, inherent in all

repeated-measures designs is the potential for practice/habituation or novelty effects.

Second, as we recruited smokers who were not explicitly interested in quitting smoking, the

degree to which the current results generalize to a treatment-seeking sample remains

indeterminate. Finally, and perhaps most critically, the post hoc parsing of participants into

two cohorts based on drug-induced decreases in RT represents a quasi-experimental

approach rendering those results exploratory in nature and necessitating replication. This

limitation could be overcome in future studies by recruiting subgroups of smokers based on

a priori characteristics. While our smoker cohorts did not significantly differ in terms of

demographic or smoking characteristics (Supplemental Table S1), the literature suggests

several other factors that may be worth exploring. For example, those smokers presenting

with increased abstinence-induced amygdala functioning may be identified based on

personality (e.g., sensation seeking or anxiety sensitivity: Evatt and Kassel, 2010; Lee et al.,

2011) or genetic characteristics (e.g., dopamine or serotonin gene variants: Franklin et al.,

2011b; Hariri et al., 2002a; Jasinska et al., 2012).

Despite these limitations, the current results provide a step toward fractionating the smoker

phenotype by neurobiological characteristics. Pharmacotherapy administration dampened

elevated amygdala functioning most robustly in those smokers appearing susceptible to

abstinence-induced effects, and by inference, smoking relapse when attempting to quit. In

contrast nAChR stimulation with varenicline and nicotine did not appear to modulate

amygdala functioning in those individuals at or near “optimal” levels in the absence of drug

administration (i.e., smokers less susceptible to abstinence-induced effects). Elucidating the

differential impact of abstinence and nAChR stimulation on neural activity and behavior

performance may prove useful for the development of cessation interventions tailored to the

individual.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Varenicline attenuates nicotine’s impact on heart rate in both smokers and nonsmokers

Varenicline and nicotine augment task performance in smokers but not nonsmokers

Drugs dampen amygdala reactivity in smokers susceptible to abstinence-induced effects
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Figure 1.
Study overview schematics. (A) Illustration of anticipated varenicline (PILL) × nicotine

(PATCH) pharmacological interaction and the nature of effects on a dependent variable

(DV) during smoking abstinence. Abstinence-induced effects on the DV (e.g., reaction time,

amygdala reactivity) are expected to be greatest following smoking deprivation and in the

absence of drug administration (i.e., under placebo-pill/placebo-patch conditions: data point

“A”). Administration of nicotine is expected to reduce this abstinence-induced elevation

(data point “B”) yielding a full agonist response (A vs. B). Similarly, administration of

varenicline alone is expected to reduce the DV (data point “C”) yielding a partial agonist

effect (A vs. C). Administration of varenicline in combination with nicotine (data point “D”)

is then expected to attenuate the nicotine-induced response, as varenicline binds to nAChRs

with higher affinity than nicotine and blocks the full agonist response, yielding an antagonist

effect (B vs. D). These partial agonist and antagonist effects combine to produce a null

effect of nicotine versus placebo patch (C vs. D) in the presence of varenicline. (B)

Illustration of study design. All participants completed six fMRI assessments. Before

beginning a pill regimen (pre-pill), participants completed assessments wearing transdermal

nicotine and placebo patches on separate days. Subsequently, participants underwent

varenicline (mean ± SD: 17.0 ± 4.2 days) and placebo pill administration (16.5 ± 3.4 days)

and again completed nicotine and placebo patch scans towards the end of both medication

periods. Double-headed arrows indicate the randomization of drug order across participants.

* Nicotine and placebo patch scans were separated by an average of 2.9 ± 1.7 days. **

Neuroimaging assessments occurred 13.9 ± 2.3 days after the onset of each PILL period. #

A washout interval did not separate varenicline and placebo pill epochs.
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Figure 2.
Varenicline and nicotine modulated heart rate (HR) similarly in smokers and nonsmokers.

Nicotine-induced HR increases observed under placebo pill conditions were attenuated

under varenicline conditions in both the smoker (A) and nonsmoker groups (B). * pcorrected

< 0.05.
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Figure 3.
The impact of nAChR stimulation on reaction time (RT) in smokers and nonsmokers. (A)

Across all smokers, nicotine-induced effects observed under placebo pill sessions were

absent under active medication as varenicline decreased RT (grey line) and attenuated

nicotine’s impact thereon (red line). (B) Although nonsmokers displayed a physiological

(HR) response to drugs, pharmacological manipulations did not significantly impact their

behavioral performance. * pcorrected < 0.05.
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Figure 4.
Drug effects on task-induced neural responses in subgroups of smokers and nonsmokers. (A)

Amygdala reactivity was differentially modulated by drugs across subgroups.

Pharmacologically induced decreases in amygdala reactivity (i.e., PILL × PATCH

interaction) were observed only in the SI-smoker cohort (shaded), but not in any of the other

three cohorts. Distinct drug-effect patterns were observed in alternative ROIs, suggesting the

regional specificity and/or mechanistic selectivity of pharmacological effects within

amygdala: right dlPFC (B) and visual cortex (C). * puncorrected < 0.05.
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Table 1

Demographic and smoking characteristics.

Smokers
(n = 24)

Nonsmokers
(n = 20)

Agea 35.7 ± 9.9 (22–52) 30.1 ± 7.1 (20–45)

Education (years)a 13.7 ± 1.9 (8–16) 15.2 ± 1.3 (12–16)

Estimated IQb 106.6 ± 11.7 (87–127) 112.7 ± 11.6 (87–130)

Gender (female/male) 12/12 10/10

Cigarettes per day 17.7 ± 7.9 (10–40) ---

Years daily smoking 18.0 ± 10.6 (3–39) ---

Fagerström scorec 5.0 ± 1.9 (2–9) ---

Age of first cigarette 15.8 ± 3.6 (10–25) ---

Data are expressed as mean ± SD (range).

a
Smokers were older (t[42] = 2.1, p = 0.04) and less educated (t[42] = 3.0, p = 0.004) relative to nonsmokers.

b
Groups did not differ in terms of Wechsler Adult Intelligence Scale-Revised estimated IQ scores (t[42] = 1.7, p = 0.1).

c
Fagerström Test for Nicotine Dependence (Heatherton et al., 1991).
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