1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Psychophysiol. Author manuscript; available in PMC 2019 January 01.

-, HHS Public Access
«

Published in final edited form as:
Int J Psychophysiol. 2018 January ; 123: 25-34. doi:10.1016/j.ijpsycho.2017.12.001.

Pharmacological intervention and abstinence in smokers
undergoing cessation treatment: A psychophysiological study

Yong Cui?, Jeffrey M. Engelmann®, Jonathan Xian¢, Jennifer A. Minnix2, Cho Y. Lam¢,
Maher Karam-Hage?, Paul M. Cinciripini?, and Jason D. Robinson2

aDepartment of Behavioral Science, The University of Texas MD Anderson Cancer Center,
Houston, TX

bDepartment of Psychiatry and Behavioral Medicine, Medial College of Wisconsin, Milwaukee, WI
¢Texas A&M Health Science Center College of Medicine

dDepartment of Population Health Sciences, University of Utah, Salt Lake City, UT

Abstract

As a composite concept, negative affect comprises various aversive emotional experiences, such as
irritability and nervousness. It is a critical motivational factor that helps maintain smoking
behavior, and contributes significantly to smoking cessation failure as a core withdrawal symptom.
Prior research has indicated an important role of nicotinic mechanisms in negative affect
processing. The most effective smoking cessation medication, varenicline, targets nicotinic
acetylcholine receptors (NAChRs) as a partial agonist, while another first-line cessation
medication, bupropion, has shown antagonistic effects on nAChRs. Therefore, it is possible that
both medications work to reduce smoking behavior through modulating negative affect processing.
To evaluate this hypothesis, we examined the impact of varenicline tartrate and bupropion
hydrochloride sustained-release on electrophysiological responses to affective, cigarette-related,
and neutral cues before and during smoking cessation treatment in a randomized placebo-
controlled clinical trial. The participants were 206 smokers, a subset of 294 participants that were
enrolled in a larger smoking cessation clinical trial who were randomly assigned to one medication
group for 12 weeks. Orbicularis oculi (startle eyeblink response) and corrugator supercilii facial
electromyographic (EMG) reactivity toward emotional pictures (i.e., pleasant and unpleasant) in a
picture-viewing task were measured before treatment and 2 and 6 weeks after treatment was
started. The startle and corrugator EMG activities increase with the exposure to unpleasant cues,
and served as indices for negative emotional reactivity (NER). We found that after 6 weeks, drug
reduced startle-related NER in the varenicline group, but not in the bupropion or placebo group.
Independent of medication treatment, lower baseline NER, as measured by the corrugator EMG
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activity, predicted a higher likelihood of smoking abstinence 1 and 3 months after quitting
smoking. These findings indicate the important roles of varenicline in negative affect processing
and negative emotional reactivity in the course of smoking cessation.
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1. Introduction

Varenicline tartrate (referred to as varenicline) and bupropion hydrochloride sustained-
release (referred to as bupropion) have been recommended by the Food and Drug
Administration as first-line pharmacotherapies for nicotine dependence in the United States
(Fiore et al., 2008). Unfortunately, only about 14% treated with bupropion and 22% treated
with varenicline maintain continuous abstinence throughout the first year (Cahill et al.,
2012). Understanding these medications' therapeutic mechanisms can help researchers
improve the treatment efficacy of these pharmacologic interventions.

Bupropion, as well as its active metabolite, (2S,3S)-hydroxybupropion, is a noncompetitive
antagonist on nicotinic acetylcholine receptors (nAChRs), particularly those containing
a4p2 and a3p2 subunits (Damaj et al., 2004; Carroll et al., 2014). It is also a dopaminergic
and noradrenergic reuptake inhibitor (Stahl et al., 2004). Varenicline is a selective a4f2-
containing nAChR partial agonist and a full agonist at the homomeric a7-containing nAChR
(Aubin et al., 2014) and also exerts some antagonistic properties on these receptors with
nicotine coadministration (Mihalak et al., 2006). Bupropion's nicotinic antagonism and
varenicline's partial agonism on a4p2 nAChR have been suggested to be particularly
important for their therapeutic effects (Aubin et al., 2014; Carroll et al., 2014). As nicotine's
primary molecular targets, NAChRs mediate smoking's rewarding effects (Picciotto et al.,
1998; Tapper et al., 2004) and withdrawal symptoms during nicotine deprivation (Salas et
al., 2004).

Clinically, withdrawal symptoms are recognized as a major component of nicotine
dependence (American Psychiatric Association, 2013). Among the various aspects of
smoking withdrawal, negative affect is considered to be the core symptom (Baker et al.,
2004). Broadly speaking, negative affect captures subjective distress and unpleasant
engagement and is a general dimension that includes various aversive emotional
experiences, such as irritability, fear, disgust, nervousness, contempt, guilt, and stress
(Watson et al., 1988). Negative affect has been found to play an important role in
precipitating smoking relapse. Smokers are more vulnerable to relapse if they have higher
negative affect levels before they quit smoking (Ginsberg et al., 1995; Killen et al., 1996;
Kenford et al., 2002; Cinciripini et al., 2003) or after they quit smoking (Kenford et al.,
2002). Consistent with their superior therapeutic efficacies in improving smoking
abstinence, both bupropion and varenicline reduce negative affect levels more than placebo
(Gonzales et al., 2006; Jorenby et al., 2006; West et al., 2008; Cinciripini et al., 2013).
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The reformulated negative reinforcement model of drug addiction (Baker et al., 2004), has
provided a theoretic framework on elucidating the role of negative affect in drug addiction,
particularly with nicotine dependence. As the key to continued nicotine use, control of
negative affect begins with a preconscious level of processing of negative affect information
— asignal of an incipient increase in negative affect levels. Repeated nicotine use and
withdrawal lead smokers to be able to preconsciously process this negative affect
information by detecting its interoceptive cues during the early stages of nicotine
withdrawal. By responding to this interoception, smokers self-administer nicotine to reduce
negative affect and the increase of nicotine levels will reverse this early withdrawal process.
The reduction of negative affect and other unpleasant withdrawal symptoms contributes to
the reinforcement of smoking behavior and the development and maintenance of nicotine
addiction. This negative reinforcement model of nicotine addiction suggests that
understanding the biological processes associated with the early and preconscious stages of
negative affect processing will help elucidate the relationship among nicotine use, nicotine
withdrawal, and negative affect.

Many studies using rodent models and human neuroimaging technique have investigated
nicotinic mechanisms in modulating various aspects of negative affect. Different classes of
NAChR (e.g., a4p2, a7) are expressed widely in the brain, including the hippocampus, the
ventral tegmental area, and the striatum, and stimulate and regulate the release of various
types of neurotransmitters, including glutamate, GABA, dopamine, and serotonin (Dani and
Bertrand, 2007). Local infusion and use of pharmacological agents (e.g., nicotine, nAChR
antagonists) have suggested the importance of stress hormones, serotonergic, and
GABAergic pathways in mediating nicotine's effect on anxiety-related behaviors using
various behavioral paradigms (e.g., elevated plus maze testing) in rodents (Costall et al.,
1989; Brioni et al., 1993; Cao et al., 1993; For more, see review by Picciotto et al., 2002).
Genetic studies that involved evaluating polymorphism of the a4 subunit and $2 null
mutation have found that these genetic variants modulate nicotine's effects on fear-related
acoustic startle response in mice (Tritto et al., 2002; Owens et al., 2003).

Given that both bupropion (Damaj et al., 2004) and varenicline (Mihalak et al., 2006) target
nAChRs, both should also be expected to play a role in regulating the activities of the above-
mentioned nAChR-expressing brain regions and neurotransmitters that are regulated by
nicotinic activities. This postulation is supported by several functional neuroimaging studies
(Menossi et al., 2013). For example, compared with placebo, bupropion treatment reduced
brain activation of the left ventral striatum when smokers were instructed to resist craving
actively (Culbertson et al., 2011), and it also reduced smoking cue-related activation in the
anterior cingulate cortex (Brody et al., 2004). Several neuroimaging studies found that
varenicline treatment reduced the blood oxygen level-dependent (BOLD) activity of the
amygdala during a face emotion identification task (Loughead et al., 2011) and in the resting
state (Franklin et al., 2011), and the resting state connectivity between amygdala and insula
(Sutherland et al., 2013). Despite both medications modulating nAChR-expressing brain
regions, it should be noted that bupropion and varenicline appear to be associated with
different activation patterns (e.g., anterior cingulate cortex by bupropion vs. amygdala by
varenicline), which suggests that bupropion and varenicline may have differential
neurophysiological mechanisms. Importantly, research has consistently suggested that both
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the amygdala and anterior cingulate cortex play critical roles in fear and other emotional
processing (Phelps and LeDoux, 2005; Mechias et al., 2010; Shackman et al., 2011). Thus, it
can be expected that by regulating these affect-related brain regions, bupropion and
varenicline should modulate emotional processing. However, this hypothesis has not been
tested clinically.

Using psychophysiological approaches to study negative affect, one can measure immediate
physiological changes in response to a negatively-valenced stimulus (Bylsma et al., 2008),
which we refer to as negative emotional reactivity (NER). NER can be indexed by the startle
eyeblink response, measured from the orbicularis oculi, and by corrugator supercilii
electromyographic (EMG) activity using the picture-viewing paradigm (Bradley et al.,
2001). The startle response itself is a reflexive reactivity to an abrupt aversive stimulus (e.g.,
loud noise), and basic research has extensively characterized its neural pathways (Davis et
al., 1982; Koch and Schnitzler, 1997; Swerdlow and Geyer, 1999; Lang et al., 2000; Grillon
and Baas, 2003). In addition, startle response can be modulated by presenting the startle
stimulus within the context of a pre-existing ambient emotional cue, such as an unpleasant
picture (e.g., gun threat), and the more unpleasant and arousing the ambient cue, the larger
the startle response (Bradley et al., 2001), a paradigm that is termed affect-modulated startle
response.

Corrugator activity represents outward facial expression when negative information is
processed (Jancke, 1996), as its EMG levels are significantly increased in response to
unpleasant pictures, particularly mutilations and contamination, compared with neutral
pictures, as opposed to the startle response, which is more sensitive to animal and human
attack (Bradley et al., 2001). Although both startle and corrugator reactivity towards
unpleasant stimuli can index NER, they may reflect different subdomains of negative affect
processing (e.g., corrugator in disgust, such as in response to mutilations and contamination
vs. startle in fear, such as in response to gun threat). In addition, they appear to involve
differential brain regions (Lang et al., 2000; Lee et al., 2012). Thus, taken together,
measuring NER using both startle response and corrugator reactivity methods will allow us
to evaluate the differential effects of bupropion and varenicline on negative affect-related
biological processes.

In this study, we used startle response and corrugator EMG measures to evaluate whether
bupropion and varenicline reduced NER in smokers who were undergoing smoking
cessation treatment. We examined whether medication and abstinence modulated these
NER-related measures during the cessation course and further tested if baseline NER
predicted abstinence status. Specifically, we hypothesized that: (1) treatment with bupropion
and varenicline would result in lower levels of NER than placebo, (2) abstinence would be
associated with lower levels of NER than nonabstinence during post-quit time points, and
(3) smokers with lower NER at baseline time point would be more likely to remain abstinent
after they quit smoking. In addition to these three primary hypotheses related to NER, we
conducted secondary analyses to examine whether bupropion and varenicline treatment
would modulate smoking cue-related startle response, given that previous research has
indicated that smoking-related cues reduce startle response relative to neutral cues (Geier et
al., 2000; Cinciripini et al., 2006; Dempsey et al., 2007; Rehme et al., 2009).
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2. Materials and Methods

2.1. Participants

Participants were recruited from the Houston metropolitan area as part of a larger clinical
trial registered in the www.clinicaltrials.gov database (identifier; NCT00507728). The
present report is a secondary analysis of the parent randomized placebo-controlled clinical
trial (Cinciripini et al., 2013). To be enrolled in the trial, participants had to 1) be between 18
and 65 years old as we intended to primarily target the mid-age smokers; 2) have English
fluency for communication purposes; 3) provide written consent for informed consent; 4)
have a working telephone that allowed us to schedule visits and collect follow-up data; 5)
smoke five or more cigarettes per day; 6) exhale 6 ppm or more of carbon monoxide (CO) at
baseline as a biochemical index of smoking intensity (Marrone et al., 2010); and 7) have no
uncontrolled chronic medical illnesses. Unlike some clinical smoking trials (Gonzales et al.,
2006; Jorenby et al., 2006) that used 10 cigarettes per day and 10 ppm of CO as the
inclusion cutoff, we chose cutoffs of 5 cigarettes per day and 6 ppm of CO which allowed us
to better reflect the trend toward lighter smoking in the United States (Jamal et al., 2016).
Exclusion criteria included 1) taking psychotropic medications; 2) having a lifetime history
of a psychotic disorder; 3) having a psychiatric hospitalization within the past year; 4)
having a current psychiatric disorder other than nicotine dependence; 5) being involved in
any other concurrent smoking cessation activities; 6) having moderate or severe suicidality
as determined by the Mini-International Neuropsychiatric Interview (Sheehan et al., 1998);
and 7) having contraindications for varenicline or bupropion. The last criterion was used
because participants in the parent clinical trial were randomly assigned to varenicline,
bupropion, or placebo, they should not have any contraindications for either medication. The
other exclusion criteria were used because we intended to study how smokers in the general
population without psychiatric comorbidities responded to these pharmacological
interventions.

The Institutional Review Board at The University of Texas MD Anderson Cancer Center
approved the parent clinical trial and all its procedures. Among the 294 participants enrolled
(Cinciripini et al., 2013), only 206 are presented in this report. Thirty-seven participants
were assigned to the functional neuroimaging arm of the parent trial (the results will be
reported elsewhere) and did not have psychophysiological data being reported herein, 42
participants did not yield useful psychophysiological data (i.e., < 66% good startle trials),
and 9 participants' psychophysiological data were not collected due to technical difficulties.

2.2. Study timeline

After an initial telephone interview, all eligible participants were invited to attend a baseline
visit for further screening and final determination of study eligibility. Eligible participants
completed the first laboratory session and were then assigned randomly to one of three drug
groups: varenicline tartrate, bupropion hydrochloride sustained-release, or placebo, all in
conjunction with standard smoking cessation counseling, as detailed in the main outcome
manuscript (Cinciripini et al., 2013). Participants were asked to start taking the medication
the day after their baseline visit. They took the medications for 12 weeks with the following
dosage scheme: the varenicline group took 0.5 mg a day for 3 days, 0.5 mg twice a day for 4
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days, and 1 mg twice a day thereafter; the bupropion group took 150 mg a day for 3 days
and 150 mg twice a day thereafter. The titration and full strength dose was based on the
pivotal clinical trials that evaluated the treatment effects of varenicline on smoking
abstinence (Gonzales et al., 2006; Jorenby et al., 2006). The patients were asked to bring any
unused medications during their in-person visits, when their use of medication was collected
using self-report. About 90% patients adhered to the treatment, and the adherence rates did
not differ among the three medication groups.

On their scheduled quit date, the participants were asked to quit smoking. On average, the
interval between the beginning of drug treatment and scheduled quit date was 13.2 days (SD
= 1.6). One day before the scheduled quit date, participants received telephone-based
counseling to prepare them for quitting. The first laboratory session occurred 1 day before
participants started taking medication. The second laboratory session occurred 1 day after
the scheduled quit date (i.e., after 2 weeks of medication). The third laboratory session
occurred 4 weeks after the quit date (i.e., after 6 weeks of medication). Participants also had
follow-up visits to our clinic 12 and 24 weeks after their scheduled quit date. In total, there
were 50 and 77 drop-outs for 12- and 24-week post-quit visits, respectively, and the drop-out
rates did not differ among three treatment groups for both time points (o> 0.6).

2.3. Abstinence assessment

For the post-quit visits, each participant's abstinence status was assessed via self-report and
biochemical verification with an expired CO < 10 ppm (Gonzales et al., 2006; Jorenby et al.,
2006) and salivary cotinine levels < 15 ng/mL (Benowitz et al., 2002), criteria previously
identified for verifying smoking abstinence (Benowitz et al., 2002). For the second
laboratory session (i.e., 1 day after the quit date), abstinence status was established by self-
reported nonsmoking in the past 24 hours and expired CO < 10 ppm. For the other post-quit
time points, abstinence status was defined as self-reported nonsmoking in the past 7 days
(i.e., 7-day point prevalence) and expired CO < 10 ppm. Using the intention-to-treat
definition, those patients lost to follow-up were considered as smoking.

2.4. Questionnaires

The Fagerstrom Test for Nicotine Dependence (FTND; Heatherton et al., 1991) was used to
measure the severity of nicotine dependence. Depressive symptoms were measured using the
Center for Epidemiologic Studies Depression Scale (CES-D; Radloff, 1977). The Positive
and Negative Affect Schedule (PANAS; Watson et al., 1988) was used to measure positive
affect (the positive affect subscale) and negative affect (the negative affect subscale). The
FTND questionnaire was administered at the baseline screening visit, and the CES-D and
PANAS were administered at all three laboratory sessions.

2.5. Laboratory assessment and data acquisition

During each laboratory session, participants viewed a different set of pictures that consisted
of neutral and emotionally evocative pictures from the International Affective Picture
System (IAPS; Lang et al., 2005) and cigarette-related pictures from our previous studies
(Carter et al., 2006; Cinciripini et al., 2006; Versace et al., 2010; Robinson et al., 2015). We
created three picture sets, each with 96 pictures. There were 24 pictures in each of four
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categories, including neutral, pleasant, unpleasant, and cigarette-related, matched on
luminosity using the software Irfanview (v4, www.irfanview.com) and on complexity using
subjective evaluation of image contents, such as the number and the size of objects/people.
Additionally, the pleasant and unpleasant pictures were matched on their normative arousal
levels (Lang et al., 2005). Detailed information regarding the normative ratings and the IAPS
numbers of these pictures was provided in our previous report (Versace et al., 2012), and
information regarding the cigarette-related images was provided in a different report of the
present study (Robinson et al., 2013). In each session, the picture set was presented twice in
separate blocks, with each having four sub-blocks of 24 pictures, resulting in 192 picture-
viewing trials. The interval between the sub-blocks was 30 s. The pictures were presented on
a 50-inch plasma TV screen with a refresh rate of 60 Hz approximately 1.5 meters away
from the participants, forming a horizontal viewing angle of ~24°. Each picture was on the
screen for 4 s, and the inter-picture interval was random, ranging from 3to 5 s.

During the picture presentation, we recorded electroencephalography (EEG; which will be
reported elsewhere), orbicularis EMG, corrugator EMG, heart rate, and skin conductance.
Because the focus of this study was on NER during smoking cessation and because of
equipment issues related to skin conductance measurement (i.e., very weak signals and no
valence-related changes), we report only the measures of orbicularis (i.e., startle response)
and corrugator EMG as established indices of NER (Bradley et al., 2001). Startle probes
were delivered during 12 of the 48 picture trials in each category by using a 50-ms 100-
dB(A) acoustic startle noise with instantaneous rise time. Another 24 startle probes were
delivered during the inter-picture intervals to increase the unpredictability of startle probe
occurrence. The startle probes were delivered binaurally between 2.5 and 3.5 s after picture
onset through insert earphones (model 3A, 10Q E-A-R Auditory Systems, Indianapolis, IN,
USA). Another six startle probes were delivered to habituate participants to the noise at the
beginning of the picture presentation, and these habituation and inter-picture interval trials
were excluded from further data reduction and analysis.

All experimental stimuli, including pictures and startle probes, were presented using the E-
Prime software (v1.2; Psychology Software Tools, Sharpsburg, PA, USA). Recording
electrodes (Ag-AgCl) were placed on the right orbicularis oculi and corrugator supercilii
muscles. EMG activity was recorded and amplified with an EMG100C module connected to
an MP150WSW amplifier at a sampling rate of 1000 Hz (BIOPAC Systems, Goleta, CA,
USA). The EMG signals were filtered (28-500 Hz), rectified and smoothed by a five-sample
boxcar filter, and displayed via AcqKnowledge 111 data acquisition software (v3.8.2;
BIOPAC Systems).

2.6. Data reduction and scoring

2.6.1. Startle response—Startle magnitude was calculated as the difference between the
maximum EMG activity within 20 to 120 ms after startle probe onset and the mean baseline
activity within a 25-ms time window before probe onset. Startle trials were defined as
unscorable if they contained excessive noise or no apparent response. If the data from a
laboratory session had more than 33% unscorable startle responses (24 of 72 startle trials),
the data were excluded from further analysis. Among all included data, the mean number of
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acceptable trials was 66.7 (SD = 6.1) per laboratory session. A more detailed description
about the scoring of the startle responses can be found in our previous report (Cui et al.,
2012). To minimize the inter-individual differences in startle response (Blumenthal et al.,
2005), we computed standardized startle responses within each subject to generate T-scores
(M =50, SD = 10) using all the picture trials, and all trials that exceeded 3 SDs were
considered as outliers and were excluded (328 trials, 1.2%).

Although not part of our hypotheses, previous research has indicated that startle response
can reduce over time, a phenomenon termed habituation, and that such habituation varies as
a function of picture valence (Bradley et al., 1993; Rehme et al., 2009). Thus, as exploratory
analyses, we examined whether startle habituation could be modulated by medication and/or
picture valence. To quantify startle habituation within a session, we calculated the mean
startle difference between the first and eighth block for each participant, and found that there
was startle habituation within the session (¢=12.43, p< 0.0001). Using this difference score
as the dependent variable, we ran mixed models using valence, medication, and their
interaction term as independent variables for the post-quit time points. However, we found
no significant effects (all ps>0.05) for these terms, which suggest that picture valence and
medication treatment did not affect startle habituation.

2.6.2. Corrugator EMG—The recorded BIOPAC files were first imported into MATLAB
(v7.10.0.499; The MathWorks, Inc., Natick, MA) by using a modified script (Shen, 2011).
To score the data, a 6-s segment, including 2 s before and 4 s after picture onset, was created
for each trial. Next, 12 means were calculated for each 0.5-s epoch in the 6-s segment.
Because of the impact of the startle probe on the EMG activity, we excluded all of the
segments that contained startle probes (31.2%). Picture-related EMG reactivity was defined
as the difference of the mean activity of 3 to 4 s after picture onset, when the EMG activity
was stable, and the baseline activity, which was defined as the mean value of the first four
means, which comprised the 2-s window prior to picture onset. To remove artifacts, we
excluded outliers at the trial level if a score for a trial was greater than 3 SDs from the mean
for each participant. A total of 1381 trials (2%) were identified as outliers and were
excluded. Finally, we calculated the mean activity for each picture category for each
participant.

2.6.3. Standardized d-score—To create the index for the NER for startle and corrugator
activity, we calculated unpleasant-related @scores using the formula for computing Cohen's
d (Cohen, 1988): d-score = (M1 — M2)/SDp, where M1 and M2 are the startle or corrugator
EMG mean values for unpleasant and neutral conditions and SDp is the pooled standard
deviations of the unpleasant and neutral conditions. This standardized approach has been
used in previous studies (Robinson et al., 2011; Cui et al., 2012) and is suggested to better
reflect individual differences in the unpleasant-related responses than simply taking a
difference score (Robinson et al., 2011).

2.7. Statistical analysis

The statistical analyses were conducted using SAS (v9.4; SAS Institute Inc., Cary, NC,
USA). Participants' baseline characteristics were summarized using SAS PROC SQL.
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Before we tested our hypotheses, we examined the main effects of valence on startle and
corrugator activities as a manipulation check to confirm that unpleasant pictures would
result in greater startle and corrugator activities as previously reported (Bradley et al., 2001).
In two separate models, the dependent variables were startle response amplitude (T-score)
and corrugator EMG mean value in mV and the independent variable was Valence (neutral,
pleasant, unpleasant, and cigarette-related). Because the measure of interest was NER using
these two psychophysiological methods, to estimate their effect sizes, we calculated the
Cohen's d, score for the comparisons between unpleasant and neutral conditions, using the
t
formula: Cohen's dz:% where fwas the #statistic values for these contrasts and n was the
sample size (Rosenthal, 1991). The d, values of 0.2, 0.5, and 0.8 are considered as small,
medium, and large effects (Cohen, 1988).

To test our first two hypotheses, we used a mixed models approach (SAS PROC MIXED),
with subject modeled as a random effect. For our first hypothesis (i.e., treatment with
bupropion and varenicline would result in lower levels of NER than placebo), we tested the
interaction of Drug (bupropion, varenicline, or placebo) and Valence (neutral, pleasant,
unpleasant, and cigarette-related) on startle response and corrugator EMG activity. For our
second hypothesis (i.e., abstinence would be associated with lower levels of NER than
nonabstinence), we tested Abstinence x Valence interaction on startle response and
corrugator EMG activity. All these mixed models were run separately for each post-quit
session for each NER measure using FTND scores and their baseline NER values as
covariates to account for possible pre-existing differences in nicotine dependence and
negative affect reactivity among subjects.

To estimate the effect sizes of mixed models used in testing Hypotheses 1 and 2, we

. . 2_ F dfeffect
calculated the partial eta squared using the formula: 7, = 7, Af attect +- A orror” where F was

F-statistics values, and dfsrect and dfyror Were degree of freedoms for the effect and error

terms (Lakens, 2013). The 775 values of 0.01, 0.06, and 0.14 are considered as small,
medium, and large effects (Cohen, 1988).

For our third hypothesis (i.e., smokers with lower NER at the baseline would be more likely
to be abstinent), we used a logistic regression approach with PROC LOGISTIC, in which the
predictor variable was unpleasant-related a-scores for the startle response or corrugator
EMG activity and the response variable was smoking abstinence status (7-day point
prevalence, CO-verified) at 4 weeks, 12 weeks, and 24 weeks after the quit date (i.e., 6, 14,
and 26 weeks after starting the drug). The pharmacological treatment and the FTND scores
were included as covariates in these logistic models to account for drug and nicotine
dependence severity effects on abstinence. The odds ratio (OR) values were considered to
index effect size, and the OR values of 1.68, 3.47, and 6.71 (or reversed, 0.60, 0.29, and
0.15) are considered to be small, medium, and large effects (Chen et al., 2010).

We used a Type | error rate of 0.05 and adjusted for multiple comparisons using the Tukey-
Kramer method as implemented in the SAS software package, where applicable.
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3. Results

3.1. Sample characteristics

The baseline demographics and cigarette-related characteristics of the 206 participants are
summarized in Table 1. Overall, this sample consisted of middle-aged smokers (mean age =
44.9, SD = 10.5) who were moderately dependent on nicotine (mean FTND = 4.5, SD =
2.1). Most were European- (58.7%) or African- (25.7%) American, and the majority were
men (62.1%). No differences were noted between the three drug groups.

3.2. Picture valence manipulation check

The overall effects of picture valence on startle response (A3, 513) = 39.96, p < 0.0001,
Cohen's d; =0.40) and on corrugator EMG activity (/3 e15) = 82.49, p< 0.0001, Cohen's d,
=0.86) were significant. As shown in Fig. 1A, unpleasant pictures were significantly
associated with an increased startle response compared with neutral pictures (4s13) = 5.79, p
<0.0001). Both pleasant ({s13) = -3.92, p< 0.001) and cigarette-related (fs13) = -3.42, p<
0.005) pictures were significantly related to a reduction in startle magnitude compared with
neutral pictures. No significant differences were noted in startle magnitude between the
pleasant and cigarette-related pictures (4s13) = 0.50, p> 0.9). Similarly, unpleasant pictures
were also associated with a significantly higher corrugator EMG activity in comparison to
the other three picture categories (all &> 11, ps <0.0001). EMG corrugator activity
associated with both pleasant (4g15) = 1.91, p> 0.2) and cigarette-related ({g15) = 1.24, p>
0.6) pictures did not differ from neutral pictures. However, cigarette-related pictures resulted
in increased corrugator EMG activity in comparison to pleasant pictures (£g15) = 3.15, p <
0.01).

3.3. Effects of drug on startle response and corrugator EMG

To examine whether bupropion and varenicline would reduce NER more than placebo
(Hypothesis 1), we tested the Drug x Valence interaction on startle response and corrugator
EMG activity after 2 and 6 weeks of drug while controlling for smoking abstinence status
and their baseline (prior to drug onset) startle and corrugator values. As expected, no
significant interactions were observed for either measure at baseline (both ps > 0.7). When
baseline values were controlled, there were no significant interactions for both measures
after 2 weeks of drug (both ps > 0.1). However, 6 weeks after drug onset, a significant Drug

x Valence interaction (£, 236) = 3.12, p< 0.01, nf,:o.()? was observed for the startle
response but not for corrugator EMG activity (A, 3g3) = 0.58, p> 0.7). Post-hoc analyses
revealed that varenicline attenuated the expected potentiation of the startle response to
unpleasant stimuli, whereas placebo and bupropion did not (A2, 306) = 6.83, p < 0.005,

772:0.04Fig. 2). Importantly, this varenicline-related modulation was specific to the
unpleasant pictures as the three groups did not differ in their startle magnitude in response to
other types of pictures (all ps > 0.1), particularly including cigarette-related condition, which
suggests that bupropion and varenicline did not modulate smoking cue-related startle
response.
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Consistent with this observation, we found that the main effect of VValence was
nonsignificant in the varenicline group (A3, 111) = 1.08, p>0.3), but significant Valence

effects were noted in the placebo (A3, 93) = 4.91, p< 0.005, 7;2:0.14 and bupropion (£, 102)

=14.97, p<0.0001, 77127:0.31 groups. We noted that the estimated values (Fig. 2) appeared to
show that 6-week bupropion treatment resulted in an increase in its unpleasant-related startle
response relative to placebo treatment. We tested this possibility and found that the

interaction of Valence and Group (i.e., placebo and bupropion) was nonsignificant (F(3 195) =

1.47, p>0.2, n§:0.02 suggesting that bupropion and placebo did not differ in their
unpleasant-related startle response after 6 weeks of treatment. Although there was a trend of
startle potentiation induced by bupropion treatment with an effect size of 0.3 (¢=1.32, p>
0.1), this nonsignificant result may be due to the inherent variation of startle methodology,
even after T-score standardization.

3.4. Effects of abstinence on startle response and corrugator EMG

To examine whether abstinence would reduce NER compared with non-abstinence
(Hypothesis 2), we tested the Abstinence x Valence interaction on startle response and
corrugator EMG activity at two time points, 2 or 6 weeks of drug treatment (1 day and 4
weeks after the quit date, respectively), while controlling for drug and participants' baseline
startle and corrugator values. However, none of these interactions was significant (all gs >
0.3).

To examine whether smokers treated with different medications would show different startle
responses and corrugator activities as function of their abstinence status, we examined the
Drug x Abstinence x Valence three-way interactions on startle response and corrugator
EMG activity at both post-quit time points (1 day and 4 weeks after quitting) while
controlling for their baseline values. Examining this interaction would allow us to examine if
smokers treated with different medications would show different startle responses and
corrugator activities as function of their abstinence status. However, no significant
interaction was observed (all ps > 0.4).

3.5. Prediction of abstinence using baseline NER

For Hypothesis 3, we found that unpleasant-related corrugator EMG activity a-scores at
baseline significantly predicted abstinence status 4 weeks after the quit date (XZ =4.28, p<
0.05), such that participants with higher corrugator EMG activity induced by unpleasant
pictures had a lower likelihood of being abstinent than those with lower corrugator EMG
activity (OR estimate = 0.351, 95% ClI: 0.130, 0.947). We extended our analyses to examine
whether the pre-quit corrugator EMG activity predicted longer term abstinence status, and
we found that higher unpleasant-related corrugator EMG activity d-scores predicted a lower
probability of being abstinent 12 weeks after the scheduled quit date (OR estimate = 0.395,
95% CI: 0.171, 0.912) but not 24 weeks after the quit date (OR estimate = 0.734, 95% ClI:
0.310, 1.739). For the drug and FTND covariates in these models, we found that FTND
scores negatively predicted abstinence status at 4 weeks, but not at 12 or 24 weeks. However,
neither baseline unpleasant-related startle response a-score nor self-reported negative affect
predicted smoking abstinence status at any time point. The results are listed in Table 2.
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4. Discussion

As the first-line smoking cessation medications (Fiore et al., 2008), bupropion and
varenicline have been suggested to exert their effects, in part, by reducing negative affect.
However, it has been largely unclear regarding their psychophysiological effects on negative
affect-related processes during the smoking cessation course. To address this issue, this
study examined the effects of these two medications and smoking abstinence on startle
response and corrugator EMG activity in smokers who were undergoing smoking cessation
treatment. We found that after 6 weeks of treatment with varenicline, startle responses to
unpleasant stimuli were reduced. In addition, we also showed that pre-quit unpleasant-
related corrugator EMG activity was inversely related to smoking abstinence status at 4 and
12 weeks after the quit date, independent of medication treatment.

The association of varenicline with a reduction in the expected potentiation of the startle
response to unpleasant stimuli is consistent with previous research. Several functional
neuroimaging studies have consistently found that varenicline treatment reduced the BOLD
activity of the amygdala in the resting state (Franklin et al., 2011) and during a face emotion
identification task (Loughead et al., 2011), and amygdala's functional connectivity to insula
(Sutherland et al., 2013). Notably, amygdala is particularly important as a brain region for
the manifestation of the affect-modulated startle response (Lang et al., 1990; Patrick et al.,
1993). Although it is speculative, the reduction of amygdalar activity induced by varenicline
treatment as identified in these fMRI studies may account for varenicline-induced reduction
in NER as shown by decreased unpleasant-related startle response in the current report.
More specifically, we speculate that varenicline treatment may have ameliorated the reaction
toward interoceptive cues for negative affect through regulating amygdala, as previous
research has indicated a critical role of the amygdala in subconsciously processing fear and
anger (Scott et al., 1997; Carlsson et al., 2004). However, varenicline has also been found to
modulate neural activity of several other brain regions, such as prefrontal cortex and anterior
cingulate cortex (Franklin et al., 2011; Loughead et al., 2011; Sutherland et al., 2013), both
of which are involved in startle response (Pissiota et al., 2003; Sanchez-Navarro et al.,
2014). Thus, it is equally plausible that varenicline's effects on reducing negative-related
startle response may be also related to its regulation of these brain regions in addition to
amygdala.

Further, it is worth noting that 6 weeks, but not 2 weeks, of varenicline treatment modulated
affect-related startle response in our participants. This time-dependent effect of varenicline
treatment is consistent with the findings of a previous study (Hong et al., 2011), which
showed that varenicline reduced startle reactivity in patients with schizophrenia at week 8,
but not at week 2, a timeline similar to that of our study. These findings suggest that it may
take longer than 2 weeks for varenicline to produce neuroadaptations in the underlying
affective circuitry (e.g. amygdala) that mediate startle-related NER, although the effects of
varenicline on BOLD-measured amygdala activation have been observed with 2 to 3 weeks
of treatment in several neuroimaging studies (Franklin et al., 2011; Loughead et al., 2011;
Sutherland et al., 2013).
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However, our finding of varenicline-related startle suppression in the negative valence
condition is in contrast to a previous study (Mocking et al., 2013) that showed that
varenicline potentiated startle response toward negative pictures. Two major reasons may
account for this difference. First, our participants received longer varenicline treatment (6
weeks vs. 1 week) with higher dosage (1 mg twice a day vs. once a day) than their
participants. Varenicline's effects have been reported to be dose-dependent (Faessel et al.,
2006a; Nakamura et al., 2007). Second, their population (i.e., non-smoking young adults) is
distinct from ours (i.e., mid-age smokers). Chronic exposure to nicotine in our older smokers
may have resulted in elevated levels of the nAChRs and desensitization of these receptors
(Fenster et al., 1999; Perry et al., 1999; Picciotto et al., 2008). The presumed differential
receptor levels and desensitization statuses in these two populations may render them to
have different tolerances to the partial nicotinic agonist varenicline (Faessel et al., 2006b).
The presumed differential tolerability to varenicline, together with the different treatment
regimens, may have led to the opposite findings in the current and the previous study
(Mocking et al., 2013). Supportive of the possibility of distinct responsiveness to varenicline
between these two populations, our shorter-term (i.e., 2 weeks) treatment of varenicline did
not modulate startle response in our smokers, whereas startle modulation was observed with
1-week varenicline treatment in their nonsmokers.

We did not find any evidence that bupropion modulated NER-related psychophysiology at
either 2 or 6 weeks. Although no similar studies have been conducted in smokers, this null
finding is consistent with a study in depressed individuals. Using the same startle
methodology, Dichter and colleagues (2004) found that 12 weeks' treatment with bupropion
did not influence affective responses in depressed individuals. These null findings may
indicate that the affect-related startle paradigm may be insensitive to capture bupropion-
induced neurophysiological effects. As mentioned previously, the amygdala is particularly
important for the manifestation of affect-modulated response (Lang et al., 1990; Patrick et
al., 1993). However, previous studies provide little evidence that bupropion modulates
amygdalar activity. Culbertson and colleagues (2011) found that, compared with placebo
treatment, 8 weeks of treatment with bupropion reduced activation in the left ventral striatum
and several other brain regions when nicotine-dependent smokers were instructed to actively
resist smoking craving. Brody and colleagues (2004) found that patients treated with
bupropion had reduced cigarette cue-induced activation in the anterior cingulate cortex.
However, in a functional neuroimaging study of 10 patients with major depressive disorder,
the authors found that patients treated with 8 weeks of bupropion had reduced BOLD signals
in the right amygdala and several other brain regions (e.g., orbital frontal cortex, anterior
cingulate cortex) associated with processing negative stimuli (Robertson et al., 2007). Future
studies need to clarify the discrepancy regarding the effect of bupropion on amygdala and
explore the relationships between startle response and amygdalar regulation with the
treatment of bupropion.

We have previously discussed our results individually for each medication, and we want to
synthesize the underlying reasons for such differential effects between these two
medications. Most of previous research has found very similar results between varenicline
and bupropion in various aspects. For example, both medications reduce negative affect to a
similar extent in large-scale clinical trials (Gonzales et al., 2006; Jorenby et al., 2006). Both
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medications can reduce cue-related brain activation in several fMRI studies (Culbertson et
al., 2011; Franklin et al., 2011). Despite these similarities, their difference in modulating
unpleasant-startle response may be related to the different pharmacological natures of these
two medications. Although both show antagonism against nicotinic receptors, varenicline is
also a partial nicotinic agonist where as bupropion is a norepinephrine and dopamine
reuptake inhibitor (Damaj et al., 2004; Stahl et al., 2004; Mihalak et al., 2006). Possibly
reflecting their pharmacological differences, the above-mentioned fMRI indeed identified
differential (e.g., amygdala by varenicline but not by bupropion) although somewhat
overlapping activation patterns (e.g., ventral striatum, medial orbitofrontal cortex) induced
by these two medications (Culbertson et al., 2011; Franklin et al., 2011).

Our secondary analyses of the medications' effects on startle-related cue reactivity revealed
that neither varenicline nor bupropion treatment modulated smokers' startle response to
smoking-related cues. Previous studies have found that smoking-related cues reduce startle
response (Geier et al., 2000; Cinciripini et al., 2006; Dempsey et al., 2007; Rehme et al.,
2009; Cui et al., 2012). It is important to note that these laboratory methodologies measure
acutely-induced cue reactivity, which is presumed to be very stable, as it can be measured
years after cessation (Tiffany and Conklin, 2000). Thus, the presumed stability of cue
reactivity may make it hard to be modulated by cessation medications. However, this
explanation is inconsistent with other findings showing that smoking cue-elicited brain
activation is diminished by treatment with varenicline (Franklin et al., 2011) and bupropion
(Brody et al., 2004). Thus, our null finding using the startle methodology, combined with
these positive findings using functional neuroimaging techniques, suggests that cessation
medications may modulate smoking cue-elicited neural reactivity, which may be hard to be
captured by peripheral physiological measures (e.g., startle response).

We found that smokers who showed higher reactivity to unpleasant stimuli before they quit
smoking were more likely to be smoking in the short term after cessation treatment than
those who had less unpleasant-related emotional reactivity. Importantly, this association was
not modulated by pharmacological intervention, suggesting that baseline NER captures an
endophenotype predictive of smoking cessation success. We speculate that smokers who
react more to unpleasant stimuli at baseline may be more likely to experience negative affect
in their daily lives than those who react less and that the increased levels of negative affect
render these smokers more vulnerable to smoking relapse. This speculation is supported by
the findings of previous studies in which pre-cessation levels of negative affect were
positively associated with the likelihood of smoking treatment failure (Ginsberg et al., 1995;
Cinciripini et al., 2003). This positive relationship supports the theoretical models of
negative affect as a central withdrawal symptom that drives smoking relapse (Baker et al.,
2004). These convergent findings both in underlying biological processes and subjectively-
experienced negative affect on smoking relapse highlight the validity in studying
preconscious NER to provide mechanistic insights into nicotine dependence. Additionally,
the predictive value of corrugator EMG-related NER over pharmacologic intervention on
smoking cessation is in line with previous research showing that a neural signal biomarker
identified with EEG predicted smoking cessation independent of cessation medications
(\Versace et al., 2012).
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Our study had several limitations. Our sample was a middle-aged treatment-seeking group of
moderately to heavily nicotine-dependent smokers in their forties. Therefore, attempts to
generalize our findings to other populations of smokers (e.g., less dependent smokers) would
need to take these factors into consideration. In terms of negative stimuli used in the picture
presentation, we did not balance fear and disgust among our picture sets, and thus we were
unable to test whether medications would result in differential startle modulation in these
two subcategories of negative stimuli, which have been shown to have different startle
potentiation effects (Yartz and Hawk, 2002). Another limitation was that we relied on
patients' self-reporting on medication taking and did not have biochemical validation to
monitor treatment adherence in our patients. In addition, although we identified unpleasant-
related psychophysiological response as a predictor of abstinence status, we found no
indication that baseline self-reported negative affect predicted abstinence, in contrast to
previous findings (Ginsberg et al., 1995; Cinciripini et al., 2003). Although these may
highlight the sensitivity of psychophysiological measures compared with self-reported
assessments, future studies need to address such discrepancy.

To conclude, our study represents an initial attempt to use psychophysiological approaches
to identifying the shorter-term and longer-term effects of bupropion and varenicline on
emotional reactivity, extending previous research in cessation medications' effects on
cognitive processes (Rhodes et al., 2012; Austin et al., 2014) and cue reactivity (Brody et al.,
2004; Culbertson et al., 2011). Research in various domains (e.g., affect and cognition) will
help elucidate the therapeutic mechanisms of smoking cessation medications, allowing the
development of more effective smoking cessation treatments.
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1.

2.

Six weeks of varenicline treatment reduced smokers' responses to unpleasant

stimuli.

Baseline negative emotional reactivity predicted long-term abstinence status.

Highlights
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Fig. 1.

M?)dulation of startle response (A) and corrugator electromyographic (EMG) activity (B) by
picture category, expressed as estimated means from the mixed models. Unpleasant pictures
resulted in greater magnitude in both startle response and corrugator EMG activity than did
other picture categories. NEU, neutral; PLE, pleasant; UNP, unpleasant; CIG, cigarette-
related.
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Fig. 2.

Esq[imated values of the startle response from the mixed models as a function of drug and
valence before treatment and after 2 and 6 weeks of treatment. Startle responses did not
differ between medication groups before treatment and after 2 weeks of treatment, but after
6 weeks, VAR treatment resulted in significant reduction in UNP-related startle response
compared to the PLA and BUP conditions. * = p< 0.05. PLA, placebo; BUP, bupropion;
VAR, varenicline; NEU, neutral; PLE, pleasant; UNP, unpleasant; CIG, cigarette-related.
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Table 1
Baseline sample characteristics

Measure PLA(n=70) BUP(n=64) VAR (n=72) Total (n=206)
Age, M (SD) 45.3 (11.3) 45.7 (9.3) 43.9 (10.7) 44.9 (10.5)
Women, N (%) 27 (38.6) 23 (35.9) 28 (38.9) 78 (37.9)
Race/ethnicity, N (%)

African American 18 (25.7) 17 (26.6) 18 (25.0) 53 (25.7)

White, non-Hispanic 44 (62.9) 39 (60.9) 38 (52.8) 121 (58.7)

Hispanic 6 (8.6) 4(6.3) 8 (11.1) 18 (8.7)

Other 2(2.9) 4(6.3) 8 (11.1) 14 (6.8)
FTND score, M (SD) 45(2.1) 45(1.9) 45(2.3) 45(2.1)
Years of smoking, M (SD)  24.6 (12.2) 26.1 (10.6) 235 (11.7) 24.7 (11.6)
Cigarettes per day, M (SD) 18.8 (8.8) 18.5(7.7) 18.9 (8.6) 18.7 (8.3)
Carbon monoxide, M (SD)  25.3 (12.5) 26.7 (15.5) 25.3 (14.9) 25.7 (14.3)
CES-D score, M (SD) 8.4 (7.5) 7.0 (5.9) 6.9 (6.4) 74(6.7)

FTND, Fagerstrom Test for Nicotine Dependence; CES-D, Center for Epidemiologic Studies' Depression Scale; PLA, placebo; BUP, Bupropion
Hydrochloride Sustained-release; VAR, Varenicline Tartrate
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Table 2

Prediction of smoking abstinence status at 4, 12, and 24 weeks post-quit using baseline self-reported negative
affect, unpleasant-related startle response and corrugator EMG activity @-scores.

Measure Time Point

4 weeks 12 weeks 24 weeks

Self-reported negative affect ~ 1.011 (0.942, 1.084) 0.981 (0.930, 1.034)  0.983 (0.928, 1.040)
Startle response 0.945 (0.301, 2.968) 1.496 (0.643,3.482)  1.625 (0.668, 3.949)

Corrugator EMG 0.3517(0.130,0.947)  0.3957(0.171,0.912) 0-734(0.310, 1.739)

Values are estimated odds ratios, and their 95% CI are shown in the parentheses.

*
=p<0.05
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