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Abstract
We have developed a novel human laboratory model to examine two primary aspects of stress-
precipitated tobacco relapse: 1) Does stress reduce the ability to resist the first cigarette? 2) Once
the first cigarette is initiated, does stress facilitate subsequent smoking? Using a within-subject
design, daily smokers (n=37) who were nicotine deprived overnight received a personalized
imagery induction (stress or neutral) on two separate days, and then had the option of initiating a
tobacco self-administration session or delaying initiation for up to 50 minutes in exchange for
three levels of monetary reinforcement. Subsequently, the tobacco self-administration session
entailed a 1-hour period in which subjects could choose to smoke using a smoking topography
system. Following the stress induction, subjects were less able to resist smoking, smoked more
intensely (increased puffs, shorter inter-puff interval, and greater peak puff velocity), and
perceived greater satisfaction and reward from smoking. Stress significantly increased
hypothalamus-pituitary-adrenal (HPA) axis reactivity, tobacco craving, negative emotion, and
physiologic reactivity relative to the neutral condition. Additionally, increased cortisol, ACTH,
and tobacco craving were associated with reduced ability to resist smoking following stress. These
findings have implications for understanding the impact of stress on smoking relapse and model
development to assess smoking lapse behavior.
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INTRODUCTION
Currently, there are more than 1 billion cigarette smokers worldwide (WHO, 2010).
Tobacco use is responsible for 5.4 million deaths per year and is the most preventable cause
of morbidity and mortality in developed nations (WHO, 2010). Nicotine dependence, as
with other substance use disorders, is a chronic relapsing condition. Although the majority
of smokers are motivated to quit smoking (70%), very few successfully quit on a yearly
basis (less than 2%; CDC, 2002).

Several lines of evidence from epidemiological (McKee et al., 2003), animal (Buczek et al.,
1999), human laboratory (Rose et al., 1983 Payne et al., 1991; Willner and Jones, 1996), and
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treatment studies (Baer and Lichtenstein, 1988; Baer et al., 1989) find strong support that
stress is a primary mechanism involved in the maintenance of, and relapse to smoking
(although see Shiffman et al., 2002). Smokers (35% to 100%) cite stress and associated
negative affect states as causal factors in accounts of relapse episodes (Marlett & Gordon,
1980; Shiffman, 1982; Cummings et al., 1985; O’Connell and Martin, 1987; Baer and
Lichtenstein, 1988; Swan et al., 1988; Baer et al., 1989; Borland, 1990; Brandon, 1994).
Using hand-held computers to collect multiple daily ratings, Shiffman and Waters (2004)
prospectively examined the role of stress in the first instance of smoking during a quit
attempt (i.e., smoking lapse). They found that rapid increases in negative affect (triggered by
a specific stressor such as an argument) were predictive of smoking lapse episodes, and that
lapses were typically associated with a convergence of factors (i.e., negative affect, craving,
cigarette availability). Additionally, lapse episodes triggered by stress were found to
progress more quickly to full-blown relapse (Shiffman et al., 1996).

Given that up to 95% of smokers who experience a lapse return to daily smoking (e.g.,
Garvey et al., 1992), it is clear that the first occurrence of smoking during a cessation
attempt is a critical transition and represents an important target for investigation. However,
currently available models examining tobacco-related phenomena have not yet modeled the
effect of stress on the ability to resist the first cigarette (see McKee, 2009 for review). To
this end, we have developed a paradigm focused on modeling smoking lapse behavior in the
laboratory. We have previously developed models demonstrating that nicotine deprivation
and alcohol decreased the ability to resist smoking and facilitated subsequent smoking,
mirroring what is seen in clinical settings (McKee et al., 2006; 2009).

The current study used a within-subject design to examine the effect of stress on a model of
smoking lapse behavior. Daily smokers who were nicotine deprived overnight received a
personalized imagery induction (stress or neutral), and then had the option of initiating a
tobacco self-administration session or delaying initiation by five-minute increments for up to
50 minutes in exchange for three levels of monetary reinforcement. This delay period
modeled their ability to resist smoking. We manipulated the level of monetary reinforcement
to determine which level produced the greatest separation across the imagery conditions in
the time to resist smoking. Money was provided as an alternative reinforcer in order to
provide an incentive for not smoking and to enhance the likelihood that the effects of stress
on the relative reinforcing value of tobacco would be detected (see Higgins, 1997; Rodefer
et al., 1997). We predicted that stress would decrease the ability to resist smoking, would
interact with the level of monetary reinforcement, and would facilitate subsequent smoking.

We also examined hypothalamus-pituitary-adrenal (HPA) axis reactivity (Pomerleau &
Pomerleau, 1990; al’Absi et al., 2003, 2005; Back et al., 2008; Childs and de Wit 2009),
tobacco craving (Perkins et al., 1992; Erblich et al., 2003; Buchman et al., in press), mood
reactivity (Zinser et al., 1992), and physiologic reactivity (Back et al., 2008; Childs and de
Wit, 2009) as potential mechanisms contributing to stress-precipitated smoking lapse
behavior. Each of these factors has been implicated in the relationship between stress,
smoking behavior, and relapse. In particular, we were interested in assessing whether these
factors were associated with the decision to start smoking following stress, subsequent ad-lib
behavior (including smoking topography), and the reward value of smoking. Stress
manipulations have increased smoking rate, puff volume, and puff duration (Rose et al.,
1983; Payne et al., 1991), and increased the reported pleasure and arousal from smoking
(Zinser et al., 1992) suggesting that stress might sensitize smokers to the reinforcing
properties of tobacco (see Koob and Le Moal, 1997; Sinha, 2001).
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METHODS AND MATERIALS
Participants

Participants were eligible to enroll in this study if they were 18 to 60 years of age, smoked at
least 10 cigarettes per day for the past year, and had urine cotinine levels greater than 150
ng/ml. Subjects were excluded from participation if they met criteria for current (past 6
months) Axis I disorders (excluding nicotine dependence), using illicit drugs, had engaged
in treatment for smoking behavior in the past six months, or had medical conditions that
would contraindicate smoking behavior. Fifty-five eligible subjects were screened and a
total of 37 subjects (15 females, 22 males) completed the study (14 lost interest, 2 were
dismissed due to illicit drug use, 2 were dismissed for failing to maintain overnight
abstinence on laboratory days). The average age was 37.70 (SD = 10.57). Participants were
primarily Caucasian (48.6%) or African American (40.5%), and were primarily high school
educated (62.2%; 37.8% college educated). Participants drank alcohol on average 5 times
per month (SD = 6.92), and drank an average of 4.55 alcohol units per episode (SD = 5.59).
Participants smoked on average 18.43 (SD = 7.96) cigarettes per day, had baseline carbon
monoxide (CO) readings of 29.57 ppm (SD = 13.10), and average Fagerstrom Nicotine
Dependence Scores (FTND; Heatherton et al., 1991) of 6.05 (SD = 2.28; range 1–10 for
measure).

Design
This study is a mixed design that examined the effect of personalized stress imagery
compared to neutral imagery on smoking lapse behavior modeled in the laboratory.
Personalized imagery (stress vs. neutral) was a within-subject factor and monetary
reinforcement ($0.50, $1.00, $1.50) was a fully crossed between-subjects variable. The three
levels of monetary reinforcement were selected based on our prior work with the lapse
model (McKee, 2009). Subjects were randomly assigned to a monetary condition ($0.50
n=12; $1.00 n=12; $1.50 n=13). Order of personalized imagery was counterbalanced across
separate laboratory sessions. The study consisted of an intake session, a script development
session, and two laboratory sessions. Subjects were paid $150 per laboratory session with a
$50 bonus for completing all scheduled study appointments. Payments were provided by
check two to three weeks following study completion.

Procedures
Intake Sessions—All procedures were carried out with the adequate understanding and
written informed consent of the participants. The procedures were in accordance with the
ethical standards of the Yale School of Medicine Human Investigation Committee. The
Structured Clinical Interview for DSM-IV (First et al., 1995) was used to exclude
individuals who met diagnostic criteria for current Axis I disorders (except nicotine
dependence). Participants completed an assessment developed by the Yale Transdisciplinary
Tobacco Use Research Center to assess smoking history.

Script Development Session—Exposure to stress and relaxing-neutral imagery in the
laboratory study used a personalized guided imagery method (see Sinha, 2009). The stress
imagery script was developed by having subjects identify and describe in detail a recent
stressful experience occurring within the last 6 months that they had personally experienced
as ‘most stressful’. ‘Most stressful’ was determined by having subjects rate their perceived
stress on a 10-point Likert scale where 1=’not at all stressful’ and 10=’the most stress they
recently felt in their life’. Only situations rated as 8 or greater were accepted as appropriate
for script development. A neutral script was developed from the subject’s description of a
personal neutral-relaxing situation. Scripts were developed by a PhD clinician and then

McKee et al. Page 3

J Psychopharmacol. Author manuscript; available in PMC 2013 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



audiotaped for presentation during the laboratory sessions. Each script was approximately 5
min in length.

Laboratory Sessions—Each subject completed two 6.5 hour laboratory sessions (stress
vs. neutral imagery) which took place at the Yale Center for Clinical Investigation. The
average time between laboratory sessions was 7.38 days (SD = 11.12), with the majority of
subjects (89%) completing both sessions within 14 days of each other. Time between
sessions was not a significant covariate of the effect of imagery condition on the primary
outcome, time to resist smoking (imagery condition × time between sessions, F=.01, p=.94).

Baseline Assessment Period: Laboratory sessions started at 9:00am. See Figure 1 for study
timeline. Participants were instructed to smoke a final cigarette at 10:00pm the night before
the lab session. Abstinence was confirmed the following morning with a carbon monoxide
(CO) reading < 50% of their intake value and later confirmed with nicotine plasma levels
(mean=2.49 ng/ml, SE=0.28). An IV cannula was inserted to obtain blood samples
throughout the laboratory session. Baseline assessments of breath CO, breath alcohol,
plasma cotinine and nicotine levels, urine drug screens, urine pregnancy screen, and vitals
were obtained. Additional measures of emotion, tobacco craving, and nicotine withdrawal
were obtained. Participants were provided with a standardized lunch at 11:15am to control
the time since last food consumption. Subjects also practiced progressive muscle relaxation
techniques and completed imagery training during this period where they were asked to
visualize and rate everyday scenes (Sheehan, 1967). From 10:00am to 12:30pm, subjects
were able to watch TV and read.

Personalized Imagery Procedure: At 12:55pm subjects were instructed to clear their mind
of any worrying thoughts and to focus on deep breathing. At 1:00pm they were told “You
will soon hear a situation being described to you. Your task is to close your eyes and
imagine yourself in the situation being described, ‘as if’ it were happening right now. Allow
yourself to become completely involved in the situation, by involving your mind and body
in actually doing what is being described. Continue imagining until you are asked to stop.”
The subject then listened to the script (stress or neutral) over headphones. Following the
script, subjects rated how clearly they were able to imagine the scene on a 140 mm visual
analogue scale. Mean vividness ratings were 120.39 (SE = 2.63).

Delay Period: At 1:10pm participants were presented with a tray containing 8 cigarettes of
their preferred brand, a lighter, and an ashtray. Participants were instructed that they could
commence smoking at any point over the next 50 minutes. However, for each 5-minute
block of time that they delayed or ‘resisted’ smoking they would earn $0.50, $1.00, or $1.50
depending on their assigned monetary condition. We recorded the time (in minutes) when
subjects announced that they wanted to smoke (range 0–50 minutes).

Smoking Self-Administration Period: The ad-lib smoking session was 60 minutes in
length and started once participants decided to end the delay period (or delayed for the full
50 minutes). Participants were provided with 8 cigarettes of their preferred brand.
Participants were also provided with a $4 ‘smoking tab’ and were instructed to ‘smoke as
little or as much as you wish’ using the smoking topography equipment. Participants were
further instructed that for each cigarette they lit, it would cost them $0.50 of their tab.
Money earned for delaying smoking and any unused portion of the ‘smoking tab’ was paid
to the subjects at the end of each laboratory session. All subjects were discharged at 3:15pm.

Timing of Assessments: Tobacco craving, emotion ratings, physiologic reactivity, and
nicotine withdrawal were assessed pre-imagery, post-imagery, end of delay, and +30min and
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+60min during the ad-lib smoking period. HPA levels (ACTH, cortisol) were assessed −30,
−15, +5, +20, +40, +60min post-imagery. Smoking topography (hand-held CRESS,
Plowshare Technologies) and subjective cigarette effects were assessed during the ad-lib
period.

Measures
The primary measures were length of the delay period (i.e., time to initiate smoking) and the
number of cigarettes smoked during the ad-lib period.

Subjective measures—Tobacco craving was assessed with the Tiffany Questionnaire of
Smoking Urges-Brief (QSU-Brief; Cox et al., 2001), a 10 item measure used to evaluate
urges to smoke in response to positive (Factor 1) or negative (Factor 2) reinforcement (VAS
scale, range 1–100). The Differential Emotion Scale (DES), a 30 item self-report
questionnaire, was used to assess current emotional state for positive (e.g., happy, joy) and
negative (e.g., sadness, anger) emotion states (VAS scale, range 1–100; Izard, 1972). DSM-
IV symptoms of nicotine withdrawal were assessed with the 8-item Minnesota Nicotine
Withdrawal Scale (MNWS; Hughes & Hatsukami, 1986). Instructions were worded to
assess current symptoms of withdrawal (range 0–32). The Cigarette Effects Scale is a 10-
item self-report questionnaire which assesses satisfaction, psychological reward, nausea/
dizziness, craving relief, and enjoyment of airway sensations associated with smoking (VAS
scale, range 1–100; West et al., 1992).

Physiologic measures—A pulse sensor was attached to the subject’s forefinger to obtain
a measure of pulse rate. Blood pressure was measured using a Critikon Dynamap.

Smoking topography—A hand held Clinical Research Support System (CreSS from
Plowshare Technologies) was used to assess smoking topography. Smoking topography
measures of interest included puff frequency, puff volume, puff duration, inter-puff interval,
depth of inhalation, and inter-cigarette interval.

Carbon Monoxide (CO) Levels—Carbon monoxide levels were measured using a
Vitalograph Breath CO, from Vitalograph, Inc., which is a precision instrument for detecting
carbon monoxide in exhaled breath. Carbon monoxide is known to have a half-life of 4
hours. This instrument measures CO in the range of 0–5000 ppm and has no cross-
sensitivity to hydrogen or other positrons.

Biochemical measures—Four mls of blood were collected at each timepoint to assess
plasma ACTH and cortisol. Blood samples were collected in two heparinized tubes for each
assay. The tubes were placed on ice immediately after drawing. They were centrifuged at
4°C. Plasma was then aliquoted and stored at −70°C. ACTH was analyzed with a double
antibody kit (MPBio) and cortisol with a ‘coat a count’ kit (Siemens). Assays were
conducted by the Core Laboratory of the Yale Center for Clinical Investigation. Serum
nicotine and cotinine were only collected at the start of the laboratory session to
biochemically confirm current nicotine exposure. Cotinine and nicotine were measured by
reversed-phase HPLC with UV detection, modified from the literature (Hariharan et al.,
1988) to include a micro acid back extraction clean up step which allows for cleaner
chromatograms. The lower limit of quantitation for nicotine was set to 4ng/ml and cotinine
was set to 25ng/ml. Assays were conducted by Peter Jatlow, Laboratory Medicine, Yale-
New Haven Hospital.
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Statistical Analysis
Multivariate analyses of variance were used to examine the within-subject effect of imagery
condition (stress, neutral) by monetary condition ($0.50, $1.00, $1.50) on the primary
outcomes of the length of the delay period and number of cigarettes smoked during the ad-
lib period. To examine secondary outcomes, multivariate analyses of variance were used to
examine tobacco craving, emotion ratings, physiologic reactivity, and nicotine withdrawal
within imagery condition (stress, neutral), and within time (pre-imagery, post-imagery, end
of delay, +30min smoking ad-lib, +60min smoking ad-lib). Similar analyses were conducted
to examine HPA reactivity with the following timepoints post-imagery [baseline (merged
baseline of −30min and −15min), +5, +20, +40, +60min]. As there were baseline differences
(not attributable to order effects) in the plasma levels of HPA hormones across imagery
conditions, the baseline was used as a covariate. Monetary condition was examined as a
potential covariate for the secondary outcomes but did not meet the standard for inclusion
(see Tabachnik and Fiddel, 2006). To examine mean smoking topography measures for the
first cigarette smoked during the 60 minute ad-lib period, we conducted a multivariate
analysis of variance for multiple dependent measures. Given a significant omnibus test
(which controls for experiment-wise type 1 error), paired contrasts were used to examine
puff number, puff volume (ml), puff duration (s), inter-puff interval (s), and peak puff
velocity (ml/s) within imagery conditions. Similar to smoking topography, paired contrasts
(within a multivariate analysis) were used to examine subjective cigarette effects following
the first cigarette smoked. These analyses were confined to those who smoked during the ad-
lib sessions. We also conducted exploratory analysis examining associations between
tobacco craving, emotion ratings, physiological and HPA-axis reactivity, smoking
topography, smoking-related reward, and time to resist smoking. We found no significant
effects of gender on our primary outcome. Additionally, there were no significant main
effects of imagery order (F=.00, p=.97) or interactions of order with imagery condition (F=.
02, p=.90) on our primary outcome of time to resist smoking.

RESULTS
Modeled-Smoking lapse behavior

Subjects were less able to resist smoking and terminated their delay period sooner during the
stress condition (mean=28.14 min, SE=3.88) compared to the neutral condition
(mean=35.33 min, SE=3.07) [F=7.11, p<.01; Cohen d = 0.91; see Figure 2]. The main effect
of monetary condition was not significant (p=.16; $0.50 mean=22.75 min; $1.00
mean=35.86 min; $1.50=36.58 min), and did not interact with the imagery condition. Based
on our hypothesis, that stress would reduce the time to initiate smoking by monetary
condition, we conducted a-priori t-tests across the monetary conditions. There was a
significant effect of imagery condition (stress mean=32.00 min; neutral mean=41.15 min)
for the $1.50 condition only (p<.05). Additionally, decreased time to initiate smoking was
associated with smoking satisfaction (r=−0.50, p<.01).

Ad-lib smoking
Imagery or monetary condition did not affect the number of cigarettes smoked during the 60
minute ad-lib session (stress mean=1.51 cigarettes, SE=0.18; neutral mean=1.54 cigarettes,
SE=0.20). However, there were significant effects of imagery condition on smoking
topography for the first cigarette smoked [overall F=3.88, p<.02]. During stress relative to
the neutral session, subjects took more puffs (11.83 vs. 9.67), had greater peak puff velocity
(41.67 vs. 40.75 ml/sec), and had shorter inter-puff intervals (27.81 vs. 32.93 sec; all p’s for
paired contrasts <.01). Additionally, during the stress session compared to the neutral
session [overall F=3.03, p<.05], subjects reported greater satisfaction (87.83 vs. 76.33) and
reward (64.88 vs. 46.70; all p’s for paired contrasts <.004) from the first cigarette.
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Craving reactivity
Tobacco craving for positive reinforcement [F=12.17, p<.001] and negative reinforcement
[F=19.41, p<.0001; see Figure 3] differed by imagery condition across the laboratory
sessions. Craving scores increased following the stress imagery, decreased following the
decision to smoke, and continued to decrease during the ad-lib smoking period. Exploratory
analysis demonstrated that craving for positive reinforcement, assessed following the stress
manipulation, was associated with decreased time to initiate smoking following stress (r=
−0.39, p<.03), cortisol levels at the +5min (r=0.38, p<.04) and +20min timepoints (r=0.41,
p<.03), ACTH levels at +20min (r=0.40, p<.04), and was also associated with cigarette
reward (r=0.51, p<.01).

Emotion reactivity
Positive [F=27.58, p<.0001] and negative emotion [F=27.09, p<.0001; see Figure 4] differed
by imagery condition across the laboratory session. Positive emotion ratings decreased
following the stress imagery, increased following the decision to smoke, and continued to
increase during the ad-lib smoking period. The converse pattern was observed for the
negative emotion ratings.

Physiologic reactivity
Systolic blood pressure differed by imagery condition across the laboratory session for
systolic blood pressure [F=4.72, p<.05; see Figure 5a]. Systolic blood pressure increased
following the stress imagery, relative to the neutral imagery condition (within-subject
contrast, p<.05). Diastolic blood pressure demonstrated a significant effect of imagery
condition [F=5.39, p<.03] and time [F=116.16, p<.0001; see Figure 5b]. Diastolic blood
pressure was greater during the stress imagery condition compared to the neutral imagery
condition and increased during the laboratory session. Heart rate demonstrated a significant
effect of imagery condition [F=4.55, p<.04] and time [F=27.19, p<.0001; see Figure 5c].
Heart rate was greater during the stress imagery condition compared to the neutral imagery
condition and increased during the laboratory session.

HPA-axis reactivity
Plasma cortisol levels [F=4.97, p<.04; see Figure 6a] and ACTH levels [F=6.04, p<.03; see
Figure 6b] demonstrated a significant interaction of imagery condition by time. For both
cortisol and ACTH, there was no significant difference between conditions immediately
following imagery, but differences were demonstrated at subsequent timepoints following
smoking. For cortisol, within-subject contrasts demonstrated that the change across
timepoints was greater (p<.05) in the stress relative to the neutral condition. For ACTH, the
change from the +20 to the +40 timepoint was greater (p<.05) in the stress relative to the
neutral condition. Exploratory analysis demonstrated that greater cortisol levels (+40min
timepoint r=−0.39, p<.03; +60min timepoint r=−0.38, p<.03) and ACTH levels (+40min
timepoint r=−0.46, p<.01; +60min timepoint r=−0.41, p<.02) were associated with
decreased time to initiate smoking following stress. Additionally, cortisol levels (+40min
timepoint r=0.46, p<.02) were associated with smoking satisfaction, and ACTH levels
(+5min timepoint r=0.43, p<.03) were associated with smoking reward.

Cotinine Levels and Nicotine withdrawal
Plasma cotinine levels did not vary at baseline across the stress (mean=223.95 ng/ml,
SE=25.88) and neutral (mean=226.43 ng/ml, SE=22.27) imagery conditions indicating equal
nicotine exposure in the 48 hours prior to each of the two laboratory sessions. Nicotine
withdrawal did not differ across the imagery condition. Baseline scores were similar across
the stress (mean=8.29, SE=1.01) and neutral conditions (mean=7.39, SE=1.12), and did not
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change following the imagery manipulation. Withdrawal scores decreased significantly
during the ad-lib smoking session for both conditions (stress mean=3.83; neutral
mean=4.00).

DISCUSSION
Using a novel human laboratory paradigm modeling smoking lapse behavior, the current
study demonstrated that personalized stress imagery undermined the ability to resist
smoking in a sample of daily smokers who were deprived of nicotine for approximately 15
hours. This effect occurred across the monetary conditions, although there was some
evidence that the highest level of reinforcement ($1.50 per 5 minute delay) produced the
greatest separation between the imagery conditions. Stress and negative affect are known to
decrease self control and executive function, including the ability to delay gratification for
rewarding substances (Mischel et al., 1989; Arnsten, 1998; Willner et al., 1998; Muraven
and Baumeister, 2000; Tice et al., 2001). We’ve also previously hypothesized that stress
promotes addictive behaviors and relapse by increasing craving and decreasing self control
for rewarding substances in addicted individuals (Sinha, 2001). The current findings support
this previous literature on the behavioral effects on stress and to our knowledge, for the first
time elucidates the effects of stress on smoking lapse behavior modeled in the laboratory.
These data also support previous studies demonstrating an association between stress and
tobacco relapse episodes (Marlett & Gordon, 1980; Borland, 1990; Brandon et al., 1994,
Shiffman et al, 1996, 2004; al’Absi et al., 2005).

With regard to the second primary outcome, we found no effect of imagery condition on the
number of cigarettes smoked. It is possible that the value of the smoking tab was too high or
that the ad-lib period was too brief, producing low levels of smoking which may have
masked potential differences. However, we did demonstrate that following stress, subjects
smoked their cigarettes more intensely (i.e., increased puffs, greater maximum depth of
inhalation, and shorter time in between puffs). These results are consistent with prior
findings of Child and de Wit (in press). During a 2-hour ad-lib period, they found no effect
of stress on the number of cigarettes smoked but found that the boost in CO readings was
greater during the stress condition, suggesting that subjects inhaled more deeply following
stress. Additionally, in the current study subjects rated their cigarettes as more satisfying
(e.g., taste good) and reinforcing (e.g., calm you down, make you feel less irritable)
following stress, compared to the neutral imagery condition, which is consistent with prior
findings (Zinser et al., 1992). Finally, the inability to resist smoking following stress was
moderately associated with how satisfying cigarettes were rated.

The HPA-axis reactivity, as assessed by ACTH and cortisol, was not greater immediately
following the stress imagery. Nicotine is known to activate the HPA axis (Sharp and Beyer,
1986; Pomerleau and Pomerleau, 1990; Matta et al., 1993, 1998), however, chronic nicotine
exposure appears to dysregulate the system (Baron et al., 1995; Frederick et al., 1998).
During acute nicotine withdrawal, prior work has demonstrated that HPA-axis activation
was blunted in response to stress in smokers when compared to non-smokers (al’Absi et al.,
2003; Childs and de Wit, 2009). Furthermore, this hyporesponsiveness in the HPA-axis
activation has been associated with smoking relapse (al’Absi et al., 2005). However, we
demonstrated that during the stress condition but not the neutral condition, the HPA-axis
activity increased as subjects commenced to smoke. While ACTH levels increase rapidly,
followed by a more gradual increase in cortisol with nicotine exposure (Mello, in press), the
current findings suggest that nicotine-associated HPA activation is potentiated in the context
of stress. Furthermore, we demonstrated that increased cortisol and ACTH at the latter
timepoints were moderately associated with the reduced ability to resist smoking following
stress, and with smoking satisfaction and reward respectively. These data support previously
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suggested notions that the CRF and possibly the HPA-axis play a role in nicotine
reinforcement (Sinha, 2001; Goeders, 2002; Koob et al., 2004). The findings are also
consistent with the hypothesis that nicotine may be used to restore homeostasis in the HPA
system following stress (Munch et al., 1984; McEwen, 2000).

In the current study, cortisol and ACTH levels were associated with smoking satisfaction
and reward following stress, similar to findings demonstrated by Mendelson et al. (2002)
showing a positive association between the reward value of cocaine and HPA activation.
Immediate increases in ACTH were associated with smoking reward, while latter increases
in cortisol were associated with smoking satisfaction. These results support the position that
stress may contribute to the putative properties of tobacco (Pomerleau and Pomerleau, 1990,
1991; Pauly et al., 1992) and to other substances in general (Koob and Le Moal, 1997;
Sinha, 2001).

We demonstrated evidence that tobacco craving for both positive and negative
reinforcement was greater following the stress imagery, similar to prior findings (Perkins et
al., 1992; Erblich et al., 2003). Additionally, craving for positive reinforcement following
stress was negatively associated with the ability to resist smoking, and positively associated
with reward from smoking, as well as ACTH and cortisol levels. Buchman et al. (2008) has
also demonstrated positive associations between craving and cortisol response following
stress. It is possible that craving represents a marker for the incentive to smoke produced by
alterations in the CRF-HPA system following exposure to stress.

Consistent with prior work (Back et al., 2008; Childs and de Wit, 2009) stress increased
physiologic reactivity in smokers. In the current study, systolic and diastolic blood pressure
and heart rate were greater in the stress condition and continued to increase as subjects
commenced to smoke. Nicotine withdrawal, combined with an acute stressor has been found
to enhance cardiovascular reactivity to stress, compared to stress experienced during non-
deprived states (Kirschbaum et al., 1993; Tsuda et al., 1996). Alterations in cardiovascular
stress-reactivity have been shown to predict smoking relapse (al’Absi et al., 2005).
However, in the current study, measures of physiologic reactivity were not associated with
the ability to resist smoking.

As expected, negative emotion increased and positive emotion decreased following stress.
Interestingly, emotion ratings started to recover once subjects made the decision to start
smoking, but had not yet smoked. It is unknown whether emotion ratings were decaying
during the delay period, or whether the decision to smoke precipitated the recovery in
emotion suggesting a conditioning process (see Baker et al., 2004). Also worth noting,
emotion ratings continued to improve to baseline levels in the case of negative emotion, and
to greater than baseline levels in the case of positive emotion as subjects smoked during the
ad-lib period. A recent study by Perkins et al. (2008) which manipulated expected and actual
nicotine content of cigarettes, found that smoking alleviated negative emotion, craving, and
withdrawal following a negative mood induction. However, results demonstrated that the
sensory aspects of smoking were more important in alleviating negative affect than nicotine,
suggesting that nonpharmacological cues associated with nicotine are sufficient to reinforce
smoking behavior. The current study extends these findings by demonstrating that the mere
decision to smoke alleviated stress-related increases in negative emotion.

While there is much evidence supporting the notion that stress and negative affect increase
the incentive value of smoking (Kassel et al., 2003; Payne et al., 1991; Willner & Jones,
1996), there is much less evidence suggesting that stress and negative affect may actually
modulate smoking reinforcement. Current theories of drug use posit that as chronic drug use
becomes habitual, the incentive properties which drive use become disconnected from their
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affective outcomes (Belin et al., 2009). It is possible that stress and negative affect may
increase the motivation to smoke, while having no effect on smoking reinforcement. A
recent ecological momentary assessment study by Shiffman and colleagues (2009) found
that cigarettes smoked during periods of negative affect were rated as less satisfying than
cigarettes smoking during periods of positive affect. In light of these findings and others
(Shiffman et al., 2002; 2004), the authors conclude that it is unlikely that negative affect and
the relief of negative affect play a central role in smoking behavior. However, in the current
study we found that stress decreased the latency to smoke, increased the intensity of self-
administration, and importantly, increased smoking reinforcement. Additionally, post-stress
craving and HPA-axis levels were associated with cigarette reward. While it is possible that
stress only influenced craving and latency to smoke, and that stress effects on smoking
intensity and reward were a function of differences in craving and latency to smoke, the
results support theories which posit that stress and negative affect play a central role in drug
use (Baker et al., 2004; Sinha, 2001).

These results also support those who have hypothesized that stress produces state-related
changes in brain reward circuits which may sensitize smokers to the reinforcing properties
of drugs (see Koob and Le Moal, 1997; Sinha, 2001 for review). Stress co-activates brain
stress circuits (corticotropin-releasing factor, ACTH, cortisol) and the putative reward
circuitry (mesocorticolimbic dopaminergic system) simultaneously, thereby providing a
common neural substrate by which stress may enhance the drug taking experience (Thierry
et al., 1976; Dunn 1989; Kalivas & Duffy, 1989; Prasad et al., 1993; Piazza and Le Moal,
1996). Additionally, preclinical work has demonstrated that following acute withdrawal,
stress can sensitize or enhance the behavioral or neurochemical response to drugs (Robinson
and Berridge, 1993; Kalivas et al., 1998). In the current study, exposure to stress following
overnight deprivation appears to have enhanced or sensitized smokers to the rewarding
value of cigarettes.

There are several limitations to the current study. First, it should be noted that the sample
size was modest and only generalizable to the population studied. However, our sample size
was comparable to other laboratory studies modeling the effect of stress in smokers. Second,
we failed to find gender differences in our primary outcome, which is inconsistent with other
studies documenting differences in stress response in smokers (e.g., al’Absi et al., 2005;
Back et al., 2008). However, this is the first investigation which has examined the effect of
stress on modeled-smoking lapse behavior. It will be important to replicate this finding to
determine whether the effect of stress on the ability to resist smoking remains consistent for
both men and women. Third, while we used a well-validated paradigm to induce
psychological stress in the laboratory (Sinha, 2009), it would be worthwhile to examine
physiological and pharmacological stressors with the lapse paradigm as results may vary
across types of stressors (Back et al., 2008). Fourth, subjects were not treatment seeking
which has been a criticism of laboratory studies examining various smoking cessation
effects (see Perkins et al. 2006). However, money was provided as an alternative reinforcer
in order to provide an incentive for not smoking and to enhance the likelihood that the
effects of stress on the relative reinforcing value of tobacco would be detected (see Higgins,
1997; Rodefer et al., 1997). Perkins et al. (2006) and others (Stitzer et al., 1986; Gilbert et
al., 1999) acknowledge that motivation to abstain can be temporarily raised through the use
of monetary reinforcement. Finally, it is unknown whether stress effects are specific to
smoking or perhaps attributable to non-specific increases in behavioral responses. While we
did not have a specific control condition for non-specific behavioral responses, we also
believe that this possibility is less likely. If the stress-precipitated smoking behavior were
due to non-specific effects, we would be less likely to see stress effects on smoking reward
and biological stress effects on smoking behavior.
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For the current study, we developed a paradigm to evaluate two primary aspects of stress-
precipitated smoking lapse behavior; the ability to resist the first cigarette and subsequent
smoking. Prior investigations examining stress reactivity in smokers had not yet modeled the
ability to resist the first cigarette, which represents an important transition point in a quit
attempt as the majority of abstinent smokers (up to 95%) who experience a lapse return to
baseline smoking levels (Brandon et al., 1990; Garvey et al., 1992; Kenford et al., 1994).
Our smoking lapse model has potential to facilitate translational work in medication
development. Modeling the ability to resist smoking is important from a medications
development perspective as FDA approval for smoking cessation medications is contingent
on demonstrating abstinence effects. Further, the smoking lapse models can be viewed as a
logical extension of the cue reactivity paradigm with the flexibility to model the effect of
singular or compound cues on smoking lapse behavior. While developing the models
requires careful parametric investigations, across our three developed models we see
evidence that known precipitants of relapse (i.e., stress, alcohol, nicotine deprivation)
facilitated smoking lapse behavior in the laboratory in a similar manner to what is
demonstrated clinically (McKee, 2009). We are in the process of validating our smoking-
lapse models by screening known medications with proven efficacy for attenuating the
effect of the model’s primes on smoking relapse, and by examining whether smoking lapse
behavior in the laboratory is predictive of actual quit behavior.

In summary, we demonstrated that stress facilitated smoking lapse behavior in the
laboratory, increased HPA activation, craving responses, and physiologic and emotion
reactivity. Importantly, this investigation pointed to potential mechanisms involved in stress-
precipitated relapse behavior as we were able to model the decision point when smokers
were reaching for that first cigarette following a period of abstinence. Results lend support
to the hypothesis that stress reactivity, via its effects on multiple subjective (emotion, urges)
and neuroendocrine (CRF-HPA-axis responses) can increase the motivation to smoke as
well as the putative value of tobacco, and point to a potential mechanism underlying stress-
precipitated relapse behavior.
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Figure 1.
Timeline of study procedures for laboratory sessions. Note: Assessment of cortisol and
ACTH occurred at −30 min, −15 min, +10 min, +20 min, +40 min, and +60 min from the
imagery procedure and remained fixed regardless of when the termination of the delay
period occurred. Assessments of craving, emotion, physiologic reactivity, and nicotine
withdrawal occurred at −15min, +5min, termination of the delay period, and +30min and
+60min during the self-administration period. The imagery procedure commenced at 1pm.
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Figure 2.
Mean delay (+/− SE) to smoking across monetary reinforcement levels and stress vs. neutral
conditions. *p < .05 for paired comparisons within timepoint.
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Figure 3.
Mean tobacco craving for positive reinforcement (A) and for negative reinforcement (B)
across time. *p < .05 for paired comparisons within timepoint.
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Figure 4.
Mean positive (A) and negative (B) emotion across time. *p < .05 for paired comparisons
within timepoint.
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Figure 5.
Mean systolic blood pressure (A), diastolic blood pressure (B), and heart rate (C) across
time. *p < .05 for paired comparisons within timepoint.
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Figure 6.
Mean cortisol (A) and ACTH (B) levels across time. *p < .05 for paired comparisons within
timepoint.
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