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Abstract

Rationale—There are complex relationships between stress and smoking; smoking may reduce the
emotional discomfort of stress, yet nicotine activates stress systems and may alter responses to acute
stress. It is important to understand how smoking affects physiological and psychological outcomes
after stress and how these may interact to motivate smoking.

Objectives—This study aimed to examine the magnitude and time course of hormonal,
cardiovascular, and psychological responses to acute psychosocial stress in smokers and non-
smokers to investigate whether responses to acute stress are altered in smokers.

Materials and methods—Healthy male non-smokers (n=20) and smokers (n=15) participated in
two experimental sessions involving a standardized public speaking stress procedure and a control
non-stressful task. The outcome measures included self-reported mood, cardiovascular measures
(heart rate and blood pressure), and plasma hormone levels (noradrenaline, cortisol, progesterone,
and allopregnanolone).

Results—Smokers exhibited blunted increases in cortisol after the Trier Social Stress Test, and
they reported greater and more prolonged subjective agitation than non-smokers. Stress-induced
changes in progesterone were similar between smokers and non-smokers, although responses overall
were smaller among smokers. Stress did not significantly alter levels of allopregnanolone, but
smokers exhibited lower plasma concentrations of this neurosteroid.

Conclusions—These findings suggest that smoking dampens hormonal responses to stress and
prolongs subjective discomfort. Dysregulated stress responses may represent a breakdown in the
body’s ability to cope efficiently and effectively with stress and may contribute to smokers’
susceptibility to acute stress, especially during abstinence.
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Introduction

There are complex bidirectional relations between stress and drug use. Stress is thought to be
a contributing factor to the development and maintenance of drug use and dependence (Sinha
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2001), and drug use itself appears to alter responses to stress. An acute physical or
psychological stressor activates two main physiological systems, the hypothalamic pituitary
adrenal (HPA) axis and the sympathoadrenal system, resulting in a range of hormonal,
cardiovascular, subjective cognitive, and emotional responses, which can vary independently
of one another. Many drugs of abuse, including nicotine and alcohol, also stimulate the same
physiological systems as acute stressors. Laboratory studies conducted with both animals and
humans have shown that repeated drug exposure can alter certain responses to external stressors
(Kirschbaum et al. 1993a, 1994; Roy et al. 1994; Tsuda et al 1996; al’ Absi et al. 2003; Mantsch
et al. 2007; Chen et al. 2008). However, the specificity of alterations in different components
of the stress response, i.e., hormonal, cardiovascular, and subjective, is not known, partly
because few studies have examined the full profile of stress responses in a single study. It is
important to fully understand how smoking affects each of the different physiological and
psychological outcomes of acute stress and how these may interact to motivate smoking during
stressful times. In this study, we sought to characterize alterations in hormonal, cardiovascular,
and subjective responses to acute stress between male smokers and non-smokers.

The relationships between acute stress and smoking are particularly complicated. First,
smoking appears to reduce emotional discomfort after acute stress (Perkins et al. 1992).
Paradoxically, however, nicotine also activates the systems that mediate stress responses, and
smoking may prolong the hormonal and cardiovascular response to stress (Fuxe et al. 1989;
Pomerleau and Pomerleau 1990). Second, there is some evidence that smokers exhibit atypical
responses to acute stress (Kirschbaum et al. 1993a, 1994; Roy et al. 1994; Tsuda et al. 1996;
al’ Absi et al. 2003). Finally, smoking abstinence, like smoking itself, may also be considered
a stressor. Smokers undergoing acute withdrawal exhibit negative mood and tension (Swan et
al. 1996), which may render them especially vulnerable to the perceived stress-relieving
properties of smoking and thus at risk for relapse. An appreciation of how the different
physiological and psychological responses to acute stress are altered in regular cigarette
smokers will advance an understanding of why stress is such a powerful motivator of cigarette
use.

Several studies have demonstrated that cigarette smokers exhibit altered responses to acute
stress; however, these effects vary between studies and depend in part on the particular measure
that is assessed. In most studies, smokers have exhibited blunted HPA axis responses (i.e.,
cortisol and ACTH) to a psychological stressor, compared to hon-smokers (Kirschbaum et al.
1993a, 1994; Roy et al. 1994; Tsuda et al 1996; al’Absi et al. 2003; but see Back et al. 2008).
These findings are consistent with animal data indicating that restraint stress-induced increases
in plasma corticosterone are attenuated after a chronic regimen of nicotine administration
(Kiritsy-Roy et al. 1990; Cheng et al. 2005). On the other hand, another study reported that
smoking immediately after a stressful task prolonged stress-induced increases in cortisol
(Pomerleau and Pomerleau 1990). Similarly, there is mixed evidence of altered cardiovascular
responses to stress between smokers and non-smokers. Several studies have reported no
differences in heart rate and blood pressure responses between smokers and non-smokers
(Perkins et al. 1992; Kirschbaum et al. 1993a; Tsuda et al. 1996), while others report enhanced
(MacDougall et al. 1988) or diminished cardiovascular responses to stress among smokers
(Roy et al. 1994; al’Absi et al. 2003). With regard to subjective responses to stress, smokers
tend to exhibit greater and more prolonged emotional reactions to stressful tasks than non-
smokers (Perkins et al. 1992; Tsuda et al. 1996), although smoking immediately after stress
appears to counteract emotional discomfort (Tsuda et al. 1996). Many of these studies focused
upon only one measure of the stress response, usually HPA axis responses, making it difficult
to visualize how the full range of stress responses may be altered in smokers. In addition, some
of these studies lacked a non-stressful control condition with which to compare stress
responses, which makes it difficult to fully interpret the results. Together, these factors have
contributed to the discrepancy in findings between studies; however, overall, it appears that a
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history of smoking blunts hormonal response to stress, but may exacerbate subjective
responses. Because smoking appears to differentially affect separate physiological and
psychological components of stress responses, it is important to fully characterize the specific
changes in each modality that occur in regular cigarette smokers in a single study. These
alterations may influence long-term health and may have implications during early smoking
abstinence.

In this study, we measured hormonal, cardiovascular, and subjective responses to a
standardized acute psychosocial stressor, the Trier Social Stress Test (TSST, Kirschbaum et
al. 1993b), in healthy male smokers and non-smokers. We examined the magnitude and time
course of changes in a range of physiological and psychological measures in order to fully
characterize responses to acute stress, including activation of the HPA axis (cortisol) and
sympathoadrenal systems (plasma noradrenaline, heart rate, blood pressure) and emaotional
changes (self-reported mood). Recent evidence has indicated that progesterone and
allopregnanolone, a metabolite of progesterone, may be important regulators of responses to
acute stress (Barbaccia et al. 1996), and so, we also measured plasma levels of these hormones.
By examining a wide range of measures, we could identify whether alterations are specific to
each system or whether there is a more general dysregulation of the stress response in smokers.
Participants also underwent a separate non-stressful control session with which we could
compare responses in order to fully interpret the findings. We did not include women in this
study of smokers due to concerns of variability in mood and hormonal measures across the
menstrual cycle, which we are investigating in a separate experiment. We hypothesized that
in line with previous studies, smokers would exhibit blunted hormonal responses, e.g., cortisol,
to stress yet more pronounced subjective discomfort, e.g., anxiety, than non-smokers. In
addition, we hypothesized that stress would increase plasma levels of the neurosteroids
progesterone and allopregnanolone but that these responses would be smaller in smokers.

Materials and methods

Participants

Design

Procedure

Male non-smokers (n=20) and daily cigarette smokers (n= 15, >10 cigarettes per day) aged
18-32 years were recruited without regard to race or ethnicity. The exclusion criteria included
serious medical conditions; current or prior diagnosis of Axis | disorder (APA 1994), including
drug abuse or dependence except nicotine dependence; less than a high school education; a
body mass index outside of 19-26 kg/m?; high or low blood pressure; abnormal
electrocardiogram; or night shift work. Before the study began, participants signed a consent
form, which stated that the aim of study was to investigate the effects of alertness upon mood
and physiology. They were told that they would complete short verbal tasks during each session
but were not told the specific nature of the tasks.

This study used a mixed within- (Stress vs. No stress) and between-subjects (Smokers vs. Non-
smokers) design. Volunteers participated in two 4 h experimental sessions, which always
commenced at 9:00 awm., at least 48 h apart, in which they underwent the TSST or a control task
in randomized order.

The University of Chicago Hospital’s Institutional Review Committee for the use of human
subjects approved the protocol, and the experiments were therefore performed in accordance
with the ethical standards laid down in the 1964 Declaration of Helsinki. Participants were
tested individually in patient rooms at the University of Chicago Hospital’s GCRC. They stayed
overnight at the GCRC before each session to standardize sleeping, eating, and smoking.
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Volunteers were woken at 7:30 awm., and smokers smoked one cigarette at 8:00 am. Participants
were provided with a standard breakfast prepared by the GCRC nutritionist and could consume
their usual amounts of caffeine. Individuals submitted breath and urine samples to test for
recent use of drugs or alcohol; no one tested positive. At 8:30 am., an intravenous catheter was
placed into a vein in the subject’s non-dominant arm for collection of blood samples. At 9:00
am., levels of CO in expired air were recorded, and a blood sample was drawn for DNA
extraction. Participants were given a heart rate monitor and Polar chest band to wear, which
measured heart rate continuously (Mini-Logger® system). At 9:40 aw., baseline measures were
obtained [blood and saliva samples, blood pressure (Critikon Dinamap® Plus Vital Signs
Monitor), and mood questionnaires]. At 9:50 awm., the research assistant read instructions to the
participant. For the TSST, the instructions stated that they had 10 min to prepare a 5 min speech
about themselves for a mock job interview that would be videotaped and performed in front
of two examiners trained to monitor non-verbal behavior. They would also be required to
perform 5 min of arithmetic (serial subtraction). For the control task, the instructions stated
that participants would speak to the research assistant about neutral topics for 10 min (not
videotaped). Participants remained alone in a room for 10 min before each task and could make
notes about their speech, although they could not bring their notes into the examination. At
10:00 am., after the 10 min preparatory period had elapsed, participants were escorted to an
adjacent room for the tasks. Throughout the TSST, participants could see their own image
portrayed on a television monitor. At the end of the task, the participant was escorted back to
the patient room. Both the TSST and control tasks lasted for 10 min each. Blood pressure was
measured, and blood and saliva samples were obtained immediately and then again at 5, 10,
20, 30, 60, 90, and 120 min after the tasks. Participants also completed mood questionnaires
immediately and then again at 10, 20, 30, 60, 90, and 120 min after completing the tasks. After
the last measures, participants were given a meal and then allowed to leave. At the end of the
second session, participants were fully debriefed about the study procedures and received
payment.

Hormonal measures

Saliva samples were collected using Salivette® cotton wads. The GCRC Core Laboratory at
The University of Chicago determined levels of cortisol in saliva and plasma (saliva=
Salimetrics LLC, sensitivity=0.003 pg/dL; plasma=Immulite®/Immulite® 1000 Cortisol,
sensitivity=0.2 pg/dL). The University of Chicago Medical Endocrinology Laboratory
determined levels of progesterone in plasma (Immulite® 2000 Progesterone, sensitivity=0.1
ng/mL). Dr. Richard Hauger at The University of California, San Diego, determined levels of
plasma allopregnanolone according to the methods of Purdy et al. (1990). Mayo Medical
Laboratories determined levels of plasma catecholamines [Test code 8532, sensitivity: NA=70
pg/mL, Adr=110 pg/mL, DA 30 pg/mL]. Unfortunately, plasma samples collected for ACTH
assay were spoiled after a freezer malfunction, and insufficient data were obtained for
meaningful statistical analysis.

Subjective measures

Subjective states were measured using the State version of the STAI (Spielberger et al.
1970), VAS (Folstein and Luria 1973), and an experimental version of the POMS (McNair et
al. 1971). Smokers also completed the BQsu (Tiffany and Drobes 1991) to assess cigarette
craving.

Statistical analysis

Differences in demographics between smokers and non-smokers were analyzed using
independent samples t test (continuous variables) and Pearson’s Chi-Square (categorical
variables). The effects of demographic characteristics upon responses to the TSST were
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analyzed using two-factor [task (TSST vs. control) x characteristic] ANOVA for repeated
measures (categorical variables) or one-factor (Task) ANCOVA with the characteristic as a
covariate (continuous variables).

We examined group differences in the measures at baseline using independent samples t test.
Baseline values were expressed as the average of the pre-task values during the stress and no
stress sessions (since there were no significant differences between the values at baseline before
each task or effects of session order).

Physiological, hormonal, and subjective data were expressed as changes from the pre-task
baseline at each time-point during the stress and no stress sessions. Peak change scores were
expressed as the maximum change within 30 min after the task. First, we assessed the effects
of task order upon responses to the TSST using one-factor (peak change scores) or two-factor
(changes across time) ANOVA for repeated measures with task (TSST vs. control) and time
(repeated time points during each session) as within-subjects factors and task order as between-
subjects factor. Any measures that were significantly influenced by task order were not
analyzed further.

Peak change scores were analyzed using two-factor ANOVA for repeated measures with task
as within-subjects factor and group (smokers vs. non-smokers) as between-subjects factor. The
time course of changes in dependent measures was analyzed by three-factor ANOVA for
repeated measures with task and time as within-subjects factors and group as between-subjects
factor. Significant baseline differences between groups were addressed by (1) including the
average baseline value (of stress and no stress session) as a covariate in peak change score
analyses and (2) analyzing absolute values of that measure for time course analysis.

All analyses were conducted using SPSS version 14 for Windows. Missing cases (due to
equipment malfunction, problems with sample collection) were deleted list wise, leading to
smaller sample sizes for some analyses. Due to the large number of different measures assessed
and analyses performed, we selected several qualitatively different outcome measures as our
primary variables, i.e., STAl anxiety, cortisol, heart rate, and blood pressure. We did not correct
these primary measures for multiple comparisons, because they are expected to reflect separate
and independent underlying processes, and thus, differences were considered to be significant
if p<0.05. For the other secondary measures, p values were adjusted by Bonferroni correction
to limit experiment-wise error; changes in POMS measures were considered significant if
p<0.005 (corrected for ten empirically defined scales), for VAS items p<0.006 (corrected for
eight items), and for plasma hormones p< 0.016 (corrected for three measures). Effect sizes
are reported throughout: Cohen’s d for Student’s t tests and partial eta-squared for (np?)
ANOVA:s.

Demographic characteristics

Most participants were European-American full-time students in their early twenties (Table
1). Smokers were older, less likely to be full-time students, and more likely to report previous
use of other drugs, including stimulants, sedatives, hallucinogens, and inhalants. No
demographic characteristic significantly influenced responses to the TSST. Age was included
in later analyses as a covariate but was dropped if there were no significant main effects or
interactions with group.

Baseline differences

At baseline, smokers exhibited significantly higher levels of plasma cortisol than non-smokers
[t(33)=—2.8, p=0.01, Cohen’s d=—0.97, r=0.44], while non-smokers exhibited higher levels of
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allopregnanolone than smokers [t(32)=3.4, p<0.01, Cohen’s d=1.2, r=0.44; see Table 2 for
values].

Subjective responses to stress

In comparison to the control task, the TSST significantly increased reports of anxiety (STAI)
and frustration (POMS Anger). Stress also significantly increased mood disturbance (POMS
Confusion) and decreased positive mood (POMS Positive Mood; see Table 2 for values and
significance). Only the smokers exhibited elevated feelings of psychomotor agitation (VAS
Restlessness and Jitteriness), although in general, the magnitude of subjective responses to the
tasks did not differ between smokers and non-smokers. The effects of the TSST upon mood
were short-lived; for example, peak changes in anxiety were exhibited immediately after the
task ended and had returned to baseline 10 min later (see Fig. 1). However, analysis of changes
in Restless and Jittery across each session (see Fig. 1) revealed a trend to prolonged TSST-

induced increases among smokers (task x Group, p<0.05, nf,=0.18). Simple effects analyses
revealed a significant main effect of stress among smokers (p<0.05, rﬁ,:O.34)_

Cigarette craving (BQSU global scores) increased nonspecifically throughout the session in
smokers (time, p< 0.05, nf,:(). 19); however, there was no significant main effect of the TSST
(7,=0.01) or interaction with time (17,=0.07) upon craving scores.

Cardiovascular responses to stress

Compared to the control task, the TSST significantly increased heart rate and systolic and
diastolic blood pressure. Mean peak increases in heart rate and systolic blood pressure were
similar in each group, although overall, changes in diastolic blood pressure were smaller
amongst smokers. Analysis of heart rate responses across each session revealed subtle

differences between the groups in the pattern of changes (group x time, p=0.001, nf,:0.07; see
Fig. 2). Simple effects analysis (separate task x time ANOVAs for each group) revealed that
the TSST selectively influenced heart rate only among the non-smokers (task x time, p<0.001,

nf,=0.14). Stress significantly increased heart rate among smokers (task p=0.02, nf,=0.4);
however, there was no significant interaction of the task with time (p=0.7, nf,z0.0?).

Hormonal responses to stress

Compared to the control task, the TSST significantly increased salivary free cortisol only
among non-smokers (see Table 2 for peak change scores; Fig. 3 for time course analysis task

x time x group, p<0.01, zﬁ,:0.09). Simple effects analysis revealed a significant task x time
interaction amongst the non-smokers (p<0.001, nf,=0.26) but not amongst smokers (p=0.8,
1,=0.03).

For total plasma cortisol, the magnitude of change was smaller and more variable among the
smokers (Table 2). Including average baseline values, which were higher among smokers, as

a covariate in the analysis did not significantly alter the result. Analysis of the time course of
changes in plasma cortisol across each session revealed a significant interaction between group

and time (p<0.05, ni=0.08; Fig. 3). Analysis of simple effects (separate task x time ANOVAs
for each group) revealed that the TSST increased plasma cortisol in non-smokers (task x time,

p<0.001, nf,:O.26) but not in smokers (p=0.7, nf,:0.04). In fact, among smokers, levels of
plasma cortisol declined across each session.
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The TSST significantly increased levels of plasma progesterone to a similar extent in smokers
and non-smokers (Table 2). Analysis of changes across each session showed that peak increases
were exhibited 10 min after the task among both groups (Fig. 4) and that on the whole, smokers

exhibited smaller progesterone responses than smokers [group, p=0.014, nf,=0.17],

The TSST did not significantly influence mean peak changes in allopregnanolone in either

group (Table 2), although baseline values did affect task-induced changes (Iﬁ,=0.13),
Specifically, there was a negative association between baseline levels of allopregnanolone and
changes after the tasks.

The TSST significantly increased plasma noradrenaline similarly in each group (Table 2).

Analysis of changes across time showed that peak changes were exhibited immediately after
the task. There were group differences in the pattern of changes across each session, although
this was not significant after correction for multiple comparisons [task x group x time, p<0.05,

1,=0.09; Fig. 4].

Discussion

There are complex relationships between stress and smoking. This study aimed to characterize
the magnitude and time course of physiological and psychological responses to acute
psychosocial stress in smokers and non-smokers. Healthy male non-smokers (N=20) and
smokers (N=15) participated in a stress session and a no stress session. In comparison to the
non-smokers, smokers exhibited blunted cortisol responses to acute stress yet reported more
psychomotor agitation. Stress produced increases in plasma progesterone in both smokers and
non-smokers, and overall, responses were smaller among smokers. Allopregnanolone, a
neurosteroid that has been implicated in mediating stress responses, was not significantly
altered by the stressful task, but plasma levels were lower among smokers. These findings
highlight important differences in the acute response to stress and mediators of the response
between cigarette smokers and non-smoking controls. These alterations may have implications
for long-term health and may underlie why stress is such a potent motivator of smoking
behavior.

There were few differences between the smokers and non-smokers in the measures before
exposure to the stress task. Smokers exhibited higher baseline levels of cortisol that is consistent
with previous reports in minimally deprived (up to 3 h) smokers (Kirschbaum et al. 1992; Field
et al. 1994; Baron et al. 1995; al’ Absi et al. 2003; Steptoe and Ussher 2006). It is thought that
nicotine directly activates the HPA axis via stimulation of nicotinic receptors upon
noradrenergic neurons in the nucleus tract solitarius, which project to CRH-containing neurons
in the paraventricular nucleus of the hypothalamus (Fuxe et al. 1989; Matta et al. 1998).
Stimulation of these neurons induces increases in plasma ACTH and corticosterone in animals
(Balfour et al. 1975; Cam and Bassett 19833, b) and cortisol in humans (Newhouse et al.
1990). In our study, smokers were required to smoke a single cigarette 2 h before the first
samples were obtained in order to standardize the time since last smoking, and evidence
indicates that smoking a single high-nicotine-yield cigarette acutely increases cortisol levels
(Mendelson et al. 2005). However, a recent study found that awakening cortisol response and
total cortisol release during waking hours were significantly greater among smokers than non-
smokers (Badrick et al. 2007). Awakening cortisol response but not total cortisol release was
related to the level of smoking, which suggests that mechanisms other than the direct effects
of nicotine are responsible for elevated cortisol secretion in smokers. However, in our study,
it is not definitively clear whether elevated baseline cortisol is a long-term consequence of
smoking or reflects transient increases related to the pre-session cigarette (see later for further
discussion of this point).
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In comparison to non-smokers, smokers exhibited significantly lower plasma levels of the
neurosteroid allopregnanolone at baseline. A recent study reported that serum
allopregnanolone was positively correlated with salivary cotinine in smokers enrolling in a
cessation study (Marx et al. 2006); however, in that study, the time since last cigarette and
quantity of smoking prior to sample collection was not controlled. In addition, in that study,
serum allopregnanolone was measured, while in our study, we measured plasma
allopregnanolone, and there may be differences between the two measures. In rats, acute
nicotine administration dose dependently increases allopregnanolone in the cerebral cortex
(Porcu et al. 2003); however, the effects of chronic nicotine administration have not been
investigated. In our study, we cannot differentiate between the effects of habitual smoking and
those of the cigarette smoked before the session, but together, the evidence suggests an
association between nicotine intake or level of smoking and allopregnanolone, although the
specific relationship is unclear from the available evidence.

Overall, the magnitudes of subjective responses to the TSST were similar in both groups.
However, only smokers reported elevated subjective agitation: jitteriness and restlessness.
Thus, stress appeared to produce more symptoms of anxiety among smokers. In addition,
increases in these measures were long lasting and remained elevated up to 90 min after the task
(data not shown). This is in line with others’ findings that negative subjective responses to
stress are prolonged in smokers (Perkins et al. 1992; Tsuda et al. 1996). Smokers report that
smoking relieves stress-induced tension, and there is also empirical evidence to support this
(Tsudaetal. 1996). Therefore, the present finding that stress produced prolonged psychomotor
agitation in smokers who were not able to smoke after the stressor may explain why stress is
such a powerful motivator of smoking behavior, i.e., to relieve subjective distress. It would be
interesting to assess whether smoking after stress alters the time course of increases in
subjective agitation. Indeed, prolonged emotional responses to stress among abstinent smokers
may increase their susceptibility to relapse especially if they are unable to manage or relieve
their heightened agitation by other methods. These findings highlight the importance of
coaching smokers in alternative ways of managing the emaotional effects of stress before they
begin abstinence, which may improve success rates.

In line with the results of some studies (Perkins et al. 1992; Kirschbaum et al. 1993a; Tsuda
etal. 1996), the magnitude of peak heart rate responses to the TSST did not differ significantly
among groups. However, there were subtle differences in the pattern of heart rate responses to
stress between smokers and non-smokers; there was a clear distinction between the periods of
the stressful session for non-smokers, while smokers exhibited a more measured pattern of
changes across time and heart rate returned to baseline more slowly. There is evidence that the
rapid return of heart rate to resting levels following a physical stressor is indicative of physical
fitness (Astrand and Rodahl 1977; Cooper etal. 1977; Peters et al. 1983), and our findings may
extend this relationship to cardiovascular responses to acute psychosocial stress. In addition,
diastolic blood pressure responses were smaller overall among smokers. This has not
previously been reported and should be interpreted with caution until replicated.

In line with previous studies, salivary free cortisol responses to the tasks were blunted in
smokers (al’Absi et al. 2003; Kirschbaum et al. 1993a, b, 1994; Roy et al. 1994; Tsuda et al.
1996). The mean peak total plasma cortisol response did not differ between the groups, which
may have been due to large variation in responses amongst smokers. However, analysis of the
time course of changes in absolute values of plasma cortisol revealed that only non-smokers
mounted a significant plasma cortisol response to the TSST. Smokers exhibited significantly
higher levels of plasma cortisol at baseline, and this may have influenced adrenocortical
responses to the TSST. First, the high prestress baseline may have produced a ceiling effect
upon stress-induced cortisol production. Second, overall, there was a decline in plasma cortisol
from the beginning to the end of experimental sessions among smokers; however, levels at the
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end did not differ from non-smokers. Nevertheless, the findings indicate altered adrenocortical
responses to psychosocial stress in minimally deprived smokers. Altered adrenocortical
sensitivity to acute psychosocial stress in smokers may be mediated at the level of the
hypothalamus, pituitary, or adrenal. Unfortunately, due to sample loss, we were not able to
collect sufficient data to analyze levels of ACTH in plasma. Thus, it is unclear whether ACTH
responses are similarly blunted in smokers or whether pituitary responsiveness to psychosocial
stress remains intact, and instead, the adrenals are hyposensitive to ACTH signal.

Stress significantly increased levels of progesterone in both smokers and non-smokers alike.
This is one of the first demonstrations of stress-induced increases in progesterone in humans.
Animal studies have previously shown that levels of progesterone are elevated in response to
acute stressors, including restraint and swim stress (Purdy et al. 1991; Barbaccia et al. 1996),
and in humans in response to emotion arousing stimuli (Schultheiss et al. 2004; Wirth and
Schultheiss 2006; Wirth et al. 2007). It is thought that stress-induced progesterone release is
stimulated by ACTH (Genazzani et al. 1998) and may represent a homeostatic mechanism to
counteract the subjective effects of stress and down-regulate HPA axis activity (Barbaccia et
al. 1996). Allopregnanolone, a metabolite of progesterone, is a highly efficacious positive
modulator of GABA receptor function with potency at least equal to or greater than
benzodiazepines and barbiturates (Paul and Purdy 1992). Thus, progesterone, via its metabolite
allopregnanolone, produces sedative effects in humans (de Wit et al. 2001; Soderpalm et al.
2004) and decreases anxiety-like behaviors in animals (Wieland et al. 1991; Bitran et al.
1991, 1993, 1995). In addition, animal studies indicate that allopregnanolone attenuates
elevations in CRH and corticosterone induced by stress and pharmacological agents (Purdy et
al. 1991; Patchev et al. 1994, 1996). This effect is likely mediated by actions of
allopregnanolone at GABA, receptors upon CRH-containing neurons. Thus, stress-induced
increases in progesterone may, via allopregnanolone, serve to counteract increases in anxiety
and also limit HPA axis activation. Overall, smokers exhibited lower progesterone responses,
which could underlie the prolonged mood disturbances (increased jitteriness and restlessness)
exhibited by these individuals.

Allopregnanolone is a major metabolite of progesterone, yet it is also itself released from the
adrenals and synthesized by brain glial cells in response to stress (Patchev et al. 1996). Overall,
the TSST did not significantly alter levels of allopregnanolone in this experiment, and there
was quite large variability between subjects in each group. However, there were clear
differences in plasma concentrations of allopregnanolone between smokers and non-smokers.
As discussed, allopregnanolone produces anxiolytic and sedative effects via actions at
GABA receptors, and lower concentrations of allopregnanolone in cerebrospinal fluid have
been related to depressive symptoms in humans (Uzunova et al. 1998). However, it is unclear
whether plasma levels of allopregnanolone reflect central allopregnanolone concentrations.
Although there were no significant differences in mood between smokers and non-smokers at
baseline, it will be interesting to further investigate whether there is dysregulated neurosteroid
function in smokers, particularly of anxiolytic neurosteroids, and whether this is related to
symptoms of anxiety and depression in withdrawal.

The TSST significantly increased plasma noradrenaline, and mean peak increases did not differ
amongst the groups. However, the time course of changes differed between smokers and non-
smokers; stress significantly potentiated task-induced increases only amongst the non-
smokers. It is interesting that smokers did not show a significantly larger noradrenaline
response after the TSST in comparison to the control task, and this should be investigated
further. The large increase in noradrenaline after the control task was likely a result of physical
and mental exertion during this task.

Psychopharmacology (Berl). Author manuscript; available in PMC 2010 January 1.
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Limitations of the study include the relatively small sample size, the large number of statistical
analyses performed, and the small variation in level of smoking between subjects. Together,
the first two factors highlight that the results should be interpreted with caution; however, in
support of our results are that several of the findings replicate previous reports and that we did
correct significance levels for experiment-wise error among the secondary measures. It would
be interesting to further investigate the major findings, i.e., altered cortisol and subjective
responses, in smokers with a greater variation in the level of habitual smoking to assess whether
these alterations are related to the effects of the pre-session cigarette or to the chronic effects
of smoking. In this study, we particularly wanted to avoid the influences of nicotine withdrawal
upon the measures at baseline and in response to stress. In addition, previous studies have
assessed stress responses in smokers after a minimal period of deprivation (usually 2-3 h from
last smoking to participation in a task). Thus, we felt it important to standardize the time since
last smoking among individuals in the smoking group to remove variation due to this factor.
Others have investigated stress responses between deprived and non-deprived smokers;
however, this may only differentiate the acute effects of smoking from the acute effects of
nicotine withdrawal. One further limitation was that caffeine intake before the tasks was not
controlled. Again, we particularly wanted to avoid the effects of caffeine withdrawal upon the
measures at baseline and after stress, and thus, we felt it important that individuals participate
in the tasks in their “normal” state, i.e., not caffeine-deprived, as they would experience stress
in every day life. There was no effect of level of caffeine consumption upon outcomes to the
tasks, and there was also no difference in caffeine intake between the groups; however, we
recognize that acute effects of caffeine may have contributed to variability in the effects
observed.

A strength of our study is that we measured both peak responses to and also the time course
of changes in measures after acute stress. The TSST is a procedure that has more significance
than other laboratory manipulations to stressful encounters in real life. However, there is often
large inter-individual variation in the magnitude of responses to the TSST. Thus, our findings
highlight the importance of also considering the time course of responses to stress in order to
fully characterize alterations in stress responses between experimental groups.

In conclusion, the present findings reveal blunted cortisol responses and more prolonged
psychological agitation in response to psychosocial stress among cigarette smokers. Altered
responses to acute stress in smokers may denote a breakdown in the body’s ability to cope
efficiently and effectively with stress. These alterations may also underlie why stress is such
a potent motivator of smoking behavior, causing high rates of stress-induced relapse in
abstinent smokers. It is unclear whether chronic nicotine administration by smoking induces
adaptations in stress systems that underlie altered responses to stress or whether there are certain
pre-existing disturbances, which render individuals vulnerable to smoking. If these system
alterations are induced by nicotine, then it is also uncertain whether these systems return to
normal functioning upon continued abstinence. Overall, the present findings highlight the
importance of coaching smokers in alternative methods, besides smoking, to cope with the
effects of psychological stress during early abstinence.
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Changes in self-reported anxiety and restlessness after the TSST (filled symbols) and control
tasks (open symbols). Data represent mean+SEM changes from pre-task baseline values as a
function of time after completion of the tasks (task preparation from —20 to —10 min; task
performance from —10 to O min)
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function of time in minutes after completion of the tasks (task preparation from —20 to —10
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Table 1
Demographic characteristics of participants
Demographic characteristic Non-smokers Smokers
N 20 15
Age (mean+SEM) 20.5+.6 232¢1.2"
BMI (kg/m?) 22.1+4 22.9+5
Height (inches) 70.7+.6 70.3+.8
Weight (Ibs) 157.623.9 160.7+5.3
Race
% European-American 55 53.3
% African-American 20 20
% Asian-American 15 6.7
% Other 10 20
Current drug use (mean+SEM)
Alcoholic drinks/week 4.4+1.0 7.5£15
Caffeine cups/week 45+15 12.7+4.6
Cigarettes/week 0.0+0.0 95.9+10.1°
Marijuana times/month 1.25+0.5 3.1£1.3
Lifetime drug use (% ever used)
Stimulants 5 80"
Sedatives 0 333"
Hallucinogens 10 267"
Opiates 45 73.3
Marijuana 90 100
Inhalants 0 467
Full time student (%) 90 a7

Data indicate mean+SEM. Asterisks indicate a significant difference between the groups

*
p<0.05;

*:

p<0.01;

KKk
p<0.001 (Pearson Chi-square for categorical variables; independent samples t test for continuous variables)

Psychopharmacology (Berl). Author manuscript; available in PMC 2010 January 1.



Page 19

anuary 1.

(uonoas ,S1Nsay,, 33s) 3JBLIEAOD S PapN|oul 3JaMm SanjeA auljaseq abelane ‘suojoueuBaidole 104 "pjog ui parealpul ase sBulpuiy Juesl

B1S "sainseaw pareadas M YAONY (dnoibxxser) 1010es-0Mm1 103
sasayjua.ed ui @S 9Z1S 198)J3 pUE aNnJeA 4 3y} SHUaSaId ULIN|0d SINISITIS “Y{Se] Yoea Jale Ul QS UIYNM auljaseq ysel-aid wouy abueyd Yead pue auljaseq ysel-aid abesane |NJSFuesW ay Juasaidal Smm
O

Childs and de Wit

=
(900) 02 (000) 0'0 (¥2'0) 0T 7'9EFE 65T 2'0EF7'66 8 LTFLEVC 6'8VF7'L0C Z'0E752S 8'L1%0'50¢C (wy/bd) w:__mceueoznou.
(800)8C (200) G (t00) 50 80'0¥50°0— 60'0F€T'0 T'0%6°0 2T'0%2C0 LT'0%20°0— T0%9'T (wybu) mco_o%:me%__mm
(00°0) T0'0 (90'0) 02 (og'0) g'€T L0'0%2T'0 G0'0F€0°0— ¥0'0%05°0 €0°076T°0 ¥0'0¥50°0 200¥2v'0 (wybu) Soémmmemm
(ST ¥'s (81°0) 69 (eT0) 8y 0T'0¥80°0— 60°0FL0'0— G0'0¥S5°0 8707850 80°0FET0 L0°0F9Y'0 (p/Bri) osuod AreAljess
(c00) 50 arozvy (800) 82 L7702 STF0T SOFYET 80%'s 8'0%6'C 90FETT (p/Br) josiuiod memm_nm
(900)0°C (ero)sv (61°0) 'L 17799 TZFGe- ST¥G'G9 0'2¥G'L v'eFEey £TF9'€9 (bH ww) 49 u__o%_nm
(L00) 52 (000) TO (e€'0) 591 rvFeY TEFT'S €EFLETT L'€F0°ZT 0'vF'0T— 0'CFT'92T (6H ww) dg o__sﬁm
(100) ¥'0 (900) 97T (ev'0) 2'6T EEFL9C LT §TFT0L 8'€¥6'CE T2F9'02 TTF6'0L (wda) aes tmm:m.
(zzo)es wr0) 8y (S00) 9T L'1¥9'9C 09%GT (N e A4 6'976'7— 8T8y SYFY'EL Ssaisay M
(ero) sy (80°0) 82 ‘rove €9%6'2C 7'5¥9°0— T'€¥9°2T 6'7F0'C 9v¥6'0 EYFEVT NEH Ty W\
¥00) 2T (to0o) 2o (ero) vy 0'LFE YT §'GFE Y- 0'G¥9'Ge §'9%C'G T'7¥9°0- €'9¥8'€C snoxuy m<\ﬂm
(so0)8T (000) 00 (re0) 6'6 6'CFLT- GTFTE 9T¥8Y TTF6 V- ETFI'T eTFL poow 8AnISOd m
(00°0) 20’0 (00'0) 0'0 (61°0) 9L L'T¥C€ 0'T¥5°0— 0'T¥5'S vIFre 6'0¥79°0— 8'0%6'V Rpixuy m.
(c00)TT (too)eo (ov0)oTE vIF0Y 60797 80¥6C eT¥9°¢ 9'0¥T°0 90%6'T Jabuy SO,
(000) TO (00'0) 00 (6z°0) 62T §'TFE9 L'T¥ST- 0'ZF6'SE TS VIFTC- 0'CF8'vE _5%
dnouBxyise | dnoug Msel 1SS1 |043U0D auljased 1SS1 |041u0D auljeseg
Sa1ls1lels sisxjows SJ9XOWS-UON aJnseaw HCmUchmD

(0z=u)
SI9YOWS-UOU pue (GT=U) SI8XOWS J0J SHSe) [041U0I pue | SS| ayl Jaye sainsesw juapuadap ul sabueyd pue auljaseq ysel-aid sbelany
¢ 3lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



