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Abstract

Stress is known to influence smoking relapse. Experimental studies indicate acute stress increases
nicotine-seeking behavior; yet neurobiological mechanisms remain poorly understood. Herein, we
investigated disrupted excitatory neural activity in the dorsolateral prefrontal cortex (dIPFC) as a
mechanism of stress-induced nicotine-seeking behavior. Non-treatment-seeking cigarette smokers
were screened for psychiatric, medical, and neuroimaging contraindications. Using a double-blind,
placebo-controlled, randomized crossover design, participants (N=21) completed two oral-dosing
sessions: stress (yohimbine 54mg + hydrocortisone 10mg) vs. placebo (lactose 54mg + lactose
10mg). During each experimental session, working memory proficiency, dIPFC excitatory neural
activity, nicotine-seeking behavior, and subjective effects were measured. dIPFC excitatory neural
activity was quantified via glutamate modulation during working memory performance using
functional proton magnetic resonance spectroscopy. Nicotine-seeking behavior was assayed using
a cigarette puffs vs. money choice progressive ratio task. Results indicated yohimbine +
hydrocortisone evoked a sustained physiological stress response (elevated heart rate, blood
pressure, saliva cortisol, and saliva a-amylase levels; p5<.05). Relative to placebo levels, acute
stress increased nicotine-seeking behavior (ps<.05), disrupted dIPFC glutamate modulation
(p=.025), and impaired dIPFC function (working memory proficiency; ps<.05). The stress-induced
increase in nicotine-seeking behavior was linearly related to the stress-induced disruption of
dIPFC glutamate modulation (R?=0.24-0.37; ps<.05). These findings suggest disrupted dIPFC
excitatory neural activity is a neurobiological correlate of acute stress-induced nicotine-seeking
behavior. These findings further emphasize the central role of the dIPFC in regulating drug-
seeking behavior. Future studies are needed to evaluate interventions to improve dIPFC resilience
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to acute stress effects, including neurostimulation, working memory training, and ‘anti-stress’
medications.
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INTRODUCTION

Tobacco use remains the leading cause of preventable death, accounting for more than 7
million deaths each year worldwide (WHO, 2017). Nearly 70% of adult cigarette smokers
want to stop smoking and more than half attempted to quit in the past year (Wang et al.,
2018). Food and Drug Administration (FDA)-indicated pharmacotherapies for smoking
cessation attenuate craving and withdrawal symptoms, and yet, relapse rates remain
unacceptable high (Eisenberg et al., 2008). Factors that precipitate relapse are complex and
extend beyond craving and withdrawal. There is strong evidence that stress contributes to
cigarette smoking relapse (McKee et al., 2011). Individuals who relapsed to smoking often
cited ‘stress’ as a precipitating factor (al’ Absi, 2006; Hughes, 2009). Preclinical studies
indicate experimental stress reliably increases drug-seeking behavior across drugs of abuse,
including nicotine (reviewed (Mantsch et al., 2016)). Yet, it is not clear #ow acute stress
motivates nicotine-seeking behavior — how does stress alter cognitive function and/or neural
network communication such that nicotine-seeking behavior increases?

A neurocognitive framework for approaching this question posits that two neural systems,
‘top-down’ (reflective) and ‘bottom-up’ (impulsive), dynamically interact to regulate
behavior (Bechara, 2005). The top-down system, anchored by the prefrontal cortex (PFC), is
responsible for goal-directed behavior, decision-making, and inhibitory control. Conversely,
the bottom-up system, which includes the amygdala and striatum, is associated with
incentive salience, sensation-seeking, and impulsive actions. The relative influence of these
neural systems on behavior is not static; rather, their respective influence changes
dynamically as environmental cues, interoceptive signals, and affective states are integrated.
Stress has been hypothesized to influence both systems (Koob, 2008). Stress may enhance
bottom-up signals, including nicotine craving (McKee et al., 2011), and/or impair top-down
inhibitory control (McKee et al., 2015). From this neurocognitive framework, we focused on
the dorsolateral PFC (dIPFC) as an index of the top-down neural system, and investigated
the question; does acute stress increase nicotine-seeking behavior by disrupting dIPFC
function?

Stress can be defined as a challenge to organism homeostasis. Stressful events activate the
hypothalamic-pituitary-adrenal (HPA)-axis and autonomic nervous system (ANS) and
increase circulating levels of noradrenaline and cortisol. Noradrenaline and cortisol mediate
many of the physiological effects of stress, including elevated heart rate and blood pressure.
The noradrenergic system, in particular, has been repeatedly shown to play a central role in
stress-induced drug-seeking behavior (reviewed (Mantsch et al., 2016)). Yohimbine (YOH)
is a presynaptic noradrenergic a.p-autoreceptor antagonist that disinhibits noradrenaline
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release. YOH is widely used in preclinical research to evoke an acute physiological stress
response (via increased plasma noradrenaline levels) and has been shown to reliably increase
drug-seeking behavior (Mantsch et al., 2016). In the brain, noradrenaline levels exhibit an
inverted ‘U’-shaped relationship with dIPFC function, i.e., too little, and too much,
noradrenergic stimulation impairs dIPFC function. In non-human primates, elevated
noradrenergic stimulation impaired spatial working memory proficiency and suppressed
dIPFC neural spiking frequency (reviewed (Arnsten, 2009)). Noradrenergic stimulation also
impaired working memory proficiency in humans (reviewed (Chamberlain et al., 2006)).
Based on preclinical research indicating that stress impairs dIPFC function (reviewed
(Arnsten, 2009)), we chose to focus on the top-down neural system, specifically the dIPFC,
in our investigation of acute stress effects on nicotine-seeking behavior. Simplistically, stress
may impair dIPFC cognitive processes (e.g., inhibitory control, decision-making) and thus,
disinhibit nicotine-seeking/self-administration behavior.

Here we quantified dIPFC function and excitatory neural activity using a verbal 2-back task.
Verbal 2-back is a well-validated working memory task reliably associated with dIPFC
activation (Owen et al., 2005) and is neutral with respect to nicotine-dependence (i.e., not
confounded by nicotine craving and/or withdrawal) and thus, facilitates isolation of acute
stress effects. Participants performed the verbal 2-back during proton functional magnetic
resonance spectroscopy (*H fMRS) acquisition in the dIPFC. H fMRS is a novel
neuroimaging technique that facilitates quantitative /n vivo measurement of dynamic
changes in glutamate levels during task performance. Prior studies indicate *H fMRS-
measured increases in glutamate levels reflect phasic increases in excitatory
neurotransmission and metabolic activity (Sonnay et al., 2016; Stanley and Raz, 2018). We
recently piloted this approach among healthy subjects and found 2-back performance
significantly increased left dIPFC glutamate levels, as hypothesized (Woodcock et al.,
2018b). These findings validated our H fMRS 2-back approach. Moreover, 1H fMRS is not
confounded by neurovascular coupling. Elevated blood pressure and heart rate are hallmarks
of a stress response, which may influence other imaging metrics, e.g., blood oxygen-level
dependent (BOLD) fMRI; thus, we chose to use 1H fMRS to investigate acute stress effects
on dIPFC neural activity.

In this study, we hypothesized that acute stress would: 1) disrupt dIPFC excitatory neural
activity (glutamate modulation), 2) impair dIPFC function (2-back response accuracy), and
3) increase nicotine-seeking behavior, relative to placebo levels. Finally, we hypothesized
the magnitude of stress-induced nicotine-seeking would be linearly related to stress effects
on dIPFC glutamate modulation. If supported, our findings would provide preliminary
evidence of a putative neurobiological mechanism, i.e., disrupted dIPFC excitatory neural
activity, through which acute stress may act to increase nicotine-seeking behavior. We
hypothesize that acute stress, especially noradrenergic stimulation, disinhibits nicotine-
seeking behavior by disrupting dIPFC inhibitory control, similar to prior research (McKee et
al., 2015).

Addict Biol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woodcock et al. Page 4

METHODS

Participants

The local Institutional Review Board approved all study procedures (conducted in
accordance with the Declaration of Helsinki). Interested candidates (n=105) were invited for
in-person screening. Sobriety was verified (expired breath alcohol <.02%) before informed
consent procedures. Assessments included: self-report questionnaires (e.g., Fagerstrom Test
for Nicotine Dependence: FTND) (Heatherton et al., 1991), brief computerized psychiatric
interview (MINI-6) (Sheehan and Lecrubier, 2010), expired breath carbon monoxide (CO;
biomarker of recent smoking), urine sample (tested for substance use and pregnancy),
electrocardiogram (ECG), resting vital signs (blood pressure [BP] and heart rate [HR]), and
MRI contraindications (self-report). Among those invited for an in-person screening, 53 did
not show up (and were dropped) and 26 were found to be ineligible. Participants who
satisfied all inclusion/exclusion criteria (Supplemental Table S1) and provided written
informed consent were invited to participate in the study (n=27). Experimental sessions were
completed on non-consecutive weekdays (Monday-Friday; 76% completed both sessions
within 7 days). Participants who completed both sessions were included in analyses (N=21).
Female participants were scheduled during the luteal phase of the menstrual cycle (self-
report) to minimize stress response variability (Kirschbaum et al., 1999). Participants were
compensated up to $200 for their time.

Experimental Procedures

Participants completed experimental sessions on separate days (placebo vs. stress;
randomized crossover design) under double-blind and placebo-controlled conditions (blind
maintained by MKG). Participants smoked cigarettes ad /ibitum before/after each session.
Experimental procedures are detailed in Figure 1. Upon arrival (11:00am), sobriety was
verified (expired breath alcohol <.02%). Physiological and subjective effects were measured
periodically throughout each session. Saliva samples were collected via oral swab three
times during each session (Salimetrics®, State College, PA) and assayed for cortisol and a.-
amylase levels. Seated and resting vital signs (blood pressure (BP) and heart rate (HR)) were
measured at four time points throughout procedures. A periodic self-report battery was also
collected at four time points and consisted of: Minnesota Nicotine Withdrawal Scale
(MNWS) (Hughes and Hatsukami, 1986), Brief Questionnaire of Smoking Urges (QSU)
(Cox et al., 2001), State-Trait Anxiety Inventory (STAI; state version) (Spielberger, 1983),
and Positive and Negative Affect Scale (PANAS) (Watson et al., 1988).

At 11:30am, participants completed the ‘paced puff’ procedure. Participants smoked one
cigarette puff (1-2s inhale; preferred brand; experimenter provided) every minute for 5min
(6 total puffs; video-verified) as an experimental control for recent nicotine exposure.
Participants smoked in only one experimental room (Room A; externally-ventilated). At
11:45am, the first capsule (non-descript opaque capsule) was self-administered (swallowed;
54mg yohimbine [‘stress’] or 54mg lactose [‘placebo’]). At 12:15pm, participants self-
administered the second capsule (10mg hydrocortisone [HYD; ‘stress’] or 10mg lactose
[‘placebo’]). At 12:50am, participants were escorted to the MRI scan which was completed
from 1-2pm (see Neuroimaging below). Following the scan, participants were escorted back
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to the laboratory and completed the Choice Task (described below) in Room B from 2:30-
3pm. At 3:05pm, participants moved to the experimental smoking room (Room A) and self-
administered earned cigarette puffs (1-2s inhale; video-verified; preferred brand,;
experimenter provided). Separate rooms for nicotine-seeking task (Room A) and nicotine
self-administration (Room B) minimized the influence of environmental cues on choice
behavior. Participants were monitored until discharge at 4pm.

Pharmacology/Biomarkers

YOH is a presynaptic a.,-autoreceptor antagonist that blocks negative feedback and
disinhibits noradrenaline release (Goldberg and Robertson, 1983). Biomarkers of YOH
dosing include BP and saliva a-amylase levels (indirect biomarker of B-adrenoceptor
stimulation) (Greenwald et al., 2013). HYD is metabolized to cortisol and binds as an
agonist to glucocorticoid and mineralocorticoid receptors (Meikle and Tyler, 1977). Saliva
cortisol is a well-validated correlate of plasma cortisol levels (Kahn et al., 1988). In
combination, YOH+HYD increase the neurochemical constituents, noradrenaline and
cortisol, of a “natural’ stressful event.

Neuroimaging

dIPFC function and excitatory neural activity were interrogated via verbal 2-back task
performance (Owen et al., 2005) during 1H fMRS spectra acquisition (Woodcock et al.,
2018b). Before each MRI scan, participants practiced the 2-back task outside of the scanner
until deemed proficient by the experimenter (Figure 2A). Inside the scanner, participants
completed 5 blocks of passive visual fixation (‘rest’; 32s) and 5 blocks of verbal 2-back
(64s) during continuous 'H MRS spectra acquisition. During each 2-back block, a 4s task
prompt (‘2-back’) was followed by 20 uppercase letters presented serially (3s/letter; 500ms
letter presented; 2500ms blank screen; 6 target letters). Response latency, response accuracy,
i.e., percentage of correct responses, and d-prime (d°= Znit - Zraisealarm) (Macmillan and
Creelman, 1990) were outcome measures of interest (feedback not provided to participants).
Neuroimaging was conducted on a 3T Siemens Verio system (32-channel receive-only
volume head coil) and included a structural scan (T1-weighted; MPRAGE), By-field shim
(left dIPFC; 25x25x25mm; FASTESTMAP (Gruetter and Tkac, 2000)), automated voxel
placement procedure (Woodcock et al., 2018a) (left dIPFC; Figure 2B),'H MRS spectra
acquisition (15 spectra; 480s; PRESS with OVS and VAPOR; voxel dimensions
15%20x15mm; TE=23ms; TR=4.0s; 8 averages/spectrum; bandwidth = 2kHz; 2048 data
points) and water-unsuppressed 1H MRS spectrum acquisition (2 averages; TE=23ms;
TR=10s). A relatively short TE minimized diffusion and J-evolution, while the relatively
long TR reduced Tq-weighting.

Cigarette Puffs vs. Money Choice Task

After the 11:30am paced puff procedure, the Choice Task was the only other opportunity for
participants to smoke during each experimental session. During this 30min task, participants
could earn one cigarette puff or $0.25 (Tidey et al., 1999) via computer ‘mouse’ clicking on
11 independent choice trials. In each trial, the participant selected either ‘puff’ or ‘money’
on the computer. To earn one unit of that selection, the participant had to satisfy the response
requirement (progressive ratio schedule of ‘“mouse’ clicks [identical schedules for puffs and
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money]: 5, 12, 33, 100, 180, 340, 540, 835, 1220, 1660, and 2275). At 3:05pm (after the
Choice Task), participants moved to experimental Room A, were provided one cigarette
(preferred brand), and instructed to smoke the exact number of puffs earned (1-2s inhale;
video-verified) at their chosen pace.

Nicotine-Seeking Behavior

Nicotine-seeking behavior was quantified two ways. First, the percentage of ‘mouse’ clicks
to earn cigarette puffs relative to the total number of ‘mouse’ clicks for both puffs and
money was calculated. This is a continuous measure of nicotine-seeking behavior scaled to
total behavioral output; referred to as ‘normalized nicotine-seeking behavior’ for the
remainder of the manuscript. Second, the total number of cigarette puffs earned was
quantified. This is a ‘real-world’ measure of nicotine-seeking behavior as subjects smoked
the exact number of cigarette puffs earned during the task.

Analysis Strategy

1H MRS spectra were analyzed by a blinded experimenter using LCModel v6.3 (post-
processing and quantification were 100% automated) (Provencher, 2008). Consecutive
spectra were corrected for eddy current, zero- and first-order phase, and Bg-shift, and
averaged to improve signal-to-noise ratio (SNR) which resulted in 32s temporal resolution
(8 averages/spectra). T1-weighted images were Bq-field corrected and segmented into partial
volume maps of cerebrospinal fluid, gray matter, and white matter using FreeSurfer and FSL
tools (Dale et al., 1999; Smith et al., 2004). Finally, voxel tissue composition and
appropriate correction factors [e.g., T1 and T, relaxation; (Posse et al., 2007)] were used to
quantify absolute glutamate concentration (mmol/kg wet weight) (Gasparovic et al., 2006).
We used a classical block design: alternating periods of 2-back (64s) and visual fixation rest
(32s). 2-back task blocks were longer than rest blocks (64s vs. 32s) and thus, more spectra
were acquired during 2-back than rest (16 vs. 8 spectra). Accordingly, we cleaved each 2-
back block into ‘early’ 2-back (first 32s) and ‘late’ 2-back (final 32s) to match the temporal
resolution and SNR of the rest measurements (32s) and avoid SNR and Cramer-Rao Lower-
Bound (CRLB%) bias, an approach we used previously (Woodcock et al., 2018b).
Glutamate modulation was calculated as percentage change from rest to early and late 2-
back (separately): [(2-back — rest)/(rest)] * 100. Voxel placement accuracy was analyzed by
co-registering each subject’s voxel to template space and calculating 3D geometric voxel
overlap with the template voxel (Woodcock et al., 2018a).

All data were evaluated for missing and extreme values, and normality (Shapiro-Wilk test of
normality; skewness/kurtosis statistics). Variable distributions were on a case-by-case basis
and normalized with either statistical transformations (log1g) or winsorization (extreme
values; =1 SD from nearest value) prior to outcome analyses. Power analyses, calculated for
the Choice Task using G*Power (v3.0.10), indicated that 21 participants was sufficient to
detect a moderate within-subject main effect (Cohen’s £0.25) at the recommended power
(0.80) and a.=.05 for correlated measures (r=.70) (Cohen, 1992; Erdfelder et al., 1996).

Within-subject two-way repeated measures analyses of variance (rmANOVAS) were used to
evaluate a priorihypotheses. Main effects of experimental session (placebo vs. stress) were
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considered for glutamate modulation, 2-back behavioral data, and nicotine-seeking behavior.
For subjective and physiological responses, which were collected multiple times throughout
each experimental session, omnibus experimental session by time point interactions were
considered. Bivariate correlations examined our central hypothesis: stress effects on
nicotine-seeking behavior were linearly related to stress effects on dIPFC excitatory neural
activity. Four Pearson correlations evaluated the relationship between dIPFC excitatory
neural activity (early and late 2-back glutamate modulation) and nicotine-seeking behavior
(normalized nicotine-seeking behavior and cigarette puffs earned/smoked). FTND score, i.e.,
nicotine dependence level, was hypothesized to be related to nicotine-seeking behavior
during placebo (test of ecological validity). If found, FTND will be covaried to isolate acute
stress effects on nicotine-seeking behavior. FTND was evaluated as a covariate for all
measures (only included when significant). Descriptive statistics are presented as mean +
one standard deviation (M + 1 SD), and in figures, error bars depict + one standard error of
the mean (SEM), unless otherwise noted. Significance threshold was p<.05 for all analyses.

RESULTS

Sample Characteristics

Participants (N=21) were 28.0+3.9 years old (range: 21-34), mostly male (85.7%), and
African-American (71.4%). Participants reported smoking 17.2+5.9 cigarettes/day and were
moderately nicotine dependent (FTND=6.1+2.0; Table 1).

dIPFC Function and Excitatory Neural Activity

Throughout the Results section, rmANOVA effect sizes are provided (partial n2, but denoted
as 1) and interpreted as small (<.09), moderate (0.10-0.24), and large (2.25). Results are
presented in order of importance to our hypotheses.

Glutamate modulation, i.e., the percentage change in dIPFC glutamate levels from rest to 2-
back performance, was evaluated using a two-way rmANOVA. Results indicated YOH
+HYD significantly impaired early 2-back glutamate modulation relative to placebo
modulation levels (A1,72)=6.02; p=.025; 12=0.25; Figure 3A). Follow-up analyses
indicated glutamate levels were 2.7% higher during 2-back performance than during rest in
the placebo session (A1,83)=8.12; p<.01; n2=0.09; not shown) but glutamate levels were
unchanged during the stress session (p=.58). Behavioral data indicate YOH+HYD
significantly impaired 2-back response accuracy relative to placebo levels (A1,40)=6.01,
p=.034, 1?=0.38; 87.1+13.3% correct vs. 78.2+15.1% correct; Figure 3B). Further, YOH
+HYD significantly impaired ¢’ across task blocks, relative to placebo (A1,44)=3.57,
p=.013, 12=0.25; not shown). These findings indicate YOH+HYD disrupted dIPFC
excitatory neural activity and impaired working memory proficiency relative to placebo
levels. YOH+HYD did not alter 2-back response latency relative to placebo levels (p5=.40).
During placebo, late 2-back glutamate levels were not higher than rest (i.e., no glutamate
modulation; p>.40) and thus, stress effects on late 2-back glutamate modulation were not
evaluated. FTND was not related to glutamate modulation or 2-back response metrics
(ps>.25), and thus, not covaried in analyses. Voxel placement accuracy was reliable across
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participants and experimental sessions (85.6+16.8% overlap with the template voxel in
template brain space).

Nicotine-Seeking Behavior

During placebo, nicotine dependence level (FTND score) was positively correlated with
percentage of total ‘mouse’ clicks allocated to earn cigarette puffs (i.e., ‘normalized
nicotine-seeking behavior’; R2=0.40, p<.01, Figure 4A) and with the number of cigarette
puffs earned/smoked (R?=0.36, p<.01; Figure 4B). FTND score explained 36-40% of the
variance in nicotine-seeking behavior during placebo indicating nicotine-seeking behavior
measured in the laboratory scaled with cigarette smoking behavior outside of the laboratory,
i.e., our paradigm has ecological validity. To isolate acute stress effects on nicotine-seeking
behavior (independent of nicotine dependence level), FTND score was covaried in
subsequent analyses. Controlling for FTND score, rmANCOVA indicated YOH+HYD
significantly increased normalized nicotine-seeking behavior (A1,16)=5.55, p=.032,
12=0.26; 51.7+40.0%, Range=10-100%) and number of cigarette puffs earned/smoked
(A1,16)=4.93, p=.041, 12=0.24; 5.6+2.4, Range=1-10), relative to placebo levels
(normalized nicotine-seeking: 46.7+41.6%, Range=0-100%; puffs: 5.3+2.7, Range=0-10).
Exploratory analyses revealed a significant FTND score by experimental session interaction
on cigarette puffs earned/smoked (A1,16)=4.88, p=.042, 1?=0.23) and normalized nicotine-
seeking (A1,16)=6.16, p=.025, 112=0.28 which indicated YOH+HYD increased nicotine-
seeking behavior more among less nicotine-dependent individuals compared to more
nicotine-dependent individuals. Stated differently, more nicotine-dependent individuals
exhibited less malleable nicotine-seeking behavior in response to YOH+HYD than less
dependent individuals.

Bivariate Correlations

Four planned bivariate correlations examined relationships between dIPFC glutamate
modulation and nicotine-seeking behavior during the stress session. Pearson correlations
indicated early 2-back glutamate modulation was significantly related to normalized
nicotine-seeking behavior (R2=0.24, p=.05; Figure 4C), but not cigarette puffs earned/
smoked (R2=0.13, p=.17; not shown). Late 2-back glutamate modulation was significantly
related to cigarette puffs earned/smoked (R?=0.30, p=.029; Figure 4D) and normalized
nicotine-seeking behavior (R2=0.37, p=.013; Figure 4E). These correlations suggest the
extent to which stress disrupted dIPFC excitatory activity was linearly related to the extent to
which stress increases nicotine-seeking behavior, accounting for 24-37% of the variance in
nicotine-seeking behavior.

Exploratory Pearson correlations examined relationships between physiological stress
biomarkers and dIPFC glutamate modulation. During the stress session, diastolic blood
pressure (after the IH MRS scan) was significantly related to early 2-back glutamate
modulation (R2=0.21, p=.048; Figure 4F) and ‘trend’-level related to late 2-back glutamate
modulation (R2=0.20, p=.058; not shown). The extent to which stress increased diastolic
blood pressure was linearly related to the extent to which stress disrupted dIPFC excitatory
activity, accounting for 21% of the variance. Systolic blood pressure and saliva markers were
not significantly related to dIPFC glutamate modulation (ps>.05).
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Subjective Effects

No self-report measures exhibited significant experimental session by time point interactions
(0s>.10; Figure 5). Exploratory analyses indicate nicotine withdrawal symptoms, relief-
motivated craving, appetitive craving, and negative affect each significantly increased
throughout each experimental session (ps<.05) but were not significantly affected by YOH
+HYD. Peak nicotine withdrawal severity was between ‘slight” and ‘mild’, while appetitive
and relief-motivated craving peaked between ‘moderate’ and ‘substantial.” Anxiety levels
significantly decreased throughout each session (p<.05) but were not affected by YOH
+HYD. Experimental session order was significantly related to positive affect (0<.01) and
thus, was included as a covariate. Controlling for session order, positive affect increased
throughout both experimental sessions (p=.036) but was not affected by YOH+HYD
(7>.20). FTND was not related to any subjective effect’s measures (0s>.05), and thus, was
not covaried in the above analyses.

Physiological Effects

Two-way rmANOVAs indicated systolic and diastolic BP (mmHg), HR (bpm), and saliva
cortisol (ug/dL; logio-transformed) exhibited significant omnibus experimental session by
time point interactions, as expected. YOH+HYD significantly increased systolic and
diastolic BP relative to placebo levels (systolic: A3,57)=8.33, p<.001, 112=0.31, Figure 6A;
diastolic: A3,57)=2.98, p=.039, 12=0.14, Figure 6B). YOH+HYD significantly increased
HR and saliva cortisol relative to placebo levels (HR: A3,57)=3.38, p=.024, 112=0.15, Figure
6C; cortisol: A2,38)=25.13, p<.001, n?=0.57, Figure 6D). Relative to baseline, YOH+HYD
significantly increased saliva a-amylase levels (U/mL) during the stress session
(A2,38)=5.02, p=.012, n?=0.21, Figure 6E), but the hypothesized experimental session by
time point interaction was not significant (p=.13). FTND was not related to any
physiological biomarkers (ps>.20) and thus, was not included as a covariate for the above
analyses. These data indicate YOH+HY D evoked a significant and sustained physiological
stress response associated with moderate-to-large effect sizes.

Session Order Effects

Experimental session order (stress or placebo first) was not significantly related to nicotine-
seeking behavior (ps>.25); choice task behavioral output (total number of ‘mouse’ clicks;
ps>.40); glutamate modulation (ps>.60); working memory response accuracy, latency, or @’
(0s>.25); or physiological biomarkers (ps>.20). Session order was not related to any self-
report measures (ps>.08) other than positive affect. Finally, subjects did not correctly
identify the stress session more accurately than the placebo condition (62% vs. 67%); only
marginally better than random chance (50%), suggesting the experimental ‘blinding” was
effective.

DISCUSSION

This study investigated acute stress effects among non-treatment-seeking cigarette smokers.
Principal findings were five-fold. Relative to placebo levels, acute stress: 1) disrupted dIPFC
excitatory neural activity (glutamate modulation), 2) impaired dIPFC function (2-back
response accuracy), and 3) increased normalized nicotine-seeking behavior and cigarette
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puffs earned/smoked. Fourth, bivariate correlations indicated greater stress-induced nicotine-
seeking behavior was linearly related to greater disruption of dIPFC glutamate modulation
during 2-back performance. These findings suggest disrupted dIPFC excitatory neural
activity is a neurobiological correlate of acute stress-induced nicotine-seeking behavior.
Fifth, higher diastolic blood pressure during stress was linearly related to lower dIPFC 2-
back glutamate modulation suggesting noradrenergic stimulation is central to disrupting
dIPFC excitatory neural activity.

Nicotine-seeking behavior was assayed using a behavioral economic approach: money vs.
cigarette puffs choice progressive ratio task (e.g., (Greenwald et al., 2013)). This approach
yielded direct measures of appetitive nicotine motivation relative to a reinforcing alternative
choice: money. As hypothesized, nicotine-dependence level (FTND score) was positively
correlated with nicotine-seeking behavior during placebo indicating our approach has
ecological validity and scales with cigarette smoking behavior outside of the laboratory. To
isolate acute stress effects, we covaried nicotine-dependence level in analyses and found that
acute stress increased normalized nicotine-seeking behavior and cigarette puffs earned/
smoked, relative to placebo levels. Acute stress accounted for 24—-26% of the variance in the
change in nicotine-seeking behavior from the placebo to the stress session. Follow-up
analyses indicated stress increased nicotine-seeking behavior more among less nicotine-
dependent individuals suggesting they exhibit more malleable cigarette smoking behavior.
‘Normalized nicotine-seeking behavior’ was an important metric in this study because
preclinical studies have reported that YOH increased non-contingent motor responding (Le
et al., 2011; Mantsch et al., 2016). This metric accounted for total behavioral output and
indicated that stress shifted choice preference to nicotine-seeking behavior. Moreover, we
found no evidence that YOH increased motor output (total “mouse’ clicks or mean click
rate). Our findings are consistent with prior human research that found stress decreased
latency to smoking using a lapse paradigm (McKee et al., 2015; McKee et al., 2011) and
preclinical studies that found stress increased drug-seeking behavior (Mantsch et al., 2016).

dIPFC function and excitatory neural activity were investigated using verbal 2-back (Owen
et al., 2005) during 1H fMRS acquisition. This approach was previously validated in healthy
controls (Woodcock et al., 2018b). Our findings indicate dIPFC glutamate levels during 2-
back task performance were significantly higher than during rest in the placebo session.
Based on extensive preclinical research, elevated glutamate levels measured with 1H fMRS
reflect increased excitatory neurotransmission and metabolic activity. 13C MRS research
indicates a nearly 1:1 ratio between glutamate-glutamine cycling rate (excitatory
neurotransmission) and cerebral metabolic rate of glucose [CMRg|_¢; oxidative metabolism;
reviewed (Rothman et al., 2011)]. Thus, phasic increases in excitatory neurotransmission
correspond with increased metabolic activity — both of which are reflected in glutamate
modulation measured via 1H fMRS (Sonnay et al., 2016). Non-human primate research
indicates that excitatory feed-forward microcircuits in the dIPFC maintain working memory
traces (reviewed (Arnsten, 2009)). We speculate that our glutamate modulation findings
reveal these neurobiological processes at the macroscopic scale. Specifically, working
memory traces, i.e., the neural maintenance of letters during 2-back task performance, drive
a phasic increase in excitatory neural activity that we measured as glutamate modulation in
the dIPFC (Stanley and Raz, 2018; Woodcock et al., 2018b).
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Acute stress significantly impaired dIPFC function (2-back response accuracy and ¢”) and
disrupted dIPFC excitatory neural activity (glutamate modulation), relative to placebo levels.
Stress-induction has previously been shown to impair dIPFC function and working memory
proficiency across species: human (Chamberlain et al., 2006; Qin et al., 2009), non-human
primate (Arnsten, 2009), and rodent (Roozendaal et al., 2004). In particular, elevated
noradrenaline levels have been shown to attenuate dIPFC neural spiking frequency and
impair spatial working memory in non-human primates (reviewed (Arnsten, 2009)).
Noradrenergic stimulation may disrupt dIPFC excitatory microcircuits that maintain working
memory traces and thus, impair proficiency (Arnsten, 2009). Indeed, we found that higher
diastolic blood pressure during stress, a marker influenced by noradrenergic stimulation, was
related to disrupted dIPFC glutamate modulation.

The central hypothesis of this study is that disrupted dIPFC activity is a neurobiological
correlate of stress-induced nicotine-seeking behavior. Our findings support this hypothesis.
Specifically, the extent to which stress disrupted dIPFC glutamate modulation was linearly
related to the extent to which stress increased nicotine-seeking behavior and accounted for
24-37% of the variance. These data are consistent with prior clinical research indicating
working memory proficiency and neural activity predicted smoking behavior outside of the
laboratory (Loughead et al., 2015; Patterson et al., 2010). Our findings highlight the role of
the dIPFC in nicotine-seeking behavior and suggest disrupted dIPFC activity may be a
mechanism of stress-induced nicotine-seeking behavior. The dIPFC has a well-established
role in cognitive processes that regulate substance use behavior (e.g., decision-making,
delayed gratification, and self-control) (Bechara, 2005; Hare et al., 2009; Hare et al., 2014;
Nestor et al., 2011). Simplistically, our findings may indicate that stress disrupted subjects’
ability to delay gratification or exhibit inhibitory control, and thus, appetitive nicotine
motivation was disinhibited. Alternatively, from a neuroeconomic perspective, stress may
have enhanced the expected value of cigarette smoking (or decreased the expected value of
money) and shifted choice preference to cigarette puffs (Rangel et al., 2008). Finally, stress
may have altered interoceptive signals. Interoceptive signals are processed in the insula and
translated into subjective feelings/states that can influence decision-making (Noél et al.,
2013). Thus, stress may have altered interoceptive signals or insula activity and shifted
subjects’ decision-making preference to nicotine-seeking (e.g., (Janes et al., 2010)). Stress
may influence other neural systems, in addition to the dIPFC, that contribute to drug-seeking
behavior. However, our findings highlight the importance of the dIPFC and provide
preliminary evidence of a mechanistic relationship between stress, dIPFC excitatory neural
activity, and nicotine-seeking behavior.

Stress has also been hypothesized to motivate substance use by increasing drug craving
and/or withdrawal. Herein, we found that stress did not alter self-reported cigarette craving
or nicotine withdrawal symptom severity. Our findings suggest a dissociation between acute
stress effects on craving/withdrawal symptoms and nicotine-seeking behavior. There may be
some degree of automaticity between stress and nicotine-seeking behavior, independent of
the subjective perception of craving and/or withdrawal symptoms. For example, McKee and
colleagues found that stressful imagery amplified cigarette craving, decreased latency to
smoke, and increased number of cigarettes smoked, relative to neutral imagery (McKee et
al., 2015). Guanfacine, an aya-noradrenergic agonist, blunted the effects of stress on

Addict Biol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woodcock et al.

Page 12

cigarette smoking behavior, but not stress-induced craving (McKee et al., 2015). Thus,
stress-induced craving and nicotine self-administration can be disentangled, and
noradrenergic stimulation and the dIPFC may play central roles in their dissociation.

In this study, a pharmacological stress-induction approach was used rather than a
psychosocial approach because of important methodological advantages, including
neurochemical specificity, sustained duration of action, dose-response control, and
experimental blinding. Relative to placebo, oral pretreatment with YOH (54mg) and HYD
(10mg) elicited a significant and sustained physiological stress response throughout
experimental procedures as indicated by biomarkers: systolic and diastolic BP, HR, saliva
cortisol, and saliva a-amylase. The magnitude of stress response elicited herein was similar
to a robust psychosocial stress-induced approach based on qualitative comparison of effect
sizes from the published literature (Woodcock et al., 2019). Importantly, subjects did not
correctly identify the stress session more than the placebo session, indicating the
experimental ‘blinding’ was effective.

As stated above, we found no evidence that acute stress altered subjective cigarette craving,
nicotine withdrawal, anxiety, or affect, relative to placebo levels. Our findings are contrary to
prior studies that found elevated craving or withdrawal following stress-induction (e.g.,
(Greenwald et al., 2013; McKee et al., 2015; McKee et al., 2011; Sinha, 2009)). Our
unexpected null findings may reflect poor measurement sensitivity or inconsistent
participant responding. However, we believe these explanations are unlikely. We used
psychometrically-validated ‘gold-standard’ self-report measures. Also, as hypothesized,
craving and withdrawal symptoms significantly increased as a function of experimental
nicotine abstinence during each experimental sessions, suggesting consistent participant
responding. We speculate the YOH+HYD doses used herein evoked a subtle subjective
stress response which was not detected with self-report measures.

It is important to note study limitations. First, the pharmacological stress-induction approach
used herein may differ from ‘real life’ stress and subjective stress effects were not measured
in this study. Psychosocial stress-induction approaches, especially script-driven mental
imagery (e.g., (Sinha, 2009)), more closely approximate ‘naturalistic’ stress. However,
pharmacological stress-induction had important methodological advantages for our
purposes. Second, this was a small and demographically-homogenous sample: especially for
brain-behavior correlation analyses (n=16). Third, laboratory nicotine-seeking behavior may
not generalize to ‘real world” smoking. However, we observed strong relationships between
nicotine-dependence level and placebo nicotine-seeking behavior suggesting our paradigm
has ecological validity. Fourth, we were not able to disentangle noradrenaline vs. cortisol
effects.

Conclusions

In summary, our findings indicate acute stress increases nicotine-seeking behavior, disrupts
dIPFC excitatory neural activity, and impairs dIPFC function. Further, greater stress-induced
disruptions of dIPFC activity were linearly related to greater stress-induced nicotine-seeking
behavior. These data provide preliminary evidence that disrupted dIPFC excitatory neural
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activity may be a neurobiological correlate of stress-induced nicotine-seeking behavior.
Future studies are needed to evaluate interventions to improve dIPFC resilience to acute
stress effects, including neurostimulation, working memory training, and ‘anti-stress’
medications.
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Figure 1:
Experimental Timeline. At 11am, the participant arrived at the laboratory and were screened

for sobriety (expired breath alcohol < .02%). At 11:20am, a saliva sample was collected. At
11:30am, the participant smoked in Room A (Paced Puffs procedure). At 11:40am, vital
signs and self-report measures were collected. At 11:45am, the participant orally self-
administered (swallowed) the first compound: either 54mg yohimbine (YOH) or 54mg
lactose (placebo). At 12:15pm, the participant orally self-administered the second
compound: either 10mg hydrocortisone (HYD) or 10mg lactose (placebo). At 12:40pm, vital
signs, saliva, and self-report data were collected. At 12:50pm, the participant was escorted to
the MRI center for a 1:00pm scan (1H fMRS started around 1:15pm). At 2:00pm, the
participant was escorted back to the laboratory. At 2:20pm, vital signs and self-report data
were collected. At 2:30pm, the participant completed the Puffs vs. Money Choice Task
(nicotine-seeking task; Room B). At 3:00pm, vital signs, saliva, and self-report data were
collected. At 3:05pm, the participant self-administered (smoked) earned cigarette puffs in
Room A. At 4pm, the participant was debriefed, paid, and discharged.
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Figure 2:
Verbal 2-back task and voxel location. A) The verbal 2-back task consisted of five

repetitions of alternating periods of passive visual fixation ‘Rest’ (32s; 2s prompt “Rest”;
30s static centered fixation cross) and 2-back (64s; 4s prompt “2-back”; 20 capitalized
centered letters presented serially [3s/letter; 500ms on-screen; 2500ms blank screen]; 6
targets/block). B) The voxel location is depicted in orthonormal slices. The voxel
(15x20x15mm; 4.5cm3) was in the left dorsolateral prefrontal cortex (Brodmann Areas
45/46).
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Figure 3:
Stress disrupted dIPFC glutamate modulation and impaired working memory proficiency. A)

During placebo, glutamate levels during early 2-back were significantly higher by 2.7% than
rest levels (F(1,83)=8.12; p<.01; 2=0.09) denoted as ‘glutamate modulation’ or % change
relative to rest levels. Also, stress significantly attenuated early 2-back glutamate modulation
relative to placebo modulation levels (F(1,72)=6.02; p=.025; n2=0.25, large effect). B)
Stress significantly impaired 2-back response accuracy relative to placebo levels
(F(1,40)=6.01, p=.034, n2=0.38, large effect). Group means + 1 SEM are depicted. Note:
SEM = standard error of the mean.
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Figure 4:
Upper Panel. During placebo, FTND score was significantly positively correlated with A)

normalized nicotine-seeking behavior (R2=0.40, p<.01) and B) cigarette puffs earned and
smoked (R2=0.36, p<.01). A linear trend was fitted to the data with 95% confidence
intervals displayed as curved dashed lines. These correlations indicate that participants who
reported higher nicotine dependence levels exhibited greater nicotine-seeking behavior
during the placebo session, suggesting the puffs vs. money choice task paradigm has
ecological validity. Lower Panels. The effects of stress on dIPFC glutamate modulation were
linearly related to the effects of stress on nicotine-seeking behavior. During the stress
session, greater dIPFC disruption was correlated with more nicotine-seeking across metrics;
C) early 2-back glutamate modulation and normalized nicotine-seeking behavior (R2=0.24,

Diastolic Blood Pressure (mmHg)
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p=.05), D) late 2-back glutamate modulation and cigarette puffs earned/smoked (R2=0.30,
p=.029), and E) late 2-back glutamate modulation and normalized nicotine-seeking behavior
(R2=0.37, p=.013). F) During the stress session, diastolic blood pressure was significantly
correlated with early 2-back glutamate modulation indicating higher blood pressure was
related to greater dIPFC disruption (R2=0.21, p=.048). Note: FTND = Fagerstrom Test for
Nicotine Dependence; SEM = standard error of the mean.
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Appetitive Craving (QSU)
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Stress did not alter subjective effects measures. Subjective effects (group mean + one SEM)
are depicted for each experimental session (light gray = stress; dark gray = placebo). A)
Nicotine withdrawal severity (MNWS). B) Relief-motivated craving (QSU). C) Appetitive
craving (QSU). D) Negative affect (PANAS). E) Positive affect (PANAS). F) Anxiety levels
(STAI, state version). Note: SEM = standard error of the mean; MNWS = Minnesota
Nicotine Withdrawal Scale; QSU = Brief Questionnaire of Smoking Urges; PANAS =
Positive and Negative Affect Scale; STAI = State-Trait Anxiety Index; YOH = yohimbine or
placebo dose; HYD = hydrocortisone or placebo dose; MRI = magnetic resonance imaging;
Self-admin = self-administration of cigarette puffs earned during the Choice Task.
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Figure 6:

Yohimbine (54mg; oral) + Hydrocortisone (10mg; oral) evoked a sustained physiological
stress response. Physiological effects (group mean + one SEM) are depicted for each
experimental session (light gray = stress; dark gray = placebo). Drop down arrows indicate
the timing of experimental procedures. A) Systolic blood pressure (mmHg). B) Diastolic
blood pressure (mmHg). C) Heart rate (beats per minute; bpm). D) Saliva cortisol levels (ug/
dl). E) Saliva a-amylase levels (U/ml). Significant pairwise session differences at each time
point are noted: *p<.05; **p<.01. Note: mmHg = millimeters of mercury; SEM = standard
error of the mean; pg/dl = micrograms per deciliter; U/ml = units per milliliter; YOH =
yohimbine dose; HYD = hydrocortisone dose; MRI = magnetic resonance imaging; Self-
admin = self-administration of cigarette puffs earned during the Choice Task.
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Sample characteristics (N =

21)

Characteristics

M =1SD or %

Smoking (cigarettes/day)

Age at first cigarette

Menthol cigarette (%)

FTND score

Age (yrs)

Gender (% Male)

Race (% African-American)
Education (yrs)

Alcohol use (days/month)
Used alcohol in past month (%)

Marijuana use (days/month)

Used marijuana in past month (%)

17.2+59
16.5+35
85.7%
6.1+2.0
28.0+3.9
85.7%
71.4%
131+24
3.8+49
71.4%
43+54
47.6%

Note: M = mean; SD = standard deviation; FTND = Fagerstrom Test for Nicotine Dependence.
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