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STRESS, COGNITION AND FUNCTIONAL CONNECTIVITY IN THE

HEALTHY HUMAN BRAIN

Neetu Nair
Dr. David Q. Beversdorf, Dissertation Supervisor
ABSTRACT
Stress is known to negatively impact physiological and psychological processes in humans.
While chronic exposure to stress has been implicated in the pathology of numerous physiological
and neuropsychological disorders, acute stress exposure has also been shown to impair cognitive
task performance. Since the brain is the primary organ involved in detecting and responding to
stressors, neuroimaging techniques have been used to explore the structural and functional neural
correlates of stress. The studies presented here attempted to examine how acute stress might
affect the temporally correlated activation of multiple brain regions, also known as functional
connectivity, while performing cognitive tasks. Of additional interest was the role of gender and
presence of the short allele polymorphism on the promoter region of the serotonin transporter
gene, both factors known to influence stress susceptibility, in determining effects of stress on
functional connectivity during cognitive task performance. Forty-five participants with no
history of neurological or psychiatric disorders were recruited to participate in the study and
underwent two sessions of functional magnetic resonance imaging — one session involved
exposure to the Montreal Imaging Stress Test (MIST) to induce stress and the other session had
control tasks that did not induce stress. The participants were blinded to the stress induction.
Following exposure to the stress or no stress control task, the participants performed verbal
fluency tasks, verbal problem-solving tasks and the emotional faces task. A priori regions of

interest were defined for each of the tasks and functional connectivity differences between the a



priori regions of interest under stress and no stress were examined. Additionally, the influence of
gender and genotype were also examined. Results reveal specific gender and genotype-based
differences in regional functional connectivity under stress and no stress during the cognitive
tasks even in the absence of differences in overall task performance. The results begin to
elucidate the specific neural underpinnings of stress susceptibility in healthy individuals. The
implications of these results in better understanding the neural correlates of stress related
cognitive impairments, and may ultimately be helpful for neuropsychiatric disorders such as
anxiety, depression and posttraumatic stress disorders and may help us move towards developing

targeted neuropharmacological therapeutic interventions are discussed.



CHAPTER ONE:

INTRODUCTION

Stress has invariably become a part of day-to-day life in the modern world and has led to
the increased incidence of stress related disorders. Consequently, the economic burden
associated with stress related disabilities is on the rise as well (Kalia, 2002). Not
surprisingly, increased levels of stress have been implicated in the development of
hypertension, cardiovascular disease, anxiety, depression and progression of conditions
such as HIV/AIDS and cancer as well (Cohen, Janicki-deverts, & Miller, 2007). While the
perception of a situation to be stressful and the resilience in adapting to a stressful situation
varies on an individual basis, research has consistently shown that exposure to even short
duration stressors produces a myriad of psychological and physiological changes in even
healthy individuals. Understanding how stress affects the human body has, therefore,

gained a lot of attention over the last few decades.

Stress - General Considerations

For the purpose of the discussions here, stress will been defined as a condition wherein
external factors disrupt the dynamic equilibrium that an organism maintains (Chrousos,
2009), such as situations where the task demands are perceived to be in excess of ability
(Cohen et al., 2007). Consequently, the condition gives rise to a perception of threat
towards the organism’s well-being and/or safety, initiating a fight-or-flight response

essential towards ensuring survival at the level of an individual organism as well as the



species as a whole. The stress response is evolutionarily meant to promote survival in
unfavorable conditions and exerts an Inverted-U shaped effect, such that there is a range
of stress under which optimal performance is elicited. Hypo reactivity and hyper
reactivity to stress, which fall on either ends of the Inverted-U, both elicit unfavorable
responses (Chrousos, 2009). Hypo reactivity to stress would result in lack of inhibition
while approaching a potential dangerous situation or threat while hyper reactivity would
result in the inability to overcome fear, avoidance of even non-harmful situations and

consequently inability to form meaningful social relationships essential to survival.

Ensuring that the stress response remains in the optimal functioning range requires the
synchronous activity of numerous systems within the body. The locus coeruleus-
norepinephrine system, for example, produces immediate but transient response to
stressors by releasing epinephrine and norepinephrine to regulate sympathetic activity
(Lucassen et al., 2014). Dysregulated activity in the locus coeruleus has been implicated
in various stress related disorders such as phobias, panic disorder and generalized anxiety
disorder (Bremner, Krystal, Southwick, & Charney, 2006). Within minutes of exposure to
an acute stressor, hypothalamic — pituitary — adrenal (HPA) axis activity leads to
production of cortisol (Lucassen et al., 2014). Since cortisol receptors are present
throughout the body, the release of cortisol is accompanied by widespread effects on the
brain, heart, immune system and even metabolic system. Evidence from studies
performing pharmacological modulation of the locus coeruleus-norepinephrine system by

using beta adrenergic antagonists have shown corresponding changes in HPA axis



activity providing evidence for their combined activity during stress response (Andrews

& Pruessner, 2013).

Stress, brain and cognition

Activation of the stress response systems as mentioned above, results in increased
cardiovascular tone, a shifting of resources from tasks that are non-essential to immediate
survival, such as reproduction, digestion and tissue repair, to more essential domains such
as muscle contractility, hypervigilance and narrowed, focused attention on the immediate
threat. From an evolutionary standpoint, this system is well equipped to handle possible
threats such as the presence of predators (Nesse, Bhatnagar, & Ellis, 2016). However, in
the present day, triggers for the stress response are much more diversified. For example,
test taking and public speaking are common stressful situations in the modern world.
Neither of these pose an immediate threat to survival but do place considerable demands
on the cognitive resources of an individual, including his/her ability to retrieve, combine
and assimilate information and present it in a useable context. Stress induced
hypervigilance and narrowed, focused attention, therefore, may actually be detrimental

towards performance on such cognitive tasks requiring flexible thinking.

The brain is the obligate primary organ involved in the detection of and response to
stressors (Mcewen, 2009). As such, not only does the brain initiate production of stress
hormones, but structure and function of regions within the brain are affected by stress

hormones, including norepinephrine and cortisol. The amygdala, hippocampus and



prefrontal cortex in humans are known to undergo specific structural alterations such as
reduction in volume associated with increases in HPA axis activity under stress
(McEwen, Nasca, & Gray, 2016). Further, extensive deactivation of the limbic system in
response to high levels of cortisol following stress exposure have also been noted (J. C.
Pruessner et al., 2008). Liston, Mcewen, & Casey, 2009 have reported on how acute
stress exposure transiently altered activity within the prefrontal regions of the brain and
Hermans, Marle, et al., 2011 showed that noradrenergic activity associated with stress
exposure resulted in increased coupling between brain regions involved in “autonomic-
neuroendocrine control and vigilant attentional reorienting.” In general, the consensus is
that under stress, the brain shifts from a state of voluntary higher cognitive control to
involuntary, survival instinct mode. Thus, stress is associated with hypervigilance and
narrowed attention. As a result, under conditions of stress, performance on cognitive
tasks that require flexible access to multiple, remote networks may be impaired. Research
evidence in support of this argument comes from studies showing that under stress,
performance on cognitive flexibility tasks such as anagrams and the Compound Remote
Associates Task are impaired and this effect is rescued by administration of a beta-
adrenergic antagonist such as propranolol (J. K. Alexander, Hillier, Smith, Tivarus, &
Beversdorf, 2007). Additionally, the beneficial of beta adrenergic antagonists were
observed only in conditions where either the problems presented were difficult to begin
with (Campbell, Tivarus, Hillier, & Beversdorf, 2008), there was increased noradrenergic
tone associated with conditions such as acute cocaine withdrawal (Kelley, Yeager,
Pepper, Bornstein, & Beversdorf, 2007) or when flexible access to remote networks was

impaired due to anatomical constraints (Beversdorf et al., 2007).



Apart from anatomical and functional activation differences in brain regions following
exposure to stress, neuroimaging studies have looked at the temporally correlated activity
between brain regions as well, a phenomenon known as functional connectivity. Studies
have so far looked at changes in resting state functional connectivity in the brain
following exposure to stress (Hermans, Henckens, Joéls, & Fernandez, 2014; Soares et
al., 2013; Vaisvaser et al., 2013; H. J F van Marle, Hermans, Qin, & Fernandez, 2010;
Veer et al., 2011) and at functional connectivity changes under stress during cognitive
tasks that do not necessarily require use flexible access to remote resources (Ossewaarde
et al., 2011; Shaozheng Qin, Hermans, van Marle, Luo, & Fernandez, 2009). As
mentioned before, cognitive tasks require flexible access to multiple, possibly remote
functional connections, an ability specifically compromised under conditions of stress.
Therefore, using neuroimaging to understand the mechanism by which cognitive
flexibility is impaired under stress is of interest. Functional connectivity changes may
then be explored as potential biomarkers for stress response in future studies looking at
interventions to minimize the negative effects of stress, especially in the cognitive

flexibility domain.

The first two studies presented here explored the effects of stress on functional
connectivity between brain regions while performing cognitive tasks requiring flexible
access to multiple brain networks. The third study, in an attempt to better understand the

neural underpinnings of the stress response, explored whether stress upregulated the



functional connectivity between the amygdala and fusiform gyrus while viewing

emotional faces.

Additionally, all the studies described here examined specific factors that might influence
stress susceptibility in healthy individuals, such as gender and genotype. Stress is known
to differentially influence women and men at the behavioral level (Lighthall et al., 2012;
Matud, 2004), hormonal level (Kirschbaum, Wust, & Hellhammer, 1992) as well as
neural level (Wang et al., 2007). Sex hormones, such as estrogen and progesterone, are
known to affect emotions and cognition, contributing to sex differences in behavior.
Females are also known to respond differently to stress than males in relationship to the
phase of the menstrual cycle (Kajantie & Phillips, 2006). Animal studies also provide an
extensive repertoire of information on gender differences in stress response, especially in
terms of HPA axis activity. Animal studies have reported differences in stress hormone
receptor densities within brain regions, especially the hippocampus, between genders
(Kitraki, Kremmyda, Youlatos, Alexis, & Kittas, 2004). Higher amounts of corticosteroid
binding globulins have been reported in females compared to males as well. These
corticosteroid binding globulins are known to be positively regulated by estrogen and
stress (N C Vamvakopoulos & Chrousos, 1993; Nicholas C Vamvakopoulos & Chrousos,
1994). As a result, possible gender effects on the neural correlates of stress response
during cognition were of interest in the current studies. Furthermore, research has
indicated that the presence of the short allele variant (S-allele) on the promoter region of
serotonin transporter gene (SLC6A4) polymorphism (SHTTLPR) confers increased stress

susceptibility (Hariri & Holmes, 2006; Karg, Burmeister, Shedden, & Sen, 2011; Mueller



et al., 2011). Research also shows increased methylation for this gene in new born
females compared to males, pointing towards a possible underlying mechanism for
gender related differential stress susceptibility (Dukal et al., 2015). Therefore, the studies
described here explored the functional connectivity changes in brain regions during
cognitive task performance following stress exposure while taking into consideration

common stress susceptibility factors like gender and genotype.



CHAPTER TWO:
EFFECTS OF STRESS ON FUNCTIONAL CONNECTIVITY DURING

VERBAL PROCESSING

INTRODUCTION

The stress response is the body’s normal physiological reaction to a situation that is
perceived as threatening or overwhelming (Lucassen et al., 2014). While the stress
response serves to promote survival in challenging situations, prolonged exposure is
known to have a major impact on an individual’s physiological and psychological well-
being. For example, chronic stress has been linked to cardiovascular diseases,
hypertension, anxiety and depression, among many other conditions (Cohen et al., 2007;
Dimsdale, 2008; Epel et al., 2004; Kemeny, 2003; McEwen, 2007), and short term
exposure to stress, or acute stress, is known to have negative effects on cognitive
functioning, working memory and other executive functions (McEwen & Saplosky, 1995;
Sandi, 2013). Since the brain is the first organ that perceives stress and initiates the stress
response, a greater understanding of how stress affects brain activity is important in order
to understand the mechanisms by which certain individuals may be more susceptible to
the deleterious effects of stress. This would, in turn, help in the development of more

effective, individualized treatment approaches to address the issue of stress susceptibility.

The effects of stress are primarily modulated through two systems — the hypothalamic —

pituitary — adrenal (HPA) axis and the locus coeruleus-norepinephrine system. The



norepinephrine system activates the sympathetic nervous system and releases
norepinephrine and epinephrine within seconds in response to a stressor. The HPA axis,
on the other hand, responds to short-duration acute stressors by stimulating the release of
cortisol, a response that takes minutes to occur (Kemeny, 2003). While the HPA axis
response can be triggered even in anticipation of stressful events and is responsible for
chronic buildup of negative responses as mentioned earlier, the rapid response to
immediate stressors that the locus coeruleus-norepinephrine system produces is transient
(Andrews, Ali, & Pruessner, 2013). Previous research has also demonstrated a significant
interaction between the locus coeruleus-norepinephrine system and the HPA axis during
stress exposure, where administration of a beta-adrenergic antagonist, thereby
suppressing locus-coeruleus-norepinephrine activity, also increased HPA activity
(Andrews & Pruessner, 2013). These mechanisms contribute to the detrimental effects of

stress observed in cognitive tasks in healthy individuals with no known anxiety disorder.

Several studies have explored the effects of stress on neural activation in the brain.
Pruessner et al. (2008) showed that an acute stressor had effects on resting state brain
activation and was associated with extensive deactivation of the limbic system. This
observation was found to be directly correlated with cortisol levels in the participants.
Previous research has also examined effects of psychological stress on hippocampal
activation during memory tasks (Khalili-Mahani, Dedovic, Engert, Pruessner, &
Pruessner, 2010; S. Qin, Hermans, van Marle, & Fernandez, 2012), and reduction in
reward-related prefrontal function during a monetary incentive delay task (Ossewaarde et

al., 2011). Studies looking at functional connectivity changes within the brain associated
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with stress exposure have reported increased coupling of networks integrating autonomic-
neuroendocrine control and vigilant attentional reorienting in the presence of stress-
related noradrenergic activity (Hermans et al., 2011). Acute psychological stressors were
also reported to enhance resting state connectivity of the amygdala with the dorsal
anterior cingulate cortex, anterior insula and with the anatomical region corresponding to
the locus coeruleus (H. J F van Marle et al., 2010). However, the effects of acute stress on
neural activation and functional connectivity during cognitive tasks that require rapid
access to multiple networks, such as language processing tasks accessing semantics and

lexical networks, have not been explored.

The specific effects of stress on cognitive tasks that require searching through multiple
networks are of interest because increased stress leads to a state of heightened arousal and
consequently, narrowed, focused attention (Easterbrook, 1959; Koob, Cole, Swerdlow,
Le Moal, & Britton, 1990). As a result, the ability to access multiple, remote networks to
come up with more creative solutions to difficult problems is hampered (Heilman,
Nadeau, & Beversdorf, 2003; Hillier, Alexander, & Beversdorf, 2006; Kelley, Yeager,
Pepper, & Beversdorf, 2005; Narayanan et al., 2012; Renner & Beversdorf, 2010). A
primary example of this can be seen in the effects of stress on language tasks, such as
public speaking and test taking. The noradrenergic system appears to be critical for this
effect, as evidenced by the therapeutic effects of beta-adrenergic antagonists for
individuals with stress-induced dysfunction with these tasks (Faigel, 1987, 1991,
Laverdure & Boulenger, 1991). In the current study, we specifically looked at verbal

fluency tasks because successful completion of these tasks requires rapid searching
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through lexical and semantic networks to determine appropriate responses to specific
cues (Weiss et al., 2004). This process would be directly affected by stress (J. K.
Alexander et al., 2007), and may show corresponding effects on brain activity and
function. For instance, manipulation of the locus coeruleus-norepinephrine system
through administration of a beta-adrenergic antagonist has been shown to effectively
reverse the negative effects of stress on cognitive functioning during verbal problem
solving (J. K. Alexander et al., 2007; Faigel, 1991) as well as other tasks requiring greater
cognitive flexibility (Beversdorf, White, Chever, Hughes, & Bornstein, 2002; Hecht,
Will, Schachtman, Welby, & Beversdorf, 2014; Heilman et al., 2003; Kelley et al., 2007).
Previous work from our lab indicates that these performance benefits may be associated
with improved functional connectivity between brain regions during cognitive processing
(Narayanan et al., 2010), suggesting altered information processing. The results of such a
study, looking at neural correlates for the effect of stress on language networks
(specifically tasks requiring extensive searches through multiple networks) in healthy
individuals may, therefore, provide evidence for targeted interventions to counter the
negative effects of stress during such tasks. This would then have specific implications
for understanding and addressing conditions such as public speaking anxiety and test
taking anxiety (Faigel, 1987, 1991; Laverdure & Boulenger, 1991) along with broader

implications towards understanding effects of stress on the brain.

Furthermore, factors that increase an individual’s susceptibility to stress, such as genetic
predisposition, may modulate the aforementioned changes in information processing in

the brain. For example, polymorphisms on the serotonin transporter gene, SLC6A4, have
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been shown to contribute to atypical stress responses (Caspi, Hariri, Holmes, Uher, &
Moffitt, 2010). The SLC6A4 gene has been shown to be highly polymorphic. The most
extensively studied polymorphism is a 43 base-pair insertion/deletion polymorphism
located in the promoter region of the gene (5-HTTLPR). The 43 base pair deletion,
commonly referred to as the short allele (S-allele), results in a reduction in transcriptional
efficiency and thus decreases expression of the gene by roughly 50% when compared to
the 43 base pair insertion, referred to as the long allele (L-allele) (Bengel et al., 1998;
Kenna et al., 2012; Lesch et al., 1996). Research has shown that individuals with the S-
allele may be at higher risk of developing depression and anxiety related disorders when
exposed to stress compared to those with the L-allele (Drabant et al., 2012; Duman &
Canli, 2015; Franklin, Saab, & Mansuy, 2012; Mcguffin, Alsabban, & Uher, 2011), and
exhibit altered functional connectivity patterns following exposure to stress (van der
Meer et al., 2016). Though a later study reported no association between the S-allele,
stress exposure, and elevated risk for depression (Risch et al., 2009), a subsequent larger
meta-analysis provided further evidence in support of the role for S-allele in increased
risk for depression (Karg, Burmeister, Shedden, & Sen, 2011). Furthermore, a study by
Hariri et al. (2002) showed that participants with the S-allele had 5 times greater
activation in the amygdala in response to fearful faces compared to participants with the
L-allele, even when there was no difference in baseline anxiety- or fear-related traits
between the groups. 5-HTTLPR polymorphisms have also been shown to impact
prefrontal control of the amygdala (Volman et al., 2013), suggesting altered network
dynamics in the brain. In an exploratory pilot project, we found that subjects with the S-

allele performed worse on verbal fluency tasks under stress (Beversdorf et al., 2018).
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Therefore, examining how stress and genetics interact to affect imaging correlates during
an established language task is of interest, which may lead to individualized treatment

strategies in the future.

Gender is another important factor that, along with genotype, may modulate effects of
stress on the brain. Previous studies have reported relevant differences in neural
activation in males and females during cognitive tasks. For example, greater neural
activation in relevant brain regions was reported in males than in females during a
working memory task (Bell, Willson, Wilman, Dave, & Silverstone, 2006) and a covert
phonological verbal fluency task (Gauthier, Duyme, Zanca, & Capron, 2009). It is
possible that these differences in neural activation during task performance may be
interrelated with genetic predisposition. For instance, Dukal et al. (2015) showed that
new born females have higher methylation of SLC6A4 compared to newborn males,
indicating potentially reduced SLC6A4 activity. This effect is proposed to be one of the
driving forces contributing to increased incidence of depression in females compared to
males (Bebbington, 1998; Bromet et al., 2011; Kessler, 2003; Kessler, McGonagle,
Swartz, Blazer, & Nelson, 1993; Weissman & Klerman, 1977). Correspondingly, gender
differences have also been reported in the neural correlates of stress response. Kogler et
al., (2017) found that under stress, males exhibited greater activation in regions
associated with “emotion and stress regulation, self-referential processing and cognitive
control” compared to females, suggesting gender-specific effects. Thus, stress effects on
information processing in the brain, especially for tasks such as verbal fluency that

require dynamic access to multiple brain networks, may be modulated by additional
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factors that mediate stress susceptibility, such as gender and genetic predisposition,

which warrants further investigation.

In the current study, we examined how stress affects neural activation and functional
connectivity (FC) in the brain using functional magnetic resonance imaging (fMRI)
during verbal fluency tasks. We also explored whether these measures differed in males
and females with and without genetic polymorphisms associated with an atypical stress
response. Based on the results from our previous work (J. K. Alexander et al., 2007), we
predicted that performance on the verbal fluency task would be significantly impaired
under stress, and performance deficits would be associated with decreased neural
activation and FC in areas critical for language processing such as the left and right
inferior frontal gyrus, left middle temporal gyrus, left parietal lobe and the left fusiform
gyrus. We also predicted that females and individuals with at least one copy of the short
allele of the serotonin transporter gene would exhibit a larger stress associated decrease
in performance and associated changes in brain activation and FC compared to males and

individuals lacking the short allele, respectively.

MATERIALS AND METHODS

Participants
Forty-five participants (Mean age=19.5+1.6 years) were recruited through an on-line
subject pool at the University of Missouri. Participants without any previous medical or

psychiatric history (including no history of anxiety-related disorders) were included in
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the study. All participants signed informed consent to participate and protocols were
approved by the University of Missouri Health Sciences Institutional Review Board.
Participants were administered the North American Adult Reading Test (NAART) (Uttl,

2002) to estimate full-scale intelligence quotient (1Q).

Genetic Screening and Genotyping

At the first session, participants were asked to provide a cheek swab to perform genetic
testing. As with our previous work, genomic DNA was extracted using standard methods
(Flexigene kit; Qiagen) (Hecht et al., 2016). Participants with the s/s and s/l genotype
were categorized into the S-allele group and participants with the I/l genotype were in the
L-allele group for analysis. Apart from genotyping for s/s, s/l or I/, we also looked for
the single-base substitution, rs25531, A/G, in the I/l genotype. This single base
substitution is shown to behave similarly to the short allele (Kenna et al., 2012). As such,
one participant with the 1/ genotype and the rs25531 A/G substitution was grouped with
the s-allele participants. Additionally, we also checked for the T/G single base
substitution on rs3813034 (Gyawali et al., 2010) and presence of STin2.10 in place of
STin2.12 in Intron 2 VNTR in I/l genotype group since these variations are known to
show less efficient activity, similar to the short allele group (Murphy & Moya, 2011).

However, none of the participants were regrouped based on these specific variants.

MRI Acquisition and Verbal Fluency Assessment
Following genotyping, the participants were invited to take part in the fMRI portion of

the study. To allow for within-subject comparison, the participants attended two separate
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imaging sessions in a blinded, counterbalanced manner. One-half of the participants
attended the no stress control session on day one and the stress inducing session (stress
session) on day two. The other half had the stress inducing session on their first day and
the no stress control session on the second day. For each of the participants, the imaging
sessions were separated by at least 24 hours. Participants were asked to refrain from
alcohol, caffeine and nicotine for at least 12 hours prior to the imaging session.
Participants were also unaware that the tasks in one of the sessions was meant to induce
stress. As outlined below, they were simply told they could take as much time as they
needed for the tasks on one day, without any feedback regarding their performance, and
that on the other day they would be timed and provided performance feedback. All
participants were debriefed about the stress induction at the end of the study. Participants
completed the State-Trait Anxiety Inventory (STAI) as a measure of level of anxiety or

stress they were experiencing pre and post each imaging session.

Images were collected on a 3T Siemens Trio Scanner at the University of Missouri
Department of Psychological Sciences Brain Imaging Center. Structural T1-weighted
images were acquired for anatomical localization (MPRAGE, TR=1920 ms, TE=2.9 ms,
Angle=9 degrees, FOV/matrix size = 256 x 256, 176 sagittal slices at 1 mm? resolution).

Functional T2*-weighted images were acquired to measure the blood oxygenation level

dependent (BOLD) response (EPI, TR=2000 ms, TE=30 ms, Flip angle=90°, FOV=256 x

256, matrix size= 64 x 64, 32 AC-PC aligned slices at 4 mm?3resolution).
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During the stress session, participants were exposed to an fMRI-compatible stressor, the
Montreal Imaging Stress Test (MIST) (Dedovic et al., 2005) to induce stress while in the
scanner. The MIST, based on the Trier Social Stress Test (TSST) (Kirschbaum, Pirke, &
Hellhammer, 1993), involves a number of timed mental arithmetic tasks with a social
evaluative threat component (Dedovic et al., 2005). The difficulty of the mental
arithmetic tasks was set for each individual based on their practice runs to give a success
rate of approximately 50%. Participants were given performance feedback in the form of
a performance indicator on their screen along with negative feedback from the
experimenter after each run. During the no stress control session, easier arithmetic
problems were presented without any time limit and no feedback or social evaluative
prompts were provided. The MIST stressor or control task were interspersed with 30-
second TASK blocks. During the TASK block, the participants were asked to perform
categories fluency task in which they were asked to name as many words as they could
think of that belong to a certain category (e.g.: animals, vegetables) (Strauss et al., 1998).
The prompt appeared on the screen for the entire duration of each block. Subject
responses were recorded offline and the total number of words generated during each
block were noted. The task block was followed by a 30 second REST block where the
participants were asked to fixate on cross hairs displayed on the screen and no other
stimulus or task demands were provided. Following the 30 second REST block, the
MIST-TASK-REST block pattern was repeated two more times for each run (Figure 2.1).
Following the categories fluency task, the participants performed letter fluency task,
where the task block involved naming as many things as they could think of that started

with a target letter (e.g., F, A, S) (Strauss et al., 1998). Participants underwent two
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iterations each of the letters task and the categories task in each of the two sessions
(Figure 2.1), and different target letters or categories were presented in each block.

Participants were given practice sessions to familiarize them with the tasks prior to the

start of the imaging session.

Figure 2.1 Stimulus protocol design for the letter and category fluency tasks, initially
interleaving MIST and REST blocks with category fluency blocks (animals, things to wear, food),
then interleaving MIST and REST blocks with letter fluency blocks (F, A, S), then repeating the

sequence with a second set of category and letter fluency blocks.
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MRI Analysis

Functional magnetic resonance imaging data were analyzed using FEAT (FMRI Expert

Analysis Tool) Version 6.00, part of FSL (FMRIB Software Library,
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www.fmrib.ox.ac.uk/fsl). Registration to each participant’s high resolution structural
image and standardized MNI space was carried out using FLIRT (FMRIB’s Linear Image
Registration Tool) (Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson & Smith,
2001). Preprocessing consisted of brain extraction using BET (Brain Extraction Tool) (
(Smith, 2002), slice timing correction (interleaved) using Fourier-space time-series
phase-shifting, motion correction using MCFLIRT (Motion Correction using FLIRT)
(Jenkinson et al., 2002), Gaussian spatial smoothing (FWHM of 5 mm), high pass
temporal filtering (Gaussian-weighted least-squares straight line fitting, cutoff 100 s) and
grand-mean intensity normalization of the entire 4D dataset. Participants who had relative
motion greater than 2 mm along either of the x-, y- or z- axis or the rotational axes (roll,
pitch and yaw) were excluded from further analysis. Z (Gaussianised T) statistic images
were thresholded using clusters determined by Z>2.3 and a (corrected) cluster

significance threshold of P=0.05 (Worsley, 2001).

Masks centered on the a priori regions of interest (ROIs) (left and right inferior frontal
gyri, the left middle temporal gyrus, the left parietal lobe and the left fusiform gyrus, see
Figure 2.2) were created using the Harvard-Oxford Cortical Structural Atlas tool in FSL.
First, to see if there were effects of stress on individual ROIs, which might interact with
FC, we examined ROI activation across stress conditions. Percentage change in BOLD
signal within the ROI during task blocks in relation to rest was extracted using the
FEATQUERY tool of FSL for each individual subject. In order to analyze functional
connectivity, the time series from the voxel of maximum activation within the ROI

during task blocks was extracted using FEATQUERY for each individual subject, as


http://www.fmrib.ox.ac.uk/fsl)
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described in Tivarus, Hillier, Schmalbrock, & Beversdorf (2008). The analyses were
conducted on time series extracted from within task blocks to account for the effect of
activation magnitude differences between stress conditions on FC. Following extraction
of time points within the task block in the analysis, we ran bivariate correlations between
the time series for each of the ROI pairs, and the correlation coefficients were converted
using Fisher’s r-to-z-transformation to examine functional connectivity strength. For
overall functional connectivity, average z-score across all ROI pairs was computed for

each individual subject separately for the stress and no stress conditions.

Figure 2.2 Regions of interest created using the Harvard-Oxford Cortical Structural Atlas
tool in FSL. Red: Left inferior frontal gyrus. Green: Left middle temporal gyrus. Purple:
Left parietal lobe Blue: Left fusiform gyrus

Statistical Analysis
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A series of repeated measures multivariate analysis of variance (MANOVA) tests (SPSS
ver 24, IBM Corp.) was used to examine differences in (1) activation in the regions of
interest (2(stress, no stress)*5 (ROIs)), (2) average functional connectivity across ROIs
(2-way MANOVA, (stress, no stress)*overall functional connectivity) and (3) functional
connectivity strength between individual ROI pairs (2 (stress, no stress)*10 (ROI pairs))
between the stress and no stress conditions. Both gender and allele type were included as
between subject factors in all the aforementioned MANOVAS. Because previous research
has reported on the effects of intelligence and age on neural correlates of cognitive
processing and stress reactivity, respectively (Aldwin, C.; Sutton, K.; Chiara, G. &
Avron, 1996; Neubauer & Fink, 2009; Rodriguez-Aranda & Martinussen, 2006; Rudolph
& Hammen, 1999; Sapolsky, Krey, & McEwen, 1986), these analyses were repeated, as
MANCOVAs, including age and 1Q as covariates. Correlations between performance and
activation magnitude and functional connectivity strengths were also examined. All

results were Bonferroni corrected for multiple comparisons.

RESULTS

Demographics

For the letters task, fMRI data from 36 participants were analyzed. 9 participants were
dropped from the analysis due to either excessive motion in the scanner (n=2) or because
they did not attend the second session (n=7). Among the participants whose data was
analyzed for the letters tasks, there were 12 males (7 S-allele (S/S or S/L genotype), 5 L-

allele (L/L genotype)) and 24 females (12 S-allele, 12 L-allele). There was no difference
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in age or 1Q between the S-allele and L-allele groups or between males and females, p >

0.05 in all instances (Table 2.1).

For the categories task portion of this study, fMRI data from 37 participants were
analyzed. 8 participants were dropped from the analysis due to excessive motion in the
scanner (n=3) or because they did not attend the second session (n=5). Among the
participants whose data was analyzed, there were 13 males and 24 females. Furthermore,

16 participants had the S-allele of the 5-HTTLPR (11 females and 5 males).

Table 2.1 Demographics of participants

(Tnf;ﬁ'} Male  Female  t(df)  p S(n“:lﬁ; L(nilieglf (df) P
(Y%glliS) (119_:;; (lfj) (lf';}) 0278(34) 0783 (119_'27) (13'9?) 043834)  0.664
G]E‘]\ND];!)E‘R 12/24 - - - - 512 712 0.223** 0.637
I R R

** CHI-SQUARE STATISTIC

GROUP COMPARISONS WERE PERFORMED USING INDEPENDENT SAMPLES T-TEST. ALL VALUES
ARE SHOWN AS MEAN(SD) UNLESS OTHERWISE INDICATED.

M=MALE, F=FEMALE. IQ=INTELLIGENCE QUOTIENT, NAART=NORTH AMERICAN ADULT
READING TEST

Paired sample t-tests did not show any significant differences on the State (t=0.411,
p=0.684), Trait (t=-1.577, p=0.124) or difference between State and Trait (t=1.257,
p=0.217) anxiety scores pre and post imaging session. Within the no stress condition,
trait anxiety was found to be significantly greater compared to state anxiety (t=-2.611,

p=0.013).
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Number of words generated

Contrary to our expectations, there was no difference between the number of words
generated under stress and no stress by the participants performing the letters task (stress:
Mean(SD)=45.69(14.3), no stress: Mean(SD)=44.50(10.9); t=-0.663, p=0.512) (responses
were not available for 4 participants) or categories task (stress: Mean(SD)=57.39(12.3),
no stress: Mean(SD)=56.97(12.9); t=-0.157, p=0.876) (responses were not available for 5

participants).

ROI Activation

Group activation maps while performing the letters fluency tasks under (a) stress and (b)

no stress are shown in Figure 2.3.

Figure 2.3 Group activation maps obtained from participants while performing the letters
fluency task under (a) stress and (b) no stress
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For the letters task, a repeated measures MANCOVA did not reveal any main effect of
stress across all ROIs (F(9,21)=1.506, p=0.210), nor were there any overall interactions
with gender (F(9,21)=1.475, p=0.221) or genotype (F(9,21)=0.381, p=0.381). However,
to determine whether there were effects on individual ROIs, we examined each ROI
separately, corrected for multiple comparisons. Stress was found to increase percentage
signal change in the left inferior frontal gyrus (F(1,29)=5.157, p=0.031) and decrease
percentage signal change in the left parietal lobe (F(1,29)=8.389, p=0.007), when age and
IQ were included as covariates in the analysis. Males showed greater activation
performing the task under stress compared to females (F(1,29)=4.581, p=0.024) in the
left fusiform gyrus. A similar effect was observed in the left inferior frontal gyrus when

age and 1Q were included as covariates in the analysis (F(1,29)=6.168, p=0.019). In the
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left middle temporal gyrus, males with the S-allele had greater activation under stress

compared to females with the S-allele (F(1,29)=5.707, p=0.024).

For the categories task, a repeated measures MANCOVA did not reveal any main effect
of stress across all ROIs (F(9,21)=2.097, p=0.078), nor were there any overall
interactions with gender (F(9,21)=1.084, p=0.414) or genotype (F(9,21)=0.807,
p=0.615). The effect of stress on individual ROIs was then examined, corrected for
multiple comparisons. There was a significant decrease in activation in the left inferior
frontal gyrus when performing the task under stress compared to no stress control session
(F(1,28)=6.607, p=0.016). When age and 1Q were included as covariates in the analysis,
males showed increased activation in this region compared to females while performing
the task under stress (F(1,28)=4.510, p=0.043). We did not observe any effects in the

other regions that were assessed.

Functional Connectivity

For the letters task, a repeated measures MANOVA revealed a trend towards an increase
in overall FC strength across our a priori regions of interest (F(1,31)=4.071, p=0.05),
when performing letters task under stress compared to no stress (Figure 2.4a), but no
significant interactions with gender (F(1,31)=1.977, p=0.17) and allele type
(F(1,31)=0.959, p=0.33) were observed. To determine whether region specific effects
were driving this overall trend, we next examined functional connectivity strength

between each of the ROI pairs while performing the tasks under stress and no stress in a
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manner adjusted for multiple measures. Stress was found to increase the strength of
functional connectivity between the left inferior frontal gyrus and the left fusiform gyrus
while performing the task under stress compared to no stress session (F(1,29)=7.499,
p=0.01) (Figure 2.4b). When age and 1Q were included as covariates in the analysis,
males were found to have greater strength of connectivity between the left parietal lobe
and left fusiform gyrus (F(1,29)=4.550, p=0.042) and the left inferior frontal gyrus and
left fusiform gyrus (F(1,29)=6.834, p=0.014) while performing the task under stress
compared to females. Post hoc t-tests revealed that the functional connectivity strength
increases between the left parietal lobe and left fusiform gyrus observed in males during

task under stress was likely driven by age and 1Q at the multivariate level.

Figure 2.4 Functional connectivity strength across ROIs during letters fluency task under
stress vs. no stress (a) Overall FC strength across all ROIs showed a trend towards
significance with increased strength of connectivity under stress compared to no stress.
(b) Increased strength of functional connectivity was observed between the left inferior

frontal gyrus and the left fusiform gyrus under stress.
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For the categories task, a repeated measures MANOVA showed no difference in overall
functional connectivity strength across all ROIs under stress and no stress. Despite the
lack of differences in overall functional connectivity strength across all ROIs under stress
and no stress, we wanted to explore possible differences that might be present in
individual ROI pairs under the two conditions with appropriate corrections for multiple
comparisons. While no main effect for stress was observed on functional connectivity
strength between our regions of interest, a MANCOVA revealed that participants with
the S-allele had lower strength of functional connectivity between the inferior frontal

gyrus and the left middle temporal gyrus under stress compared to participants with the
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L-allele performing the task under stress (F(1,27)=4.238, p=0.049) (Figure 2.5). Only L-
allele subjects produced a significant increase in functional connectivity between the two
regions during task under stress compared to no stress in post-hoc t tests. Additionally,
females with S-allele were found to have higher strength of functional connectivity
between these regions when performing the task under stress compared to males with the
S-allele performing the task under stress (F(1,27)=5.593, p=0.025) at the multivariate
level. Post-hoc t tests revealed that only L-allele females had a significant increase in
strength of functional connectivity between the left inferior frontal gyrus and left middle

temporal gyrus in response to performing the task under stress vs. no stress.

Figure 2.5 Functional connectivity strength across ROIs during category fluency task
under stress vs. no stress. S-allele participants had lower strength of functional
connectivity between the left inferior frontal gyrus and left middle temporal gyrus under
stress compared to L-allele participants.
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While there were no effects of stress on performance on verbal fluency tasks, we wanted
to examine the possibility of differences in the underlying neural correlates during stress.
Therefore, in order to examine how changes in neural activation and functional
connectivity under stress related to changes in performance on the tasks, we determined
the partial correlations between difference in task scores and differences in functional
connectivity strengths under stress and no stress. The difference in scores on the letters
task under stress and no stress was found to be significantly correlated with changes in

overall functional connectivity across ROIs under stress and no stress (r=0.367, p=0.039).
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Difference in scores on the letters task under stress and no stress was not significantly
correlated with differences in FC strength between individual ROI pairs under stress and
no stress. No significant correlations were observed for difference in scores and
difference in overall functional connectivity across all ROIs under stress and no stress for
the categories task. However, difference in scores under stress and no stress for the
categories task was significantly correlated with changes in FC between the left inferior
frontal gyrus and left middle temporal gyrus (r=0.374, p=0.038) and between the left

middle temporal gyrus and the left fusiform gyrus (r=0.366, p=0.043).

DISCUSSION

Stress, both chronic and acute, is associated with deleterious effects on an individual’s
physiological and psychological health. While prolonged stress exposure can lead to a
myriad of problems such as anxiety and cardiovascular diseases (Cohen et al., 2007;
Dimsdale, 2008; Epel et al., 2004; Kemeny, 2003; McEwen, 2007), short term exposure
to stress is known to affect cognitive functioning, working memory and other executive
functioning (McEwen & Saplosky, 1995; Sandi, 2013). Stress is also known to affect the
ability to flexibly engage brain networks in order to processing information that requires
access to multiple remote resources (Alexander, Hillier, Smith, Tivarus, & Beversdorf,
2007). It has been proposed that under stressful conditions, more dominant resources and
pathways are utilized in order to narrow and focus attention (Easterbrook, 1959; Koob et
al., 1990), thereby making it difficult to access more remote resources for creative

problem solving. While studies have consistently demonstrated effects of acute stress on
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resting state functional connectivity within the brain (Fan et al., 2015; Liston et al., 2009;
J. C. Pruessner et al., 2008), there are no studies, to our knowledge, exploring how stress
affects the brain during verbal processing tasks in healthy individuals. The effect of stress
on verbal processing is of relevance for conditions such as public speaking and test taking
anxiety (Faigel, 1987; Laverdure & Boulenger, 1991) and has broader implications
towards furthering the understanding and addressing of stress effects on the brain. This
study aimed to explore the effects of stress on neural activation and functional
connectivity in the brain during cognitive processing associated with a verbal processing
in healthy individuals. The influences of genotype and gender on this effect were also

explored.

The verbal fluency tasks used in this study were the letters task, where participants were
asked to produce as many words as they could think of that started with a certain letter,
and the categories task, where participants had to produce as many words as they could
think of that belonged to a certain category. Successful completion of these tasks required
searching through appropriate brain networks to determine what words do and do not
meet the specified requirements and involves significant use of the frontal lobes (Weiss et
al., 2004). Searching through networks of this type has been shown to be impaired by
stress (Alexander, Hillier, Smith, Tivarus, & Beversdorf, 2007). Our hypothesis was that
due to the increased resting state FC with stress (Hermans et al., 2011), the FC induced
during this task would be blunted during stress. Therefore, we used verbal fluency tasks

to explore the effects of stress on functional connectivity during language processing.
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The current study revealed that acute stress influences both neural activation and
functional connectivity during semantic and phonological processing associated with
verbal fluency tasks, but the effects were not observed globally across all regions. There
was an increase in functional connectivity strength between the left inferior frontal gyrus
and the left fusiform gyrus during the letters task under stress. The left inferior frontal
gyrus is known to be involved in phonological tasks, processing the sounds of words and
letters (Fiez, 1997) and within the left inferior frontal gyrus, the expressive language area
of the brain, Broca’s area, plays a dynamic role in both language production and
comprehension (Flinker, Korzeniewska, Shestyuk, Franaszczuk, & Dronkers, 2015;
Hagoort, 2014). As a result, previous studies have reported increased activation in this
region during the letters tasks (Costafreda et al., 2006; Hirshorn & Thompson-schill,
2006). Furthermore, the results from this study indicate that stress results in a greater
increase in activation in the region. The left fusiform gyrus, on the other hand, is thought
to be involved in recognizing words and letters from shapes and forms (Devlin, Jamison,
Gonnerman, & Matthews, 2006). An increase in functional connectivity strength between
these two regions when performing the letters tasks under stress could therefore, be
reflective of how stress places additional load on long distance functional connections in
the brain during cognitive tasks. Further support for this argument comes from resting
state studies looking at language networks indicating a predominance of short-range
functional connectivity, suggesting that typically short distance connections are favored
for routine language processing (Tomasi & Volkow, 2012). Additionally, the increase in
functional connectivity strength between the left inferior frontal gyrus and the left

fusiform gyrus was found to be greater for males than females. Interestingly, males also
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showed an increase in strength of functional connectivity between the left parietal lobe
and left fusiform gyrus under stress compared to females, driven by age and 1Q, pointing
towards a possible gender specific effect involving short distance connections. An overall
decrease in activation, irrespective of gender, was observed in the parietal lobe, during
letters task under stress. This could be reflective of reduced attentional processing in the
region following the stress paradigm as has been observed previously (Hayashi, Mizuno-
Matsumoto, Okamoto, Kato, & Murata, 2012). The increased functional connectivity
between the left parietal lobe and left fusiform gyrus in males can then be viewed as a
possible compensatory mechanism to overcome this reduction in attentional processing
via greater domain specific processing of semantic association information. Putting
together this information with previous research reporting greater stress susceptibility for
females (Klein & Corwin, 2002; Matud, 2004), the results of the current study may begin
to reveal specific neural foundations for greater stress susceptibility during cognitive

tasks for females.

We noted a decrease in percentage signal change in the left parietal lobe during task
under the no stress condition, with a greater decrease in activation corresponding to task
performance under stress, irrespective of gender. The region of the parietal cortex that we
focused on in this study comprised of Brodmann areas 7 (BA7) & 40 (BA40) (Figure 2).
These regions, apart from their role in attentional processing, are also known to be
involved in phonologically encoded working memory. For this particular task it is likely

that the participants employed a more semantically encoded form of working memory
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retrieval as opposed to phonologically encoded resulting in a relative “deactivation” in

the area, as has been observed previously (Jonides et al., 1998).

For the categories task, regionally specific complex interactions were revealed for stress,
genetics, and gender on functional connectivity strength. S-allele participants were shown
to have decreased strength of functional connectivity between the left inferior frontal
gyrus and the left middle temporal gyrus in response to performing the task under stress.
The left inferior frontal gyrus, as mentioned previously, is involved in processing and
generation of the sounds of words and letters (Fiez, 1997; Flinker, Korzeniewska,
Shestyuk, Franaszczuk, & Dronkers, 2015; Hagoort, 2014) and the left middle temporal
gyrus is involved in multimodal integration of information (Bartha et al., 2003).
Therefore, a decrease in connectivity strength in this short distance connection under
stress for S-allele participants could indicate that stress affects the neural processes
involved in interpretation and integration of information during the categories tasks to a
greater degree in these participants. Post hoc t-tests revealed that only L-allele females
produced a significant increase in functional connectivity strength between the left
inferior frontal gyrus and the left middle temporal gyrus while performing the categories
task under stress. However, again, this must be interpreted with caution given the small

samples for the three-way interactions.

Although there were no differences observed in task performance measures for either the
letters or the categories tasks under stress and no stress conditions, the differences in

neural activation and functional connectivity indicate that there are specific neural
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mechanisms involved in verbal processing that are affected by stress. Additionally, the
significant correlations between scores on the tasks and overall (letters task) and specific
regional (categories task) functional connectivity strengths further support the effect of
stress on neural correlates of verbal processing. Significant differences in scores on the
STAI pre and post imaging session were not observed possibly due to the small sample

size.

While previous research has shown effects of stress on resting state brain activation and
connectivity (Hermans et al., 2011), effects of stress on other cognitive domains (Khalili-
Mahani, Dedovic, Engert, Pruessner, & Pruessner, 2010; S. Qin, Hermans, van Marle, &
Fernandez, 2012; Ossewaarde et al., 2011), our findings here demonstrate the effects of
stress and stress susceptibility factors, such as gender and allele-type, on brain activation
and functional connectivity during established language tasks. This begins to reveal the
basis for differences in stress susceptibility and tolerance in individuals and its impact on
cognitive functioning. In general, long distance functional connections appeared to be
strengthened to compensate for the additional load of the stressor, and males were found
to exhibit stronger short distance functional connectivity between specific regions with
stress. Understanding the neural basis of stress on cognitive functioning can facilitate our
ability to help address the associated negative effects, notably in test and public speaking
anxiety that require access to lexical and semantic networks under stressful conditions
(Faigel, 1987; Laverdure & Boulenger, 1991). Previous research from our lab has shown
that norepinephrine antagonists such as propranolol, can help improve cognitive

performance under stress (J. K. Alexander et al., 2007) and in tasks requiring high level
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of cognitive flexibility (Campbell et al., 2008). However, the response to these treatments
still has a considerable amount of variability (Chamberlain & Robbins, 2013). Based on
the results of the current study, it would be important to see if stress susceptibility factors,
such as gender and allele type, and the underlying neural correlates of increased stress
susceptibility might influence the effectiveness of a pharmacological or
nonpharmacological approach, a question also raised by the influence of genotype on the
effects of stress on cognitive task performance (Beversdorf et al., 2018). This could then
pave way for the development of individualized pharmacogenomics profiles that may
help personalize treatments for individuals with increased susceptibility to stress.
However, to better understand the implications of these findings, and the salience of the
regional specificity, larger studies with tasks more sensitive to effects of stress will be
needed to understand the relationship to performance. Additionally, other genetic
markers will be important in subsequent studies, such as the COMT Val**®Met genotype,
shown to alter the stress response in response to psychosocial stressors via dopamine
processing (Hernaus et al., 2013), and also affect the impact of stress on working
memory-related activity (Shaozheng Qin et al., 2012). Another factor to be considered in
future studies would be the influence of early life stress (ELS) enhancing the effects of
acute stress. Studies have shown an influence of ELS on resting state functional
connectivity in the brain (Fan et al., 2014, 2015). The influence of ELS on functional
connectivity was also found to have implications for therapeutic interventions such as
determining the efficacy of using oxytocin to relieve stress in participants with and
without ELS (Grimm et al., 2014). Furthermore, studies looking at neural underpinnings

for maladaptive responses to stress exposure have noted volumetric and functional
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connectivity changes in the brain with implications for targeted therapeutic approaches

(Admon et al., 2013).

In conclusion, this study is the first to explore stress effects on verbal processing with
imaging markers and the influence of gender and genotype on this effect, which is of
interest due to effects of stress on other types of language tasks such public speaking
anxiety and test taking anxiety. Based on the results from studies looking at resting state
and memory and reward-based tasks, we hypothesized that stress would be related to a
decrease in functional activation in and connectivity between language regions of the
brain during verbal fluency tasks. We also hypothesized that the stress related deficits
would be greater in females and in participants with the S-allele. However, our results
reveal more complex effects of stress, gender and genotype on functional connectivity
between and neural activation within language regions of the brain while performing
verbal fluency tasks. Long distance functional connections appeared to be strengthened to
compensate for the additional load of the stressor, and males were found to exhibit
stronger short distance functional connectivity between specific regions with stress.
Overall, S-allele individuals and females were found to have greater stress associated
decreases in mean amplitude of neural activation and strength of functional connectivity
which is consistent with literature indicating that females and S-allele individuals are
likely more vulnerable to the effects of stress, but the interpretation of this aspect is
limited by the sample size for the 3-way interaction. Future studies will need to explore
these complex interactions in detail in larger samples to draw more definitive

conclusions. Also of interest would be to see how these results differ in individuals with
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known anxiety disorders. Understanding the neural underpinnings of effects of stress on
cognitive processes, such as language processing discussed in this paper, combined with
the potential for developing more effective therapeutic interventions can, in the future,
significantly impact our understanding and treatment of disorders of increased stress

susceptibility, such as anxiety disorders.

LIMITATIONS

The results of the study should be interpreted with caution, considering the following
limitations of the study. The sample size was modest within some of the subgroups. Despite
a moderate sample size, we were still able to observe significant effects of stress, gender
and allele on functional connectivity during task performance. However, the small sample
sizes in each group particularly limit interpretation of the three-way (stress x gene x gender)
interactions. The MIST is known to induce stress in participants, as observed by previous
reports of increased cortisol levels following MIST administration (Dedovic, Aguiar, &
Pruessner, 2009; J. C. Pruessner et al., 2008); however, reliable cortisol levels were not
available in the current study, so obtaining this information will be important for future
studies. Additionally, we focused on a priori regions of interest known to be involved in
language processing in this preliminary study, but stress may also affect processing in other
regions and networks, which warrants further investigation. It also needs to be noted that
we did not observe significant differences in task performance for either of the fluency
tasks under stress as compared to no stress. However, despite the lack of performance

effects, the presence of specific neural differences in verbal processing associated with the
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presence of stress contribute towards our understanding of neural mechanisms of stress

susceptibility.

SUMMARY

The current study explored functional connectivity and neural activation in language
regions of the brain while performing verbal fluency tasks under stress. The influence of
gender and genotype were also examined. The results of this study indicate that stress
affects both neural activation and functional connectivity during language tasks. The
study revealed that long distance functional connections in the brain may be strengthened
to compensate for the additional load of the stressor. Males were also found to exhibit
stronger short distance functional connectivity between specific regions with stress, in a
possible gender specific compensatory effect. The study begins to demonstrate specific
neural underpinnings for gender and genotype specific stress susceptibility. Larger
studies looking at this information in more detail will hopefully pave the way for better
methods to understand and address the mechanism and negative effects of stress

susceptibility.
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CHAPTER THREE:
EXPLORING FUNCTIONAL CONNECTIVITY CORRELATES OF

VERBAL PROBLEM SOLVING UNDER STRESS

INTRODUCTION

Decades of research have gone into understanding creativity, what mechanisms underlie
the process of creative thinking, what makes certain individuals more creative than others
and if there might be a potential link between creativity and psychopathology. In its
simplest terms, creativity refers to the ability to flexibly access remote, scattered
resources to come up with an innovative solution to a problem (Abraham, 2016). This
process requires suppression of what might be the immediate, dominant response and
searching for associations that might not be as obvious. Behavioral aspects such as REM
sleep (Cai, Mednick, Harrison, Kanady, & Mednick, 2009), posture (Lipnicki & Byrne,
2005) and rate of blinking (Chermahini & Hommel, 2010) are known to influence
performance on tasks related to creativity in humans wherein the decreased noradrenergic
tone associated with more relaxed states proves to be distinctly beneficial for creativity-
related tasks (Beversdorf, 2018). Pharmacological manipulations targeting beta-
adrenergic receptors in the noradrenergic system specifically modulated performance on
convergent tasks involving the ability to search through widely distributed networks to
come up with solutions on ‘unconstrained’ cognitive flexibility tasks (J. K. Alexander et
al., 2007; Beversdorf, Hughes, Steinberg, Lewis, & Heilman, 1999; Beversdorf et al.,

2002).
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Stress is associated with increased noradrenergic tone, hypervigilance and narrowed,
focused attention, because of which, creative thinking is impaired under stressful
conditions (Martindale & Greenough, 1973). Numerous studies have reported on the
negative behavioral effects of stress on tasks requiring flexible thinking (McEwen &
Saplosky, 1995; Sandi, 2013; Shields, Sazma, & Yonelinas, 2016). Correspondingly,
manipulation of the noradrenergic system, using for example, the beta-adrenergic
antagonist, propranolol, has been shown to rescue the negative effects of stress on
cognition (J. K. Alexander et al., 2007; Faigel, 1991; Laverdure & Boulenger, 1991).
Propranolol has shown beneficial effects in creativity tasks that were difficult (Campbell
et al., 2008), in easy tasks under conditions of likely upregulated noradrenergic activity
such as cocaine withdrawal (Kelley et al., 2007), autism spectrum disorder where flexible
access to networks maybe anatomically restricted (Beversdorf, Carpenter, Miller, Cios, &
Hillier, 2008) and Broca’s aphasia (Beversdorf et al., 2007). The positive effects of such
pharmacological interventions have been observed even in healthy individuals without
any history of stress induced cognitive impairment or anxiety, indicating that these are

fundamental processes of cognition not limited to patient populations.

Imaging techniques as well as focal cortical stimulation techniques have helped to better
understand the neural basis of creative thinking as well as potential factors that influence
an individual’s ability to engage in creative thinking (Beaty et al., 2014; Gold, Faust, &

Ben-Artzi, 2012; Green et al., 2017; Green, Kraemer, Fugelsang, Gray, & Dunbar, 2012;

Jung-Beeman et al., 2004; Jung, 2013; Jung, Grazioplene, Caprihan, Chavez, & Haier,
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2010; Kenett et al., 2018; Kihn et al., 2014; Zhao, Zhou, Xu, Fan, & Han, 2014). A
meta-analytic study by Mihov, Denzler, & Forster, (2010), put forth evidence indicating
the right hemisphere of the brain is more dominant in tasks of creativity. The results
suggested that while the left hemisphere of the brain was involved in interpreting and
understanding the information presented, the right hemisphere is more likely involved in
associative processes necessary to come up with creative solutions. High levels of
creativity have also been shown to be associated with increased functional connectivity
between frontal regions engaged in cognitive control and the default mode network that is
typically active during wakeful rest (Beaty et al., 2014). Further, Limb & Braun, 2008
showed that spontaneous improvisation during a jazz piano performance was
accompanied by decrease in activity in frontal regions involved in conscious control.
Knowing the neural correlates of creative thinking then facilitates development of
techniques to promote creative thinking in situations that may not be favorable for

creativity, such as under situations of stress.

Numerous neuroimaging studies have explored the effects of acute stress on the brain
both in its resting state as well as during cognitive task performance. For example, acute
stress is associated with extensive deactivation of the limbic system during resting state
(J. C. Pruessner et al., 2008). Hippocampal activation during memory tasks (Qin,
Hermans, van Marle, & Fernandez, 2012; Henckens, Hermans, Pu, Joels, & Fernandez,
2009; M. Pruessner, Pruessner, Hellhammer, Bruce Pike, & Lupien, 2007) and prefrontal
activity in a delayed incentive task (Ossewaarde et al., 2011) were also found to be

influenced by the presence of an acute stressor. Apart from activation in specific brain
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regions, the temporal correlations of activations between regions, also known as
functional connectivity, is also affected by acute psychological stress. Increased coupling
of networks integrating autonomic-neuroendocrine control and vigilant attentional
reorienting (Hermans et al., 2011) and increased resting state connectivity of the
amygdala with dorsal anterior cingulate cortex, anterior insula and locus coeruleus (H. J
F van Marle et al., 2010) have been reported under acute stress. However, how stress

affects the functional connectivity in creative thinking has not been explored.

Some of the variability associated with creative abilities has been attributed to genetic
components. For example, in a large study that looked at insight based creative problem
solving, they found that single nucleotide polymorphisms (SNPs), specifically the A
allele of rs4680 and T allele of rs4633, in the catechol-O-methyltransferase (COMT) gene
was linked to greater scores on the task (Jiang, Shang, & Su, 2015). The COMT enzyme
encoded by this gene is involved in breaking down catecholamines such as dopamine and
norepinephrine and was therefore, was of specific interest. The study also found that the
rs5993883 polymorphism of the COMT gene was associated with better creative
problem-solving skills only in males and not females, indicating an interaction of gender
and genotype. In this study, therefore, we looked at a polymorphism in the serotonin
transporter gene commonly implicated in heightened stress response, (a 43-base pair
deletion in the promoter region of the serotonin transporter gene, SLC6A4; also known as
S-allele) and wished to examine if it influenced functional connectivity during creativity
under stress. Multiple studies have reported that participants with the S-allele experienced

greater negative responses (behavioral, neural and maternal genotype effects on
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offspring) to stress exposure compared to participants without the 43 base pair deletion,
or the L-allele (Caspi, A. et al., 2003; Caspi, Hariri, Holmes, Uher, & Moffitt, 2010;
Hariri et al., 2002; Hecht et al., 2016; Kenna et al., 2012; van der Meer et al., 2014;
Pezawas et al., 2005; van der Meer et al., 2015; Hariri et al., 2002). With the increased
response to stress, there is some preliminary evidence suggesting that in individuals with
at least one copy of the S-allele, performance on tasks requiring unconstrained flexibility
was significantly impaired under stress (Beversdorf, 2018). It is, therefore, interesting to
examine how the presence of this genotype might alter functional connectivity in the

brain when performing creativity tasks under stress.

Gender is another factor known to influence stress susceptibility. Studies have reported
gender related differences in cortisol secretion levels (Kirschbaum et al., 1992), neural
activity (Wang et al., 2007) and cognitive functioning (Lighthall et al., 2012) under
stress. A genetic basis has also been proposed for the differential stress susceptibility
observed between genders (Dukal et al., 2015). The literature on gender differences in
creative tasks is heterogenous with the overall consensus being that while men and
women may not differ in terms of their creative ability, the cognitive strategies, and their
neural mechanisms that they apply during creative thinking may be distinctly different
(Abraham, 2016; Abraham, Thybusch, Pieritz, & Hermann, 2014). Therefore, gender was
an additional factor that we considered in our analysis of how stress affects functional

connectivity during creative thinking.
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We hypothesized that stress would negatively impact performance on the CRA task in
terms of both number of problems solved and the average time required to solve the
problems. We also hypothesized that functional connectivity under stress between the
regions of the brain associated with compound remote associates task (such as the left
inferior frontal gyrus, left medial frontal gyrus, left middle temporal gyrus, and right
superior temporal gyrus (Jung-Beeman, 2005; Jung-Beeman et al., 2004)) would be lower
than that under no stress and it would be lower in 1) individuals with at least one copy of
the S-allele than individuals homozygous for the L-allele and 2) females compared to

males during verbal problem-solving.

MATERIALS AND METHODS

Participants

As described previously, a total of forty-five participants (Mean age: 19.5+1.6 years)
without any significant medical or psychiatric history, including anxiety disorders, were
recruited through online advertisements in the University newsletter. All protocols and
procedures were approved by the University of Missouri Health Sciences Institutional

Review Board. All participants provided written consent to participate in the study.

Genetic Screening and Genotyping
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Participants provided a cheek swab to genotype for the presence of the short (S-allele) or
long (L-allele) polymorphism of the serotonin transporter promoter gene. Genotyping
was performed using standard methods (Flexigene kit; Qiagen) as detailed elsewhere
(Hecht et al., 2016). Individuals with at least one copy of the S-allele were categorized in
the S-allele group and those with I/l genotype were included in the L-allele group. The
presence of the A/G single base substitution on rs25531 (Kenna et al., 2012), T/G single
base substitution on rs3813034 (Gyawali et al., 2010) or STin2.10 in Intron 2 VNTR in
the I/ genotype (Murphy & Moya, 2011) is known to behave in a less efficient manner
like the S-allele. Hence, we ran additional genotyping assessments to look for these
substitutions. One participant was regrouped from the L-allele group to the S-allele group

based on the presence of the A/G single base substitution on rs25531.

MRI Acquisition and Verbal Problem Solving

Each participant attended fMRI sessions on two separate days, separated by at least 24
hours. For one half of the participants, the first session was designed to induce stress
while the second session was a no stress control session and vice-versa for the other half
of the participants. The participants were unaware that one of the sessions had tasks
meant to induce stress. They were told that on one day their responses would be timed
and performance feedback would be provided while on the other day they did not have
any time limit and would not receive any performance feedback. As described previously,
participants were asked to refrain from alcohol, nicotine and caffeine for 24 hours prior to

the imaging session. Participants also completed the State-Trait Anxiety Inventory
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(STAI) in order to assess baseline anxiety prior to the imaging session and again post

imaging session to assess level of anxiety experienced.

During the stress inducing session, the participants were presented with two runs of three
iterations of 30 s blocks of REST-MIST-TASK (Figure 1). During the REST block, the
participants were presented a white screen with cross hairs in the center and no other
tasks or stimuli were presented. The Montreal Imaging Stress Test (MIST), based off the
Trier Social Stress Test (Kirschbaum et al., 1993), consists of several timed mental
arithmetic tasks with performance feedback (Dedovic et al., 2005). Based on the practice
runs of the subjects, the difficulty of the arithmetic tests was set to give a success rate of
50%. Along with a performance indicator that appeared on their screen, the participants
were also provided negative feedback by the experimenter as a social evaluative threat
component. When the participants came in for their no stress control session, the MIST
block was replaced by simple arithmetic tasks with no time limit or performance
feedback. Each TASK block consisted of four Compound Remote Associates (CRA)
tasks (Bowden & Jung-Beeman, 2003) presented for 7 seconds each. The CRA task
presented the participants with three prompt words and they had to think of a word that
would form a compound word with all three given prompts. (For example: APPLE,
CONE, WOOD. Solution: PINE) (Figure 1). Participants practiced the tasks before the
start of the imaging session. Number of correct responses and solution latency (subjects
were asked to indicate with a button click as soon as they thought of a solution to the

problem presented) were recorded offline.
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Figure 3.1 Stimulus protocol. Stimuli were presented in a block design with repeating
units of REST-MIST-TASK. The TASK block consisted of prompts for the Compound
Remote Associates (CRA) Task. For example, one of the four prompts for CRA 1 in
session 1 were: fish, mine, rush (solution = gold); in session 2 the one of the four prompts
for CRA 1 were: illness, bus, computer (solution = terminal). Each block (except for the
REST block at the beginning of the run that was 60 s long) was 30 s in duration.
Participants performed two runs of the task within a session and attended two fMRI

sessions (separated by at least 24 hours).
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Images were collected on a 3T Siemens Trio Scanner at the University of Missouri
Department of Psychological Sciences Brain Imaging Center. Structural T1-weighted
images were acquired for anatomical localization (MPRAGE, TR=1920 ms, TE=2.9 ms,

Angle=9 degrees, FOV/matrix size = 256 x 256, 176 sagittal slices at 1 mm?3 resolution).



49

Functional T2*-weighted images were acquired to measure the blood oxygenation level
dependent (BOLD) response (EPI, TR=2000 ms, TE=30 ms, Flip angle=90°, FOV=256 x

256, matrix size= 64 x 64, 32 AC-PC aligned slices at 4 mm?3resolution).

MRI Analysis

FSL (FMRIB Software Library, www.fmrib.ox.ac.uk/fsl) was used to analyze the 4D
functional magnetic resonance imaging datasets. The FEAT (FMRI Expert Analysis
Tool) Version 6.00 was used to perform preprocessing steps including brain extraction
using BET (Brain Extraction Tool) (Smith, 2002), slicing timing correction (interleaved)
using Fourier-space time-series phase-shifting, motion correction using MCFLIRT
(Motion Correction FLIRT) (Jenkinson et al., 2002), Gaussian spatial smoothing (FWHM
of 5 mm), high pass temporal filtering (Gaussian-weighted least-squares straight line
fitting, cutoff 100 s), grand-mean intensity normalization of the entire 4D dataset and
registration of each participant’s functional images to the respective high resolution
structural image and standardized MNI space (using FLIRT (FMRIB’s Linear Image
Registration Tool)). Relative motion greater than 2 mm along either of the x-, y- or z-
axis or any of the rotational axes led to exclusion from further analysis. Gaussianised T or
Z static images were thresholded using clusters determined by Z>2.3 and a (corrected)

cluster significance threshold of p=0.05.

The Harvard — Oxford Cortical Atlas in FSL was used to create individualized masks for

the regions of interest for each subject. The regions of interest explored were the left
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inferior frontal gyrus, left middle frontal gyrus, left middle temporal gyrus, left parietal
lobe, left fusiform gyrus, left posterior cingulate gyrus and the right superior temporal
gyrus due to their known involvement while performing CRA tasks (Jung-Beeman, 2005;
Jung-Beeman et al., 2004) (Figure 2). The FEATQUERY tool of FSL was used to extract
a) percentage signal change in BOLD signal (with respect to rest) and b) time series of
voxel of maximum activation within each ROI during the task block for each subject. The
percentage signal change in BOLD signal was used to examine effects of stress on
activation within each ROI that might potentially influence functional connectivity. For
functional connectivity analyses, time series extracted from within task blocks were used
to account for the effect of activation magnitude differences between stress conditions on
FC. Bivariate correlations were performed between the time series for each of the ROI
pairs. The resulting correlation coefficients were converted using Fisher’s r-to-z-
transformation providing a z-score measure of functional connectivity strength. In order
to determine changes in overall functional connectivity strength across all ROIs under the
influence of stress, z-scores of correlation coefficients across all ROIs were computed for

each individual subject under stress and no stress.

Figure 3.2 Regions of interest. The a priori regions of interest explored were (a) left
inferior frontal gyrus (red), left middle frontal gyrus (yellow), left middle temporal gyrus
(green), left parietal lobe (purple), (b) right superior temporal gyrus (orange), (c) left
posterior cingulate gyrus (pink) and (d) left fusiform gyrus (blue). Masks centered on the
a priori regions of interest were created using the Harvard — Oxford cortical atlas in FSL
and used to analyze differences in activation and functional connectivity while

performing creative tasks under stress and no stress.
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Statistical Analysis

A series of repeated measures multivariate analysis of variance (MANOVA) tests (SPSS
ver 24, IBM Corp.) were carried out to examine: (1) performance on tasks: (2(stress, no
stress)*2(score stress, score no stress)), (2(stress, no stress)*2(solution latency stress,
solution latency no stress), (2) activation in the regions of interest: (2(stress, no stress)*7
(ROIs)), (3) average functional connectivity across ROIs: (2-way MANOVA, (stress, no
stress)*overall functional connectivity) and (4) functional connectivity strength between

individual ROI pairs: (2 (stress, no stress)*21 (ROI pairs)). The analyses were performed
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again including gender and genotype as between subject factors. Bivariate correlations
were performed between task performance measures and functional connectivity
strengths between the regions under stress and no stress in order to understand the effects
of functional connectivity strength on task performance. Bonferroni corrections for
multiple comparisons were applied to all analyses and the results reported here survived

correction.

RESULTS

Demographics

Functional magnetic resonance imaging data from 32 participants was analyzed (5
participants were dropped from the study because they did not attend the second session
and data from 8 participants was not included in further analysis due to excessive motion
(exceeding 2mm along either the linear or rotational axes as mentioned above) within the
scanner). Of the 32 participants included in the final analysis, there were 12 male

participants and 15 participants had the S-allele. (Table 3.1).

Table 3.1 Demographics of participants
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Total 2 S-allele L-allele 2
@=32) Male  Female X p (0=15) (@=17) X
AGE 19.9 19.7 20.1 19.9 20.1
(YEARS) | (1.6) (2.0) (L5 1072 0.097 (1.2) (2.0) 544
GENDER
- - - - 5 -
(M/F) 12/24 5/10 6/11

GROUP COMPARISONS WERE PERFORMED USING CHI-SQUARE TEST. ALL VALUES ARE
SHOWN AS MEAN(SD).

M=MALE, F=FEMALE

STAI scores pre and post the imaging session were not significantly different as

reported earlier (Chapter 2, Results: Demographics).

Verbal Problem Solving

A paired samples t-test revealed that there was no significant change in number of
problems solved under stress (Mean(SD) = 9.0(3.7)) and no stress (Mean(SD) = 8.9(3.8))
(t=0.05, p=0.9). The effect of stress on solution latency was also evaluated. When
response times for only correct responses (excluding response times for button clicks
with incorrect responses and button clicks where the participants later indicated that they
did not know the solution to the problem) were analyzed, a stress x genotype interaction
effect trending towards significance was observed (F(1,23)=7.260, p=0.06). While no
significant differences between stress and no stress were observed in either genotype in
post hoc t-tests, the trend appeared to be driven by nonsignificant effects in opposite

directions across genotypes. (Figure 3.3).

P

0.208
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Figure 3.3 Verbal problem solving. A stress x genotype interaction effect trending
towards significance was observed (F(1,23)=7.260, p=0.06) for solution latency on only
problems where correct responses were recorded. Post hoc t-tests did not reveal
significant differences between individual groups but S-allele subjects appear to display

greater latency of response under stress compared to no stress.

4500 (0)

4000 I
3500 I

3000

2500

2000

Response Time (ms)

1500
1000
500

Stress No Stress Stress No Stress

S-allele L-allele
Genotype x Stress

ROI activation and Functional Connectivity

Figure 3.4 displays the group activation maps for participants (n=32) while completing

the Compound Remote Associates task under (a) stress and (b) no stress.

Figure 3.4 Group activation maps. Group activation maps for participants (n=32)

performing the Compound Remote Associates task under (a) stress and (b) no stress.
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A repeated measures MANOVA did not reveal a significant effect of stress
(F(1,28)=0.01, p=0.91), stress x gender (F(1,28)=1.49, p=0.23) or stress x genotype
(F(1,28)=0.11, p=0.74) on activation across the ROIs. On Bonferroni corrected
assessment of individual ROIs, in case of focal effects, the only finding was a significant
stress x gender interaction effect observed on percentage signal change in the right
superior temporal gyrus (F(1,28)=4.49, p=0.04) (Figure 3.5). Post hoc t-tests revealed
that males showed a significant increase in percentage signal change in the region while
performing the CRA task under stress compared to females. We did not observe any
other significant changes in percentage signal change under stress and no stress in any of

the other regions of interest we looked at.

Figure 3.5 ROI activation. A significant stress x gender interaction effect was observed

on activation in the right superior temporal gyrus (F(1,28)=4.49, p=0.04). Post hoc t-tests

showed that males had increased activation in the region while attempting creative tasks
than females (t=2.22, p=0.033).
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There were no significant effects of stress (F(1,28)=0.43, p=0.51) or stress x gender
(F(1,28)=0.41, p=0.53) and stress x genotype (F(1,28)=0.007, p=0.93) interactions on
overall functional connectivity across all ROIs. The possible effects on individual ROIs
pairs was of interest and therefore, we ran repeated measures MANOVAs for each

individual pair, with Bonferroni corrections for multiple comparisons.

A three-way interaction effect for stress x gender x genotype was observed on the
functional connectivity strength between the left inferior frontal gyrus and the left middle

temporal gyrus (F(1,28)=5.26, p=0.03). Post hoc t-tests revealed that males with the S-
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allele displayed significantly lower strength of functional connectivity between the
regions when attempting verbal problem solving under stress compared to both S-allele
females (t=-2.418, p=0.03) and L-allele males (t=-3.44, p=0.007). L-allele males were
found to have significantly greater strength of functional connectivity between the
regions than L-allele females when verbal problem solving under stress (t=2.209, p=0.04)
(Figure 3.6). No significant differences were observed between the individual groups for

the stress vs. no stress comparison.

Figure 3.6 Functional connectivity results. A three way interaction effect for stress x
gender x allele was observed on functional connectivity between the left inferior frontal
gyrus and the left middle temporal gyrus (F(1,28)=5.26, p=0.03). Post hoc t-tests
revealed that S-allele males had reduced strength of functional connectivity compared to
S-allele females (t=-2.418, p=0.03) and L-allele males (t=-3.44, p=0.007) during
creativity task under stress. L-allele males were found to have significantly greater
strength of functional connectivity between the regions than L-allele females when verbal
problem solving under stress (t=2.209, p=0.04).
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In order to examine the effect of neural activation and functional connectivity strength
changes associated with stress on verbal problem solving, we ran bivariate correlations of
neural activation and functional connectivity strength with scores and solution latency on
the compound remote associate task. Though a stress x gender interaction effect was

observed on activation in the right superior temporal gyrus, no significant correlations
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with solution latency under stress and no stress were observed in this region. However,
number of problems solved under no stress was found to be significantly correlated with
activation in the right superior temporal gyrus under no stress (r=0.405, p=0.02). In order
to determine if change in performance induced by stress in solution latency was related to
changes in functional connectivity markers, we ran bivariate correlations between
difference in solution latency under stress and no stress and a) overall difference in
functional connectivity under stress and no stress and b) differences in functional
connectivity in individual ROI pairs under stress and no stress. Differences in overall
functional connectivity were not found to be associated with changes in solution latency
under stress and no stress. However, for S-allele participants, we observed that
differences in solution latency under stress and no stress were strongly correlated to
change in functional connectivity strength between the left middle temporal gyrus and the
left posterior cingulate gyrus under stress and no stress (r=0.653, p=0.029). For L-allele
participants, changes in solution latency showed a strong negative correlation with
differences in functional connectivity strength between the left inferior frontal gyrus and

left middle temporal gyrus under stress and no stress (r=-0.565, p=0.035).

DISCUSSION

This study intended to look at the neural correlates of the effects of stress on convergent
verbal problem-solving tasks related to creativity. The compound remote associates test
was used a measure of cognitive flexibility and the Montreal Imaging Stress Test was

used to induce stress in subjects while undergoing fMRI imaging.
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Stress is known to impair performance on tasks requiring flexible access to remote,
distributed networks due to heightened arousal and narrowed focus (Martindale &
Greenough, 1973). As a result, stress has a direct effect on the neural substrates of tasks
that require coming up with creative solutions overriding possibly more dominant

solution pathways.

Regarding functional activation differences, there was no main effect of stress and the
only isolated finding observed across ROIs was increased mean activation in the right
superior temporal gyrus in males compared to females in response to verbal problem
solving under stress. Previous studies have already reported on the role of the right
hemisphere in insight based problem solving, shedding light on its role in maintaining
solution related activation to problems that are yet to be solved (Bowden & Jung-beeman,
2003; Zhao et al., 2014). It is possible that the heightened response in the region observed
under stress in males here is reflective of either the additional load from the stressor
immediately preceding the task or an increased tendency to linger on unsolved problems
in males with the right superior temporal gyrus continually engaged in figuring out

solutions to previously presented problems.

The results from our functional connectivity analyses reveal that males and females differ
in how genotype affects the imaging response to stress during cognitive flexibility tasks.
Notably, while performing a task requiring cognitive flexibility under stress, males with

the S-allele displayed decreased strength of functional connectivity between the left
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inferior frontal gyrus and the left middle temporal gyrus compared to both S-allele
females and L-allele males under stress. L-males however, displayed greater strength of
functional connectivity between the regions under stress compared to L-allele females.
While part of this result is consistent with our hypothesis that participants with the S-
allele would have decreased strength of functional connectivity during creative problem
solving under stress, it also furthers our understanding by pointing out that this decrease
was gender specific. Interestingly, the functional connection between the left inferior
frontal gyrus and the left middle temporal gyrus displayed a decrease in strength of
connectivity under stress for S-allele males compared to both S-allele females and L-
allele males. A potential explanation for this finding could be that while creative thinking
does require access to remote, non-dominant pathways in the brain, there may be
variability in some form of top-down attentional control that is exerted to ensure that the
solutions thought of are consistent with the problem presented and the mind is not just
“wandering” (Beaty et al., 2014). In S-allele males, stress potentially leads to a greater

reduction in this frontal control compared to S-allele females or L-allele males.

We did not observe differences in number of CRA tasks solved by the participants under
stress and no stress. Solution latency could potentially be more sensitive and hence, was
examined. The time taken to record only correct responses under stress and no stress,
with Bonferroni correction for multiple comparisons, showed a trend towards
significance in a genotype specific manner, possibly limited by the modest set of
problems used in the MRI. The interaction trend observed, nevertheless, was in the same

direction as has been noted in a previous study (Beversdorf et al., 2017). Additionally,
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genotype was also found to influence the association between changes in solution latency
and changes in functional connectivity strength between specific brain regions under
stress and no stress. This further supports the complex interaction of genotype and
imaging markers in determining stress susceptibility in tasks requiring cognitive

flexibility.

These results show that stress affects activation and functional connectivity during
creative problem solving in a gender and genotype specific manner. This begins to
elucidate the finer neural underpinnings of creativity and the interplay of factors that
influence creativity. This has implications in not only understanding creativity in the
general population but also understanding a possible link between creativity and
psychopathology (Heilman et al., 2003). Highly creative people have been documented to
suffer from depression, bipolar disorder and/or addiction problems. People with
schizophrenia are known to perform well on insight tasks of creativity (Karimi,
Windmann, Glnturkin, & Abraham, 2007). These observations have been tied to
alterations in catecholamines, such as a reduction in dopamine. It is also possible that
stress, and its effect on the neural correlates of cognitive flexibility mediated via
catecholamines, might have a role to play in shifting from a normal creative thought
process to the development of the pathology. This may offer the opportunity for
neuropharmacological modulation of these conditions. Future studies will want to explore
interventions targeting cognitive flexibility under unfavorable conditions, such as stress,
while paying attention to potentially influential factors such as genetics and gender.

Additionally, a number of other factors, such as the influence of the dopamine system and
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its associated genes (Reuter, Roth, Holve, & Hennig, 2006), norepinephrine system and
its modulation using pharmacological intervention (J. K. Alexander et al., 2007), along
with different types of creativity other than convergent tasks (Beversdorf, 2018) need to
be assessed in future analysis to get a more complete understanding of how stress
modulates functional connectivity in the brain associated with cognitive flexibility in

healthy as well as clinical populations.

LIMITATIONS

There are some limitations that must be taken into consideration while interpreting the
results of this study. For one, the number of male participants was small. The three-way
interaction results must, therefore, be interpreted with caution due to the small sample
size. While this study focused on regions of the brain known to be involved in CRA
tasks, it is possible that stress may have altered the functional activation in and
connectivity between other regions of the brain that might have a regulatory role. Future
studies will need to look at other potential regions as well. Genotype specific trends in
differences in solution latency under stress and no stress were observed, driven possibly
by nonsignificant effects in opposite directions across genotypes, limited by the smaller
number of tasks administered in the imaging environment. We also observed differences
in the neural underpinnings of cognitive flexibility. The MIST paradigm has been
previously shown to successful induce stress, as reflected through changes in cortisol
levels (Dedovic, Aguiar, et al., 2009; J. C. Pruessner et al., 2008), however, reliable

cortisol levels were not available in this study to reaffirm the induction of stress.
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SUMMARY

The current study looked at the influence of stress, gender and genotype on functional
connectivity during verbal problem solving as a measure of creative thinking. The
functional connection between the left inferior frontal gyrus and the left middle temporal
gyrus was the one found to be impaired under stress in S-allele males compared to both
S-allele females and S-allele males. This leads to a better understanding of the factors
influencing neural processes that are involved in creative thinking, thereby enabling

interventions to optimize flexible thinking and performance even in stressful situations.
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CHAPTER FOUR:
AMYGDALA-FUSIFORM FUNCTIONAL CONNECTIVITY RESPONSE

TO EMOTIONAL FACES UNDER STRESS

INTRODUCTION

The amygdala is a central component of the fear and emotional neural circuitry in
humans and as such plays an important role in triggering the “fight or flight” response
basic to survival of the species (LeDoux, 2007). It is, therefore, not surprising at all that
amygdala dysfunction is observed in several neuropsychiatric conditions such as phobias
(Kim et al., 2011), anxiety (Roy et al., 2010), depression (Pezawas, Meyer-lindenberg, et
al., 2005), posttraumatic stress disorder (Rabinak et al., 2011; Rauch et al., 2000; Sripada
et al., 2012; Stevens et al., 2013), paranoid schizophrenia (Williams et al., 2004) and
autism spectrum disorders (Baron-Cohen et al., 2000; Dziobek, Bahnemann, Convit, &
Heekeren, 2010; Kleinhans, N. M., Richards, T., Weaver, K., Johnson, L. C., Greenson,
J. etal., 2010; Kliemann, Dziobek, Hatri, Baudewig, & Heekeren, 2012; Schultz, 2005;
Sweeten, Posey, Shekhar, & McDougle, 2002). Associated with its role in emotionality,
the amygdala is also involved in recognition of facial emotions working in tandem with
the fusiform gyrus (the region of the brain specific to identifying faces) (Herrington,
Taylor, Grupe, Curby, & Schultz, 2011). Further evidence for the synergistic activity of
the amygdala and fusiform gyrus comes from a study by Vuilleumier, Richardson,
Armony, Driver, & Dolan (2004). This study reported that in patients with amygdala

lesions, the fusiform gyrus response to fearful faces was significantly attenuated
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compared to healthy controls and patients with lesions in the hippocampus. Moreover, the
degree of amygdala damage was found to be related to the observed activation in the
fusiform gyrus. A neuromodulatory role for the amygdala in processing emotional faces
has also been proposed according to which the amygdala directs more attention towards
fearful faces that indicate the presence of a possible threat but do not give information on
the source of the threat (Morris et al., 1998). A dysfunction in amygdala and fusiform
functional connectivity could potentially contribute towards the inability to identify
emotions as observed in schizophrenia (Feinberg, Rifkin, Schaffer, & Walker, 1986; Gur
et al., 2002) and autism (Dziobek et al., 2010; Hadjikhani et al., 2004; Kliemann et al.,
2012) or hyperreactivity to emotional faces characteristic of posttraumatic stress disorder

(Rauch et al., 2000).

Stress is a factor known to affect activity in and functional connectivity of the amygdala.
Pruessner et al. (2008) showed that acute stress was associated with extensive
deactivation of the limbic system structures, including the amygdala. In a different study,
amygdala functional connectivity with cortical midline structures was found to be
upregulated following exposure to acute psychosocial stress (Veer et al., 2011). Acute
stress has also been shown to upregulate activity in both the amygdala and the fusiform
gyrus in response to emotional stimuli embedded in stressful videos (Hein J F van Marle,
Hermans, Qin, & Fernandez, 2009). Generally, stress is associated with a state of
hypervigilance and narrowed attention, driven by increased noradrenergic tone, which in
turn also has an effect on amygdala activity (Onur et al., 2009; Van Stegeren et al., 2005).

Therefore, it is of interest to explore whether this state of hypervigilance upregulates
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activity in the amygdala and its functional connection to the fusiform gyrus such that

there is increased attention towards the emotional face stimulus.

Another important factor that is known to influence not just amygdala activation, but also
stress reactivity of the amygdala is the presence of the short allele (S-allele) of the
serotonin transporter gene (SLC6A4) polymorphism (N. Alexander et al., 2012;
Dannlowski et al., 2010; Drabant et al., 2012; Hariri, Drabant, & Weinberger, 2006;
Kempton et al., 2009; Kobiella et al., 2011; Kruschwitz et al., 2015; Lesch et al., 1996;
Pezawas, Meyer-Lindenberg, et al., 2005; Smolka, 2005). The short allele consists of a
43 base pair deletion on the promoter region of the gene (SHTTLPR) (Heils et al., 1996).
The resultant transporter protein is about 50% less efficient than that found in individuals
without the 43-base pair deletion - the long allele (L-allele). A study by (Hariri et al.,
2002) showed that individuals with the S-allele showed an approximate fivefold increase
in activation when viewing emotional faces compared to individuals with the L-allele
under stress. Also, neuroticism in individuals with the S-allele genotype has been
specifically linked to resting state connectivity between the amygdala and the fusiform
gyrus (Kruschwitz et al., 2015). Therefore, we were interested in how this genotype
might influence amygdala — fusiform gyrus functional connectivity under stress while

viewing emotional faces.

Additionally, the role of gender in this interaction was of interest. Studies have
demonstrated that there are differences in stress reactivity (Kirschbaum et al., 1992) and

neural response to emotional stimuli (Wrase et al., 2003) between males and females.
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Therefore, we explored a potential role for gender in upregulating the connectivity
between the amygdala and fusiform gyrus when viewing emotional faces under stress.
There are studies showing that females may be more susceptible to depression than males
(Kessler et al., 1993) and that the short allele of the serotonin transporter gene may
significantly influence this effect (Dukal et al., 2015). We additionally explored if
genotype interacted with gender in influencing the upregulation of amygdala-fusiform

connectivity under stress.

Based on previous literature, we hypothesized that stress would result in upregulated
functional connectivity between the amygdala and the fusiform gyrus and that this
upregulation would be greater in individuals with the S-allele and especially in females

with the S-allele.

MATERIALS AND METHODS

Participants

A total of forty-five participants (Mean age: 19.5+1.6 years) without any significant
medical or psychiatric history, including anxiety disorders, were recruited through online
advertisements in the University newsletter. All protocols and procedures were approved
by the University of Missouri Health Sciences Institutional Review Board. All

participants provided written consent to participate in the study.
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Genetic Screening and Genotyping

Standard methods, as described elsewhere (Hecht et al., 2016), were used to genotype for
the presence of the short allele (S-allele) or long allele (L-allele) of the serotonin
transporter gene polymorphisms from buccal swabs of each participant. Participants with
at least one copy of the short allele (s/s or s/l) were grouped in the S-allele category and
participants with two copies of the long allele (I/) were placed in the L-allele category.
Additional analyses were performed to detect presence of A/G single base substitution on
rs25531, T/G single base substitution on rs3813034 or STin2.10 in Intron 2 VNTR in the
I/l genotype. The presence of these substitutions are known to render the serotonin
transporter gene less efficient in a manner similar to the functioning of the S-allele. One
participant with the I/l genotype had the A/G single base substitution on rs25531 and was

grouped with the S-allele participants for all subsequent analyses.

MRI Acquisition

Each participant attended fMRI sessions on two separate days, separated by at least 24
hours. For one half of the participants, the first session was designed to induce stress
while the second session was a no stress control session and vice-versa for the other half
of the participants. The participants were unaware that one of the sessions had tasks
meant to induce stress. They were told that on one day their responses would be timed

and performance feedback would be provided while on the other day they did not have
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any time limit and would not receive any performance feedback. All participants were

debriefed at the end of the study about the stress induction.

During the stress inducing session, the participants were presented with six repetitions of
REST-MIST-TASK block paradigm. During the REST block, the participants viewed a
white screen with cross hairs in the center and no additional instructions or tasks were
provided. During the Montreal Imaging Stress Test (MIST) (Dedovic et al., 2005) block,
several timed mental arithmetic tasks (with a success rate 50% based on practice runs)
were presented. These were accompanied by a performance feedback indicator on the
screen as well as negative feedback from the experimenter, which served as social
evaluative threat components. During the no stress control session, the MIST block was
replaced by simpler mental arithmetic tasks with no time limits and no feedback. The
REST and MIST blocks were 30 seconds each. The TASK block consisted of viewing a
triad of faces, obtained from the International Affective Picture System (IAPS)
(Libkuman, Otani, Kern, Viger, & Novak, 2007), in quick succession of which the image
at the top of the triad (target image; either an emotional face or a neutral one) matched
with one of the two images at the bottom. In order to ensure that the subjects were paying
attention to the images, they were asked to indicate via button press which image (left or
right) at the bottom matched with the image at the top (Figure 4.1). Each TASK block

was 48 seconds in duration.

Fig 4.1 Sample image used for the Faces task. Participants were required to indicate via

button press which of the two pictures at the bottom (left or right) matched with the one
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at the top. All images were acquired from the International Affective Picture System
(IAPS).

Images were collected on a 3T Siemens Trio Scanner at the University of Missouri
Department of Psychological Sciences Brain Imaging Center. Structural T1-weighted
images were acquired for anatomical localization (MPRAGE, TR=1920 ms, TE=2.9 ms,
Angle=9 degrees, FOV/matrix size = 256 x 256, 176 sagittal slices at 1 mm?3 resolution).
Functional T2*-weighted images were acquired to measure the blood oxygenation level
dependent (BOLD) response (EPI, TR=2000 ms, TE=30 ms, Flip angle=90°, FOV=256 x

256, matrix size= 64 x 64, 32 AC-PC aligned slices at 4 mm?resolution).

MRI Analysis
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The 4D functional magnetic resonance images acquired were analyzed using the FMRIB
Software Library (FSL, www.fmrib.ox.ac.uk/fsl). Standard preprocessing steps were
performed using the FMRI Expert Analysis Tool (FEAT) Version 6.00. The Brain
Extraction Tool (BET) was used to extract and separate brain matter from surrounding
skull and neck regions. Fourier-space time-series phase-shifting was used to correct for
timing in interleaved acquisition. Each participant’s functional image was first registered
on to the respective high resolution structural image and then onto a standard MNI
template using FMRIB’s Linear Image Registration Tool (FLIRT). Motion correction
was applied using Motion Correction FLIRT (MCFLIRT) and participants who had
relative motion more than 2 mm along any of the linear (X, y, z) or rotational axes (roll,
pitch, yaw) were excluded from further analyses. Gaussian spatial smoothing with
FWHM 5mm, Gaussian-weighted least-squares straight line fitting high pass temporal
filtering with cutoff 100 s and grand mean normalization of the entire data set were also
performed as part for preprocessing. The specific time blocks where the participants were
viewing emotional faces were used in the general linear model. The clusters in the
resulting Gaussianised T or Z static images were thresholded at Z>2.3 with corrected

cluster significance threshold, p=0.05.

Since the aim of the study was to examine connectivity between the amygdala and
fusiform gyrus while viewing emotional faces under conditions of stress and no stress,
the Harvard Oxford Subcortical Atlas, part of the FSL software, was used to generate
masks for the left amygdala, right amygdala, left fusiform gyrus and right fusiform gyrus

(Figure 4.2). Using the FEATQUERY tool of FSL, the percentage change in BOLD
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signal with respect to rest in the regions of interest was extracted. The activations in the
regions of interest were examined due to their potential influence on functional
connectivity. The time series of the voxel of maximum activation within each ROl was
also extracted for each subject to compute functional connectivity. The time series were
extracted from within the task blocks to account for the effect of activation magnitude
differences between stress conditions on functional connectivity. Fisher’s r-to-z
transformation was performed on the correlation coefficients obtained by carrying out
bivariate correlations on the time series of each of the ROI pairs. The resulting z-score
was used as a measure of functional connectivity strength as has been done previously
(Tivarus et al., 2008).

Figure 4.2 Regions of interest created using the Harvard-Oxford Cortical Structural Atlas
tool in FSL. (a) Red: Left and right amygdala (b) Blue: Left and right fusiform gyri

Statistical Analysis

A series of repeated measures multivariate analysis of variance (MANOVA) tests (SPSS

ver 24, IBM Corp.) examining: (1) activation in the regions of interest (2(stress, no
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stress)*4 (ROIs)), (2) average functional connectivity across ROIs (2-way MANOVA,
(stress, no stress)*overall functional connectivity) and (3) functional connectivity
strength between individual ROI pairs (2 (stress, no stress)* 6 (ROI pairs)). The analyses
were repeated with age and gender as between subject factors in order to assess the

interaction effects of these factors.

RESULTS

Demographics

Functional magnetic resonance imaging data from 30 participants was analyzed (5
participants were dropped from the study because they did not attend the second session
and data from 10 participants was not included in further analysis due to excessive
motion within the scanner, i.e., relative motion more than 2 mm along any of the linear
(x, Y, 2) or rotational axes (roll, pitch, yaw)). Of the 30 participants included in the final

analysis, there were 9 male participants and 13 participants had the S-allele. (Table 4.1).

Table 4.1 Demographics of participants
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Total 7 S-allele L-allele 9
(0=30) Male  Female X p (1=13) @=17) X P
AGE 19.8 20.0 19.8 19.5 20.0
(YEARS) (17) 22) (1.5) 8.715 0.121 (L.1) 2.0) 6.729 0.242
GENDER
9/21 - - - - 4/9 5/12 - -
(MF)

GROUP COMPARISONS WERE PERFORMED USING CHI-SQUARE TEST. ALL VALUES ARE
SHOWN AS MEAN(SD).

M=MALE. F=FEMALE

STAI scores pre and post the imaging session were not significantly different as reported

earlier (Chapter 2, Results: Demographics).

ROI activation

Figure 4.3 displays the group activation maps for participants (n=30) while viewing

emotional faces under (a) stress and (b) no stress.

Figure 4.3 Group activation maps. Group activation maps for participants (n=30)

viewing emotional faces under (a) stress and (b) no stress.

(a)Thresholded activation images pac] 54
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While a main effect of stress on overall activation across the regions was not observed
(F(1,26)=2.298, p=0.142), a stress x gender x allele interaction effect was observed on
activation in the left amygdala (F(1,26)=4.256, p=0.04) (Figure 4.4). Post hoc t-tests
revealed that L-allele males had significantly greater mean activation in the left amygdala
under stress compared to L-allele females (t=2.136, p=0.05). No other significant
differences were observed between the individual groups under conditions of stress vs. no

stress.

Figure 4.4 Differences in mean activation in left amygdala while viewing emotional
faces under stress and no stress. A significant stress x gender x allele interaction effect
was observed on activation in the left amygdala (F(1,26)=4.256, p=0.04). Post hoc t-tests
showed that L-allele males had increased activation in the region while viewing

emotional faces than L-allele females (t=2.136, p=0.05).
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Stress (F(1,26)=0.197, p=0.661), stress x gender (F(1,26)=1.279, p=0.268) or stress x
allele (F(1,26)=0.574, p=0.456) did not produce significant effects on overall functional
connectivity between the right amygdala, left amygdala, right fusiform gyrus and the left
fusiform gyrus. Nevertheless, possible variations in functional connectivity between
individual pairs was still of interest, specifically those of the left amygdala due to the
observed gender and allele type specific changes in mean activation noted in the area.
However, the gender and allele type specific difference in mean activation observed in
the left amygdala did not result in a significant change in the functional connectivity

between the left amygdala and the right amygdala, right fusiform or left fusiform gyri.
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We did not observe any significant differences in functional connectivity between the
amygdala and the fusiform gyrus when viewing emotional faces under stress and no

stress.

DISCUSSION

This study aimed to explore the effect of stress on functional connectivity between the

amygdala and fusiform gyrus while viewing emotional faces.

Activation in the left amygdala was found to be significantly different between L-allele
males and L-allele females under stress with L-allele males displaying much greater
amplitudes of activation than L-allele females. Activation in the left amygdala during
emotional processing observed here has been noted previously too (Baas, Aleman, &
Kahn, 2004). One other study has reported on the effects of stress on L-allele individuals,
in an all-male cohort, where they observed increased stress sensitivity in L-allele subjects
(Ming et al., 2015), consistent with what we have observed here, even though the
difference in activation under stress and no stress for L-allele males was not found to be
statistically significant in our study. Replication of this study in a larger sample will be
needed to further analyze the influence of L-allele on the amygdala response to stress in

females while viewing emotional faces.

Contrary to our hypothesis, we did not observe an upregulation in connectivity between

the regions under stress. It is possible that the lack of influence of stress on amygdala-
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fusiform functional connectivity observed here might have to do with temporally variable
effects of stress. Quaedflieg et al., 2015 reported on how resting state amygdala
functional connectivity is altered in a time dependent manner following exposure to acute
stress. Using an EEG paradigm, Shackman, Maxwell, McMenamin, Greischar and
Davidson found that stress caused an initial amplification of N1 signal (184-236 ms)
followed by an attenuation of the P3 signal (316-488 ms) during a visual discrimination
task with potential threat of electric shock. The authors interpreted this finding as initial
hypervigilance towards the stress followed by a disruption of cognitive processing. Since
fMRI data while viewing emotional faces was collected after the stress inducing block
and the faces task appeared for a longer duration (48s) than the stress block (30s) (a total
duration of 78s since the initiation of stress), it is possible that the initial potentiating
effects of stress on the amygdala-fusiform connection might have shifted towards
attenuating effects on visual attention with time, resulting in no change overall across the
whole task block. Further supporting this argument, previous studies reporting on stress
related enhancement of activation within the fusiform gyrus and/or the amygdala were
designed to use shorter durations of stimulus presentation e.g., 133 msec for each of 10
different faces presented (Hein J F van Marle et al., 2009) and 20 faces presented at 1.5
msec per face for a total of 30 msec (Mather, Lighthall, Nga, & Gorlick, 2010) and
presentation of distinct faces every 0.5 s for a total duration of 25 s (Henckens, van
Wingen, Joels, & Fernandez, 2010). Future research will need to investigate the specific
temporal effects of stress on functional connectivity between the amygdala and the

fusiform gyrus in order to draw more definitive conclusions.
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While the preliminary results indicate that stress does not have a role in altering the
functional connectivity between the amygdala and the fusiform gyrus, the cohort of
participants examined here were all healthy with no previous or current medical or
psychiatric history. It would be interesting to explore how stress might affect the
functional connectivity between the amygdala and fusiform gyrus in individuals with
anxiety, posttraumatic stress disorder and depression. With these explorations, newer
insights into the neuropathophysiological mechanisms underlying these conditions could
be developed. Combined with the knowledge of potential ways to manipulate these
systems, such as regulation of stress response through the noradrenergic system that has
direct effects on the amygdala (Onur et al., 2009; Van Stegeren et al., 2005), this opens
newer avenues to develop treatments addressing some of the core features of these

disorders.

LIMITATIONS

The results of this studies must be interpreted with caution considering that there are
some limitations. The sample size, especially number of males in the S-allele group, was
somewhat small. Future studies will want to replicate the methods employed here in a
larger sample to draw more definitive conclusions. While the MIST paradigm is known
to induce stress with consistent cortisol responses (Dedovic, Rexroth, et al., 2009), for

this study, we did not have reliable cortisol levels available for the participants.

SUMMARY
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The current study explored whether stress upregulated the functional connectivity
between the amygdala and the fusiform gyrus while viewing emotional faces. The
additional influence of gender and genotype were also explored. Preliminary results
indicate that stress does not influence the functional connectivity strength between the
amygdala and fusiform gyrus. Stress did increase activation in the left amygdala in a
gender and genotype specific manner. Future studies will need to explore the effects of
stress on functional connectivity between the amygdala and fusiform gyrus during facial
emotion recognition in clinical populations. This will subsequently help develop
mechanisms to better treat conditions ranging from phobias to depression, anxiety and

post-traumatic stress disorder.
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CHAPTER FIVE:

CONCLUSIONS AND FUTURE DIRECTIONS

Stress is known to negatively affect physiological and psychological processes in humans
and has been implicated in a wide array of disorders, ranging from cardiovascular,
immunological to neuropsychiatric such as anxiety, depression and post-traumatic stress

disorder (Cohen et al., 2007; Dimsdale, 2008).

Since the brain is the obligate primary organ that perceives and responds to stress,
considerable research has gone into understanding the neural underpinnings of stress
pathology. Studies have reported on the changes in structural volume (Arnsten, 2009;
McEwen et al., 2016) and mean activation in specific regions of the brain following stress
exposure (Henckens et al., 2009; Oei et al., 2012; Ossewaarde et al., 2011; Shaozheng
Qin et al., 2009; Hein J F van Marle et al., 2009). Resting state functional connectivity
changes following stress exposure have also been reported (Golkar et al., 2014;
Quaedflieg et al., 2015; Soares et al., 2013; Vaisvaser et al., 2013; H. J F van Marle et al.,
2010; Veer et al., 2011, 2012). In general, stress is associated with hypervigilance and
narrowed, focused attention. As a result, conditions of stress can cause impairment in
performance on tasks requiring cognitive flexibility, i.e., being able to sift through
various presented solutions and form associations that are not readily available in order to
arrive at an appropriate solution. The first two studies presented here looked at the effect

of stress on functional connectivity during tasks requiring cognitive flexibility.
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In the first study, healthy participants underwent functional magnetic resonance imaging
while performing letters and categories fluency tasks immediately following exposure to
a stressor block (MIST) on one day and a no stress control block on another day. Though
there were no significant differences in the number of words generated in either of the
tasks under stress and no stress, we did find specific differences in neural activation and
functional connectivity associated with verbal fluency task performance under stress and
no stress. Results from the study reveal that during letter fluency task, stress appears to
place additional load on long distance functional connections, such as between the left
inferior frontal gyrus and the left fusiform gyrus during verbal fluency tasks.
Additionally, males were found to strengthen a shorter distance functional connection
between the left inferior frontal gyrus and the left parietal lobe under stress, indicating a
possible compensatory effect for the reduced activation observed in the parietal lobe
following exposure to stress. This then begins to reveal specific neural underpinnings for
differential stress susceptibility among the genders. During category fluency tasks, stress
was found to impair connectivity between the left inferior frontal gyrus and the left
middle temporal gyrus in a gender and genotype specific manner. These observations
raise important questions on how gender and genotype might affect neuroimaging
markers of and neural mechanisms involved in the negative effects of stress in situations
that require greater levels of verbal fluency such as during public speaking (Faigel, 1987,
1991; Laverdure & Boulenger, 1991). It also opens up newer avenues towards
understanding the mechanism of action of therapeutic interventions, not only in healthy

individuals but also in anxiety prone clinical populations.
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The second study examined the neural correlates of the effects of stress on cognitive
flexibility. As with the first study, healthy participants were exposed to the Montreal
Imaging Stress Test (MIST) to induce stress (and on a separate day, a no stress control
task) immediately followed by task blocks consisting of the Compound Remote
Associates task. The compound remote associates task requires searching through a wide,
distributed network in order to come up with a single solution that forms a compound

word with each of the three presented prompts.

Since stress is associated with heightened arousal and narrowed focus (Martindale &
Greenough, 1973), the ability to access such a distributed network in order to solve the
CRA tasks is compromised during stress (J. K. Alexander et al., 2007). Therefore, stress
would have direct effects on the neural correlates of such verbal problem-solving tasks
requiring cognitive flexibility. While the results of the study do not show differences in
number of problems solved correctly under stress and no stress, we did observe a trend,
driven by nonsignificant effects in opposite directions across genotypes, for genotype
specific effects on solution latency for correct solutions under stress and no stress.
Results from the study reveal that the effect of stress on the neural correlates of verbal
problem solving is influenced by gender and genotype with stress significantly
decreasing the strength of functional connectivity in regions involved in frontal
attentional control in S-allele males compared to S-allele females and L-allele males.
Frontal control exerted during cognitive flexibility tasks that require searching through a
wide conceptual space help with staying on task and a decrease in functional connectivity

strength in this connection could begin to explain the individual differences in the
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mechanisms associated with the effects of stress on cognition. Once again, while looking
at therapeutic interventions to optimize flexible thinking in unfavorable circumstances,
the specific influences of gender and genotype need to be taken into consideration due to

the differences in neural correlates associated with these factors.

The third study explored how stress affected functional connectivity between the
amygdala and fusiform gyrus while viewing emotional faces. Previous studies have
reported on enhanced amygdala activation while viewing emotional faces under stress
(Cousijn et al., 2010; Hein J F van Marle et al., 2009; Whalen et al., 2001). This study
explored if the enhanced amygdala activation translates to upregulated functional
connectivity with the fusiform gyrus, and subsequently, increased attention to negative
stimuli. While gender and genotype related differences in activation in the left amygdala
were noted, functional connectivity upregulation between the amygdala and fusiform
gyrus was not observed. A potential explanation for this observation could be the
temporal dynamics of effect of stress on amygdala functional connectivity, as has been
reported in previous studies. For example, resting state functional connectivity of the
amygdala has been reported to be altered by exposure to acute stress in a time dependent
manner. Immediate changes in connectivity following to exposure to stress were
observed between amygdala and ventrolateral prefrontal cortex, ventral posterior
cingulate cortex, cuneus, parahippocampal gyrus and culmen. However, 30 minutes
following exposure to the acute stressors, changes in functional connectivity were
reported between the amygdala and the dorsolateral prefrontal cortex, anterior cingulate

cortex, hippocampal complex, cuneus and presupplementary motor area (Quaedflieg et
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al., 2015). Future studies monitoring amygdala functional connectivity changes over

shorter durations of time following stress exposure will be required to address this issue.

While the studies presented here looked at healthy participants, these investigations have
similar if not greater significance in clinical populations. Examining the neural correlates
of stress during verbal fluency in patient populations with anxiety and depression may
help elucidate the neuropathophysiology underlying such conditions and serve as a
potential marker for clinical populations. Furthermore, heightened amygdala response to
emotional faces is a classic characteristic of a number of neuropsychiatric conditions such
as post-traumatic stress disorder (Bryant et al., 2008; Rauch et al., 2000) and generalized
anxiety disorder (Monk & Telzer, 2008). Understanding what drives this hyper-
responsiveness (factors such as gender and genotype) as well as the subsequent effects of
this hyper reactivity on other brain regions could help clarify the neuropathology behind
the development of stress associated disorders such as phobias, anxiety and depression.
With the availability of pharmacological interventions that are known to affect amygdala
activity (Onur et al., 2009; Van Stegeren et al., 2005), future research will have to look
into sorting out the array of potential markers of stress susceptibility. As mentioned
previously, though pharmacological interventions such as the use of the beta-adrenergic
antagonist, propranolol, are known to rescue the negative effects of stress on cognitive
performance, they are found to be effective only in specific conditions such as when the
problems presented are at a greater level of difficulty (Campbell et al., 2008) or when

there is increased noradrenergic tone from cocaine withdrawal (Kelley et al., 2007).
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Therefore, a more comprehensive study of the specific effects of stress on the neural

correlates of cognition is warranted.

Future studies will need to replicate the findings here in bigger sample sizes in order to
draw more definitive conclusions and validate the utility of functional connectivity as a
biomarker for increased stress susceptibility in certain settings. While results from the
studies presented here begin to elucidate the influence of gender and serotonin transporter
polymorphisms on neural correlates of stress susceptibility during cognitive tasks, in
order to gain a more comprehensive understanding of stress susceptibility, and to further
validate functional connectivity as a biomarker of stress susceptibility, a number of other
factors will need to be considered. In an animal model, Inglis & Moghaddam, 1999
showed that acute stress caused significantly greater release of dopamine in the amygdala
than other areas of the brain with dopaminergic innervation. Additionally, dopamine, its
receptor systems and associated genes are also known to have specific influences on
cognitive flexibility tasks (Beversdorf, 2018). Therefore, future studies should consider
modulation of dopaminergic systems in order to evaluate its effect on cognitive abilities

under stress.

The influence of early life stress as well as prenatal stress on stress susceptibility is an
area of extensive research. Early life adversity has been associated with long term
changes in stress susceptibility and reactivity, leading to increased risk for psychiatric
conditions such as post-traumatic stress disorder and major depression (Pechtel &

Pizzagalli, 2011). J. C. Pruessner et al., 2010 reported that dopamine release in
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mesolimbic regions in response to stress was characteristic of individuals with increased
stress sensitivity arising from possible self-reported lower maternal care during early life.
Early life stress has been reported to produce robust alterations in functional connectivity
and structural volume within the brain (Admon et al., 2013; Fan et al., 2014, 2015)
further elucidating the potential use of neuroimaging as a biomarker for stress
susceptibility. Additionally, influence of early life stress on neural responses has also
been studied as a potential marker for prediction of treatment response with oxytocin
(Grimm et al., 2014). This study reported that oxytocin, meant to relieve the negative
effects associated with stress, caused an opposite response in patients who had
experienced early life stress, such as childhood maltreatment by causing extensive
activation of the limbic system. Another factor to consider would be in utero exposure to
stress which can also have a major impact of subsequent development of stress related
and other neuropsychiatric disorders and therefore, cognitive ability (Bock, Wainstock,
Braun, & Segal, 2015; Fine, Zhang, & Stevens, 2014). The influence of early life stress
on stress sensitivity and susceptibility in later life is therefore, an important factor to

consider when studying potential markers for stress susceptibility.

In the studies presented here, information on the phase of menstrual cycle for females
was not available. Reliable data on the use of birth control medication was also
unavailable. Both these factors are known to impact stress response, cognition and
emotion in females (Goldstein, Jerram, Abbs, Whitfield-gabrieli, & Makris, 2010; ter
Horst, de Kloet, Schachinger, & Oitzl, 2012; Toffoletto, Lanzenberger, Gingnell,

Sundstrom-poromaa, & Comasco, 2014; N C Vamvakopoulos & Chrousos, 1993;
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Nicholas C Vamvakopoulos & Chrousos, 1994; Weis, Hausmann, Stoffers, & Sturm,
2011) and are therefore, important considerations for future studies looking to examine

neural correlates of stress effects on cognition.

There are some preliminary studies examining the effects of stress on neurovascular
coupling within the brain (Elbau et al., 2018). A more extensive examination of these
possible variations in neurovascular coupling due to stress is warranted in order to further

validate the use of neuroimaging as a biomarker for stress susceptibility.

It is also worth noting that apart from the serotonin transporter gene considered here, a
number of other genes are involved in regulating stress related neural activity such as the
COMT Val**®Met genotype, involved in breaking down of catecholamines such as
dopamine and norepinephrine, known to influence resting state connectivity and working
memory (Hernaus et al., 2013; Shaozheng Qin et al., 2012) and polymorphisms of the
ADRAZ2B gene encoding the alpha2B-adrenergic receptor reported to differentially
modulate activity in the amygdala and hippocampus during emotional memory retrieval
under stress (Li, Weerda, Milde, Wolf, & Thiel, 2015). Future studies will need to
incorporate more comprehensive genomic profiles to understand how the presence of

these genes might affect individual susceptibility to stress and cognitive functioning.

Information about the influence of these potential factors on the neural correlates of stress
susceptibility and sensitivity during cognitive functioning will help in the creations of

neuropharmacogenomic profiles of stress susceptibility for individuals. These in turn,
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will help identify and target the specific pathways affected in each individual, thereby,
paving way towards developing more targeted therapeutic interventions in the treatment

of stress related cognitive deficits and disorders.
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