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ARTICLE INFO ABSTRACT

Handling Editor: Dr R Victoria Risbrough Physiological and psychological stressors can exert wide-ranging effects on the human brain and behavior.

Research has improved understanding of how the sympatho-adreno-medullary (SAM) and hypothalamic-

Keywords: pituitary-adrenocortical (HPA) axes respond to stressors and the differential responses that occur depending
Neuromodulation on stressor type. Although the physiological function of SAM and HPA responses is to promote survival and
Stress . safety, exaggerated psychobiological reactivity can occur in psychiatric disorders. Exaggerated reactivity may
Intervention . = . .

+TMS occur more for certain types of stressors, specifically, psychosocial stressors. Understanding stressor effects and

DCS how the body regulates these responses can provide insight into ways that psychobiological reactivity can be
modulated. Non-invasive neuromodulation is one way that responding to stressors may be altered; research into
these interventions may provide further insights into the brain circuits that modulate stress reactivity. This re-
view focuses on the effects of acute psychosocial stressors and how neuromodulation might be effective in
altering stress reactivity. Although considerable research into stress interventions focuses on treating pathology,
it is imperative to first understand these mechanisms in non-clinical populations; therefore, this review will
emphasize populations with no known pathology and consider how these results may translate to those with

psychiatric pathologies.

1. Stress regulation
1.1. Overview

Stress is one of the most significant contributors to 21st century
health problems. Stress reactivity occurs via multiple mechanisms
(McEwen, 2007). In humans, stressors represent any threat to
well-being, or any real or perceived disruption of physiological ho-
meostasis (Goldstein and McEwen, 2002; Myers et al., 2012). Homeo-
stasis is regulated by multiple brainstem nuclei that respond during
departure from physiologic set-point (Chrousos and Gold, 1992; Park
et al., 2020). Physiologic stressors (e.g. injury, exercise) often affect
physiologic set-points, such as temperature, blood volume, blood pres-
sure, and pH (Davies, 2016). Psychosocial stressors (e.g. public
speaking) disrupt homeostasis indirectly by perturbing emotional bal-
ance, which then modifies physiological responses (McKlveen et al.,
2013, 2015). In contrast to disruptions of physiological homeostasis,
responses to psychosocial stressors begin in higher brain regions such as
the prefrontal cortex (PFC) and inter-connected limbic nuclei. Despite

this difference in origin, there is considerable overlap between the
physiological systems and neurotransmitters involved in both physio-
logical and psychosocial stress responses (Ulrich-Lai and Herman,
2009).

Responses to stressors are produced by the sympatho-adreno-
medullary (SAM) axis and hypothalamic-pituitary-adrenocortical
(HPA) axis. The SAM-axis mediates immediate responses to stressors
(within seconds) via increased sympathetic nervous system (SNS) acti-
vation and decreased parasympathetic nervous system (PNS) activation
(Carlson and Kraus, 2021; McCorry, 2007). The most abundant SNS
neurotransmitters in the body are norepinephrine (NE) and epinephrine
(E), which activate adrenergic receptors (Baak, 2001), and produce ef-
fects that depend on receptor subtype(s) and effector organ. Consistent
acute responses include increased respiration, increased heart rate,
blood pressure, and pupil dilation (Guyenet, 2006; Guyenet et al., 2013;
Janig, 2006; Molina, 2005; Ziemssen and Siepmann, 2019). In contrast
to immediate SAM responses, HPA-axis responses occur over minutes to
hours. During HPA axis activation, the adrenal cortex releases gluco-
corticoids, especially cortisol (Keller-Wood and Dallman, 1984).
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Glucocorticoids act on glucocorticoid receptors, ubiquitous throughout
the brain and periphery, which regulate genes involved in development,
inflammation, and immune response (Dickerson and Kemeny, 2004;
Kadmiel and Cidlowski, 2013; Uchoa et al., 2014). Effects of glucocor-
ticoids occur in two stages (Joéls et al., 2012). Immediate effects peak
20-30 min after stressor onset and reflect glucocorticoid binding to
membrane-bound receptors, which induces rapid, non-genomic effects
such as alterations in adrenergic receptor trafficking to the membrane
(Joéls et al., 2013). Delayed genomic effects occur due to glucocorticoid
binding to cytoplasmic receptors; these effects begin >1 h after stress
onset and continue for several hours resulting in changes in gene tran-
scription and translation (Groeneweg et al., 2012; Hermans et al., 2014).

1.2. Acute stress in humans

1.2.1. Neural regulation of acute stress response

The various neural mechanisms associated with acute stress are
detailed elsewhere (Dedovic et al., 2009a; Herman et al., 2012; Myers
et al., 2012; Shirazi et al., 2015; Ulrich-Lai and Herman, 2009). Here, we
briefly outline key brain regions that regulate acute stress responses to
provide a foundation for discussing the effects of neuromodulation.
Neural regulation and responses to stressors may differ based on the
stressor type; due to the substantial impact of psychosocial stressors on
people with psychiatric disorders, this narrative review will focus on
mechanisms that are relevant to psychosocial stressors in healthy per-
sons (see Table 1 for a list of key psychosocial stressors). We know that
neural responses to stressors can vary depending on underlying patho-
physiology; therefore, it is important to review these mechanisms in
healthy persons to ensure a thorough understanding of how different
pathophysiology impacts these responses. Although SAM and HPA re-
sponses are differentially controlled, there is overlap in their regulation
at a neural level, and changes in one system are typically mirrored by
changes in the other.

The neural stress response can be broadly viewed as consisting of
three levels of regulation (Ulrich-Lai and Herman, 2009). Fig. 1 shows
details of key regions involved in this regulatory system. The first ‘bot-
tom-up’ stage is monitored via the brainstem, which responds to signals
of homeostatic imbalance, e.g. pain and inflammation (Myers et al.,
2017; Petrovic et al., 2004; Salcido et al., 2018). Some imbalances can
be life-threatening (e.g. hemorrhage) so immediate response is required
and reflex arcs control rapid initial SNS responses (Ziemssen and Siep-
mann, 2019). Brainstem connections to sites in the midbrain and fore-
brain integrate, modulate, and monitor SAM responses (Herman et al.,
2005; McKlveen et al., 2013, 2015; Ross and Van Bockstaele, 2020;
Ulrich-Lai and Herman, 2009).

The hypothalamus plays a major role in the second or ‘middle-
management’ level of psychosocially-mediated SAM and HPA responses
(Ulrich-Lai and Herman, 2009). The hypothalamus and bed nucleus of
the stria terminalis (BNST) are key integrators at this level. The BNST is
a grey matter structure within the extended amygdala, which is a relay
site for HPA-axis responses (Crestani et al., 2013; Dumont, 2009; Lebow
and Chen, 2016). Limbic modulation of the HPA-axis is primarily
mediated by BNST subregions that serve distinct roles in the stress
response (Choi et al., 2007; Herman et al., 2003).

There is a complex interplay between signals that modulate SAM and
HPA-axis basal tone and responses to stressors. Whereas the hypothal-
amus and BNST integrate these signals, forebrain areas including the
PFC, amygdala, and hippocampus are responsible for ‘top-down’ regu-
lation of these responses (Herman et al., 2005; Ulrich-Lai and Herman,
2009). These forebrain areas process higher-order sensory inputs
alongside ascending inputs and modulate responses to physiological and
psychological stressors. As psychosocial stressors indirectly influence
physiological measures of homeostasis, there is no recognition of ‘psy-
chosocial stress’ via brainstem pathways; however, SAM and HPA cir-
cuits are activated. Outputs from limbic areas such as the amygdala and
hippocampus converge on subcortical sites responsible for ‘middle
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management’ of stress responses and their roles depend on the subre-
gion activated and stressor type (Dayas et al., 1999, 2001; Herman and
Mueller, 2006; Prewitt and Herman, 1997; Sawchenko et al., 2000; Xu
et al., 1999).

Neural systems that regulate stress responding can be divided by the
type of activity that is regulated (SAM or HPA-axis), type of stress
recognized (physical vs. psychological), and direction of regulation
(activation or inhibition) (Choi et al., 2007; Herman et al., 2003, 2005;
Jacobson and Sapolsky, 1991; Pacak, 2000; Sawchenko et al., 2000;
Ulrich-Lai and Herman, 2009). Importantly for this discussion, psycho-
social stressors have a primarily ‘top-down’ effect, wherein forebrain
areas process the stressful experiences first, resulting in indirect alter-
ation of physiological measures of homeostasis. This top-down initiation
of the stress response highlights an important mechanism through which
neuromodulation could be used to modulate these stress responses. With
this broad understanding of stressor response and regulation, we next
focus on experimental induction of acute stress and its direct effects on
physiological and psychological responses.

1.2.2. Importance of managing responses to stressors

Physiological responses to stressors can promote survival and safety,
but can also produce negative psychobiological effects and facilitate
development or exacerbation of psychiatric disorders (Jacobson, 2014;
McEwen and Morrison, 2013; Pacak and Palkovits, 2001). Chronic
stress-response activation through prolonged or repeated exposures can
induce a different, sometimes opposite, series of effects. Although the
role of chronic stress in psychiatric disorders and pathological behavior
is integral to understanding stress reactivity, it is covered elsewhere
(Conrad, 2010; Conrad et al., 2017; Herman, 2013; Lupien et al., 2018;
Picard et al., 2021; Vyas et al., 2016).

This review focuses on the effects of acute psychosocial stressors and
the potential for neuromodulation to alter reactivity to these stressors,
thereby providing insights into the brain circuits that modulate stress
reactivity. Considerable research into stress interventions focuses on
treating or preventing pathology, but it is important to first understand
these mechanisms in non-clinical populations; therefore, this review will
emphasize populations with no known pathology and consider how
these results may translate to those with different psychiatric
pathologies.

2. Effects of acute stressors
2.1. Types of experimental stress

To investigate the effects of acute stressors on human physiological
and behavioral responses, it is necessary to identify experimental in-
terventions that recapitulate effects of ecological stress. Notably, studies
show that destruction of ascending brainstem catecholaminergic neu-
rons significantly reduces HPA-axis responses to stressors that cause
physiological homeostatic imbalance; however, this destruction does not
alter HPA-axis response to psychological stress, which illuminates
distinct regulation of stress reactivity (Herman et al., 2003; Ritter et al.,
2003). Psychosocial stress arises from the psychological need to be
affiliated with others and is therefore defined as any type of social
threat, which includes social evaluation, social exclusion, social defeat,
and goal-focused performance evaluation (Kogler et al., 2015).

The development of reliable experimental psychological stressors is
complicated because, compared to physical stressors, there is substantial
interindividual response variability. Although precise methods of psy-
chosocial stress induction vary, Table 1 shows the most common types of
psychosocial stressor and their effects. The most experimentally ad-
vantageous psychosocial stress-induction procedures should induce
stress responses (i.e. be effective) for the majority of the population. In
general, evaluation of the efficacy of psychosocial stress induction fo-
cuses on key markers of SAM and HPA-axis activity: serum ACTH,
cortisol, and catecholamines (Clemens Kirschbaum et al., 1993; Mutti
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Table 1
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Overview of methods and effects of common psychosocial stressors used to experimentally induce stress in human subjects.

Stressor Category Stressor Description Control Approximate Effects of Stressor on Evidence of
Duration Habituation on:
Affect/Cognition Physiology
Trier Social Public speaking, 1. Prepare speech to Friendly TSST Stressor: 10 Affective: | SAM: 1 HR & BP, Affect/Behavior:

Stress Test mental arithmetic,

(TSST) anticipation, social
evaluation
Critical Social evaluation
Feedback

Paced Auditory Mental arithmetic
Serial Addition

Task (PASAT)

Cyberball Social exclusion

Iowa Singing
Social Stress
Test (I-SSST)

Public "speaking",
social evaluation

Simple Singing
Stress Test

Public "speaking",
social evaluation

(SSST)

Socially Physiologically
Evaluated challenging, Social
Cold-Pressor evaluation

Group Tests
(SECPT)

give to a panel of judges

2. Present speech to a
panel of assessors

3. Mental arithmetic
task in front of judges

Participants receive
negative feedback
during a trial, ranging
from after completion
of a task to self-criticism
1. Participants listen to
audio recording and are
given a number about
every 3 s

2. Must add the number
they most recently
heard with the one
heard before

1. Participants play an
online ball/frisbee
tossing game with
fictitious others where
they are typically "left
out"

2. Complete
questionnaire
afterwards about how
they felt during the
game

1. Participants
presented with a series
of neutral messages on
a screen, with 1-min
intervals between each
message block

2. Last message block
instructs the participant
to sing out loud

1. Participant told to
think of a song to sing to
experimenter, given 60-
sec to prepare

2. Participant recorded
singing to experimenter
3. Portions of recording
are played back

4. Participants
informed that they
would have to sing
again at the end and be
assessed

While being recorded,
participant instructed
to submerge hand into
ice water while silently
staring into camera
until told to stop

Neutral or positive
feedback

N/A

Inclusion or fair
play

N/A

Reading lyrics out
loud

Warm water, no
videotaping,
duration is
disclosed

min
anticipation, 10
min test

Effects: 30-60
min

Stressor: 8 min

Effects: ~15
min

Stressor: Up to
5 min

Effects: 20-30
min”

Stressor: 3 min
per condition

Effects: 15-45

min”

Stressor: ~15
min total, 20 s
singing

Effects: 30-45
min

Stressor: ~5
min
Effects: ~45
min

Stressor: 3 min

Effects: 60 min

mood, 1 stress
and anxiety

Cognitive:
Impaired
working
memory,
cognitive
flexibility, and
cognitive
inhibition
Affective: |
mood, 1 stress
and anxiety
Cognitive: ?

Affective: 1
stress and anxiety

Cognitive:
Impaired
working
memory, no
effect on
cognitive
inhibition
Affective: |
mood and 1
anxiety

Cognitive:
Impaired
working memory

Affective: |
mood, 1 stress
and anxiety

Cognitive: ?

Affective: 1
stress and anxiety

Cognitive: ?

Affective: |
mood, 1 stress

Cognitive:
Impaired
working memory

inconsistent HRV
findings

1 salivary
a-amylase, plasma
adrenaline &
noradrenaline
HPA-Axis: 1
cortisol & ACTH

SAM: | HRV

HPA-Axis: No
effect on cortisol
SAM: 1 HR & BP, |
HRV

HPA Axis: No
cortisol response

SAM: 1t HR & BP, 1
respiratory rate &
skin conductance,
1 salivary
a-amylase

HPA-Axis: 1
salivary cortisol

SAM: 1 HR, no
effect on BP

1 in skin
conductance;
overall 1 SAM
activity
HPA-Axis: 1
salivary cortisol

SAM: 1t HR & BP, 1
respiratory rate &
skin conductance

HPA-Axis: 1
salivary cortisol

SAM: t HR & BP,

HPA-Axis: 1
cortisol & HPA axis
activation

No change in
subjective stress

Physiology: |
HRV, HR, and HPA
response; no change
in SAM response
NOTE: modified
rTSST created for
repeated use

Affect/Behavior: ?

Physiology: ?

Affect/Behavior: |
stress & anxiety

Physiology: No
change in
cardiovascular
reactivity

Affect/Behavior: ?

Physiology: ?

Affect/Behavior: ?

Physiology: No
effect on cortisol
response
Affect/Behavior: ?

Physiology: ?

Affect/Behavior:
No effect on
subjective stress
Physiology: | HR
reactivity, no effect
on BP or cortisol

(continued on next page)
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Table 1 (continued)
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Stressor Category Stressor Description Control Approximate Effects of Stressor on Evidence of
Duration Habituation on:
Affect/Cognition Physiology
and cognitive
inhibition
Montreal Mental arithmetic, 1. Participants Lack of social Stressor: 2-6 Affective: | SAM: 1 HR & BP, | Affect/Behavior:

Imaging Stress
Task (MIST)

Maastricht Acute
Stress Test
(MAST)

Yale
Interpersonal
Stressor Task
(YIPS)

Social evaluation

Physiologically
challenging, Social
evaluation

Social evaluation,
Social exclusion

complete a series of
mental arithmetic tasks
with induced failure
algorithm

2. Social evaluative
threat presented by the
investigator and within
the program

1.5-min preparation
phase

2. Five SECPT-like trials
from 60 to 90 s

3. Between immersion
trials, TSST-like mental
arithmetic trials with
negative feedback

1. Discussion on a given
topic presented by the
experimenter to
participant and 2
confederates

2. During discussion,
confederates employ
exclusion techniques
against the participant
3. Participant
completed BSPQ

evaluative threat
(e.g. no negative
feedback)

Lukewarm water;
Simple counting,
no negative
feedback

Given page of
randomly typed
letters and asked
to circle every fifth
"e" for 5 min

min per run

Effects: ~45
min”

Stressor: 5 min
preparation, 10
min exposure
Effects: ~30
min

Stressor: Exp.
#1: 5 min
discussion

Exp. #2: 15 min

Effects: ~30
min

mood, 1 stress
and anxiety

Cognitive:
Impaired
memory
retrieval, no
effect on short-
term memory
Affective: |
mood, 1 stress
and anxiety
Cognitive: No
effect on working
memory

Affective: |
mood, 1 stress
and anxiety

Cognitive: ?

HRV 1 stress-
induced dopamine
release; 1 skin
conductance

HPA-Axis: 1

cortisol”

SAM: 1 HR & BP,

1 salivary o

-amylase

HPA-Axis: 1

salivary cortisol

SAM: t HR & BP

HPA-Axis: 1
salivary cortisol

No effect on mood
or stress
Physiology: | in
HR and HRV
reactivity, | HPA-
axis

NOTE: modified
rMIST created for
repeated use

Affect/Behavior:
No effect on stress
or mood

Physiology: No
effects on
a-amylase or
cortisol
Affect/Behavior: ?

Physiology: ?

“?” indicates published data on these outcomes could not be identified by the authors at this time.

Abbreviations: HR: heart rate, HRV: heart rate variability, BP: blood pressure, ACTH: adrenocorticotropic hormone, HPA-axis: hypothalamic-pituitary-adrenocortical
axis, SAM: sympatho-adreno-medullary axis.

References: TSST: Allen et al. (2014), 2017; Giles et al. (2014); Clemens Kirschbaum et al., 1993; Labuschagne et al. (2019); Narvaez Linares et al. (2020); N Y L Oei
et al. (2006); Plessow et al. (2011), Critical Feedback: Chris Baeken et al., 2018; Chida and Hamer (2008); De Raedt et al. (2017); Nummenmaa and Niemi (2004),
PASAT: Bachmann et al. (2019); Diehr et al. (1998); Gallagher et al. (2018); Hendrawan et al. (2012); Lockwood et al. (2004); Mathias et al. (2004); Tombaugh (2006),
Cyberball: Eres et al. (2021); Helpman et al. (2017); K. D. Williams and Jarvis (2006); Williamson et al. (2018); Zadro et al. (2004); Zoller et al. (2010), I-SSST and
SSST: Brouwer et al. (2018); Brouwer and Hogervorst (2014); Jump and Dockray (2021); Le et al. (2021); Reschke-Hernandez et al. (2017); Sequeira et al. (2021); van
der Mee et al. (2020); SECPT: Boyle et al. (2016); Giles et al. (2014); Meir Drexler et al. (2017); Minkley et al. (2014); Schwabe and Schéchinger (2018), MIST: De
Calheiros Velozo et al. (2021); Dedovic et al. (2005); Dedovic, D’ Aguiar et al., 2009; Nair et al. (2020); Nitschke et al. (2020); Noack et al. (2019), MAST: Bali and Jaggi
(2015); Meyer et al. (2013); C. W.E.M. Quaedflieg et al. (2017); Conny W.E.M. Quaedflieg et al. (2013); Shilton et al. (2017); Smeets et al. (2012), YIPS: Stroud et al.

(2000); Zwolinski (2008)..
@ indicates that effects were measured up to this time.

et al., 1989). Meta-analysis of psychological stress induction suggests
the Trier Social Stress Test (TSST) may be the most reliable when
considering these biomarkers (Allen et al., 2014; Birkett, 2011; Dick-
erson and Kemeny, 2004). However, neuroimaging studies demonstrate
that different types of psychosocial stress induction may activate
different neural regions depending on the type of threat, which provides
some insight into the complexity of stress-related responses (Noack
et al., 2019). Studies that have examined subjective measures of stressor
effects (e.g. drug craving) across different populations have found
varying results (Sinha, 2009; Sinha et al., 1999, 2011). These findings
suggest optimal stress-induction methods may differ depending on the
population and the outcomes of interest.

Despite improvements upon experimental methods of stress induc-
tion, one concern with both physical and psychosocial stressors is their
inconsistency (Harris et al., 2005; Liu et al., 2017; Skoluda et al., 2015;
Takai et al., 2004; van Stegeren et al., 2008). Although these methods
have improved our basic understanding of stress responses, their utility
is limited as effects of each stressor vary between and within subjects.

Giles et al. (2014) compared responses to three commonly-used stressors
(TSST, cold pressor test [CPT], and mental arithmetic) and found
different biobehavioral responses to each stressor (Giles et al., 2014).
This inconsistency between different stressors has been replicated in
multiple contexts (Singh et al., 1999; Skoluda et al., 2015). As suggested
by Skoluda et al., 2015) some of these differential responses may be
partly due to distinct profiles of HPA and SAM activation. Furthermore,
discordant findings between physiological indices (e.g. serum cortisol)
and subjective indices (e.g. perceived stress), is unsurprising given the
different ways in which the responses to stressors are regulated
(Campbell and Ehlert, 2012). Discrepant outcomes between tasks and
other major limitations such as lack of placebo-control, brief duration of
effect, inability to manipulate stressor severity, and habituation
contribute to disparate findings and small effect sizes reported in
meta-analyses (Boesch et al., 2014; Gerra et al., 2001; Shields et al.,
2016a).

Although there are limitations to experimentally-induced psycho-
social stress and discrepancies between physiological and behavioral
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Top-Down B B Fig. 1. Overview of key levels involved in neural
; Top-D: .
PFC > Amy FS— e regulation of responses to acute stressors
Inhibiti T HR e .
PFC-LC e ponae Abbreviations: mPFC: medial prefrontal cortex,
dACC — BNST S — vmPFC: ventromedial prefrontal cortex, dmPFC: dor-
[dmPFC - BNST - .. .
568 w Tiipo Stimulation - 1 HR and somedial prefrontal cortex, dIPFC: dorsolateral pre-
BP response T
AmPFC > Hypo frontal cortex, ACC: anterior cingulate cortex, BNST:
e —= _—
VMPFC - Hypo / i i is, .
P bed nucleus of the stria terminalis, Amy: amygdala,
[ Ac HIP: hippocampus, Hypo: hypothalamus, PVN: para-
Middle-Management - /7 e B ventricular nucleus of the hypothalamus, CRF:
mi \ —
A= o PUN corticotropin-releasing factor, BHM: brainstem ho-
HIP - BNST . .
[ ﬁ 4 meostatic monitors, MO: medulla oblongata, PAN:
- ) pad TAN
% H i
e S BT = pre-autonomic neurons.
BNST - PVN
my - LC
LC — vmPFC
Bottom-Up
©PUN Output Systems
SAM: PVN integrates bottom-up (e.g. brainstem)
jBrainstem — Hypo signals and top-down (e.g. PFC) signals from To
Brainstem  LC multiple midbrain nuclei and projects to ANS P'Egaﬂ%l:o‘rglc
targets in the brainstem and spinal cord to Syr'l‘:fro"es e
stimulate SAM
HPA: BNST projects to PVN, where CRF
containing neurons signal HPA-axis response;
Results in stimulation of ACTH from the anterior Bottom-Up
pituitary

responses to these varying methods of inducing stress, all approaches
have advanced understanding of the effects of acute stressors on phys-
iological, behavioral, and cognitive outcomes. Next, we will evaluate
effects of acute stressors on cognitive, and emotional outcomes and the
theorized mechanisms for these effects.

2.2. Effects of stressors on

2.2.1. Neural activity

Characterizing neurophysiological responses to acute stressors may
help explain certain cognitive and behavioral changes that occur under
stress. Neural effects of stressors differ considerably depending on
multiple factors including stress type and study population (Dedovic
et al., 2009b; Noack et al., 2019; Wang et al., 2007); therefore, this re-
view presents data only from healthy subjects unless otherwise speci-
fied. A condensed but comprehensive way to explore the CNS response

to acute stressors is by reviewing key neural networks. The triple model
of acute stress highlights three neural networks that play key roles in
cognitive functioning (Menon, 2011). Fig. 2 illustrates the associated
nodes of each network and their responses to acute stressors; each
network will be briefly discussed (for an exhaustive review see: (van
Oort et al., 2017).

The Default Mode Network (DMN) is active during rest and is
important for self-referential mental activity (Menon, 2011; Raichle
et al., 2001). The DMN consistently shows deactivation during
goal-directed cognitive tasks (Hermans et al., 2014); this switch from
DMN to other networks (e.g. Central Executive Network) appears to be
mediated by resting activity in the fronto-insular cortex (rFIC) (Srid-
haran et al., 2008). Although the DMN is not typically considered in-
tegral to the stress response, neuroimaging studies demonstrate that
under stress, there is consistent activation of the DMN (van Oort et al.,
2017). Stress-induced DMN activation occurs even during situations of

Default Mode Network Central Executive Network

(DMN) (CEN)
Self-relevant cognitive processes, emotional Executive function, learning, attention
regulation

After Stresso

Consistent increased activation

Response dependent on intensity of
stressor
and time since stress onset

Lack of deactivation during situations of
high cognitive demand
Too much stress
— Decreased activation
- Failure to suppress DMN activity

Increased connectivity within nodes

Increased connectivity with SN
Inverted U-shape response of CEN to stress

High

Performance

Salience Network

Threat detection and response

Increase in activity across SN

Increased subjective anxiety
Focus on stress-related stimuli

Increased connectivity with DMN

Fig. 2. Major neural networks and their roles at
baseline and after exposure to psychosocial stressors
Abbreviations: mPFC: medial prefrontal cortex, IPL:
inferior parietal lobule, PCC: posterior cingulate cor-
tex, dmPFC: dorsomedial prefrontal cortex, dIPFC:
dorsolateral prefrontal cortex, FEF: frontal eye fields,
PPC: posterior parietal cortex, dACC: dorsal anterior
cingulate cortex, IC: insular cortex Amy: amygdala,
TP: temporal pole.

(SN)*

dACC

g
=

Low High
Stress

*SN also involved in assessment of +ve attention
stimuli but in the context of this review we are
focused on threat and negative valence
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high cognitive demand when it would normally deactivate (Hermans
et al., 2014). Given the current understanding that large-scale neural
networks may compete for limited neural resources, excess DMN activity
could contribute to stress-related cognitive deficits (Fox et al., 2009).
Analyses of functional connectivity during stress induction have found
that stressors increase nodal connectivity within the DMN as well as
between the DMN and the Salience Network, which correlates with
subjective stress response (Maron-Katz et al., 2016; Quaedflieg et al.,
2015; Vaisvaser et al., 2013).

The Salience Network (SN) integrates threat detection and response
to ensure survival during unsafe situations (Corbetta et al., 2008; Seeley
et al., 2007). The SN reliably responds to salient stimuli, including
stressors (Kober et al., 2008), with an immediate increase in amygdala
activity (Oei et al., 2012; van Marle et al., 2009). High levels of cate-
cholamines released in the amygdala and other limbic regions increase
neuronal excitability (de Kloet et al., 2005), vital for detecting threats
and regulating arousal and vigilance (Phelps and LeDoux, 2005). Other
regions of the SN, e.g. thalamus and insula, demonstrate increased ce-
rebral blood flow during acute stress, which positively correlates with
subjective anxiety (Cameron et al., 2000). Acute stressors also increase
activity in other regions of the SN, correlating with peripheral bio-
markers such as heart rate variability and blood pressure (Ahs et al.,
2009; Gianaros et al., 2008; Hermans et al., 2011; Pruessner et al., 2008;
Wager et al., 2009). There may also be changes in functional connec-
tivity between the SN and the DMN in response to stressors and these
connectivity changes may in turn influence the activity of the Central
Executive Network (Clewett et al., 2013).

The Central Executive Network (CEN) is based in frontoparietal brain
regions and plays a pivotal role in executive function, learning, and
attention; it is reliably activated during cognitively demanding tasks
(Menon, 2011; Sridharan et al., 2008). The specific functional connec-
tivity between nodes within the CEN may correspond to different facets
of executive functioning (Nomi et al., 2017). Stress can impair activation
of nodes within the CEN (van Oort et al., 2017). Acute stressors have
been shown to reduce dorsolateral PFC (dIPFC) activation and impair
task performance during certain executive function tasks (Qin et al.,
2009; Schwabe et al., 2012; van Stegeren et al., 2010; Woodcock et al.,
2019). This CEN deactivation is accompanied by failure to suppress
DMN activity (Qin et al., 2009), and is partly mediated by activity of
catecholamines in the PFC (Arnsten, 2009, 2015; Devilbiss et al., 2012).
Furthermore, concurrent activation of the HPA-axis accentuates the
negative effects of catecholamines on prefrontal nodes of the CEN
(Myers et al., 2012). Notably, the effects of HPA-axis activation differ
based on the time from initial stressor; specifically, longer-term genomic
effects of glucocorticoids may actually improve dIPFC functioning in
response to an acute stressor (Joéls et al., 2012; Yuen et al., 2009).
Details of these long-term effects exceed the scope of this review, but are
a reminder that baseline SAM and HPA-axis activity and responsiveness
modulate individual responses to acute stressors.

Although these three neural networks do not represent all neural
responses to acute stressors, they highlight key regions implicated in
behavioral and emotional responses to stressors; specifically, executive
functioning and emotional reactivity.

2.2.2. Cognitive functioning: executive function

Executive functioning (EF) refers to a complex set of neurocognitive
processes that coordinate planning and goal-directed behavior (Suchy,
2009). Multiple domains of EF can be grouped into three overarching
categories: working memory, cognitive inhibition, and cognitive flexi-
bility (Diamond, 2013). Analysis of evidence surrounding effects of
acute stressors on various facets of EF exceeds the scope of this review
and study findings are heterogeneous (see: Klier and Buratto, 2020;
Plieger and Reuter, 2020; Shields et al., 2015; Shields et al., 2016b).
Meta-analyses of stressor effects on EF identified significant impair-
ments in working memory, cognitive flexibility, and cognitive inhibition
(i.e. interference control) but enhanced response inhibition after stress

Neurobiology of Stress 22 (2023) 100515

(Girotti et al., 2018; Shields et al., 2016). Studies find that different types
of stressors variably influence facets of EF across populations (Deme-
triou et al., 2021; Girotti et al., 2018; Woon et al., 2017). Several pos-
sibilities underlie these differences. Some discrepancies between studies
may be due to methodological inconsistencies, including mode of stress
induction, assessment timing, and outcome measures (Becker and
Rohleder, 2019; Henckens et al., 2011; Shields et al., 2015). Analyses of
neural mechanisms by which stressors impact EF suggest a possible
“inverted U” relationship between stress and EF, whereby moderate
levels of stress may enhance EF, compared to very low levels (e.g.
sedation or fatigue) and very high levels (Chamberlain et al., 2006;
Lupien and McEwen, 1997; Sandi, 2013). These findings support the-
ories that individual differences (see section 2.3) may drastically impact
responses to stressors. Notably, these disparate findings also demon-
strate the importance of investigating the effects of stress on EF domains
separately. Prior reviews have highlighted neural correlates of these
three categories of EF-working memory, cognitive inhibition, and
cognitive flexibility—and the effects of stressors on relevant outcomes
(Arnsten, 2009, 2015; Braem and Egner, 2018; Collette and Van der
Linden, 2002; Funahashi, 2017; Kim et al., 2017; Shields et al., 2016;
Uddin, 2021; Zhang et al., 2017).

The effects of acute stressors on working memory are perhaps the
best characterized. Working memory refers to the ability to maintain
and update information (Chai et al., 2018). For details of neural mech-
anisms involved in working memory, see Chai et al., 2018 and Funa-
hashi (2017). In considering the effect of stressors, we must evaluate
how stress impacts brain regions implicated in working memory;
detailed mechanisms are elucidated by Arnsten (2009) and Arnsten
(2015). It is theorized that exposure to an acute stressor may impair
working memory performance by deactivating the dIPFC and entire CEN
network. Studies in healthy subjects generally support these theories
with the majority finding that physical, psychological, and pharmaco-
logical stressors impair dIPFC-dependent measures of working memory
(Girotti et al., 2018; Shields et al., 2016; Woodcock et al., 2019).

Cognitive inhibition refers to a person’s ability to inhibit certain
actions (i.e. response inhibition) or thoughts (i.e. interference control)
by focusing on task-relevant information or engaging in goal-directed,
rather than habitual, behavior. For details of neural mechanisms
involved in cognitive inhibition, see (Chambers et al., 2009; Wager
et al., 2005; Zhang et al., 2018). The effects of acute stressors on
cognitive inhibition are less well-characterized than the effects on
working memory, but the evidence suggests that acute stressors may
enhance response inhibition and impair cognitive inhibition (Shields
et al., 2016). Although some data suggest cognitive and response inhi-
bition are part of the same process, other evidence suggests these two
types of inhibition may be dissociated in certain circumstances and
pathologies (Friedman and Miyake, 2004; Johnstone et al., 2009). This
differential effect of acute stressors on types of inhibition may result
from how stressors can reallocate neural resources to focus attention on
the cause of the stressor (LeBlanc, 2009; Plessow et al., 2011). Reallo-
cation of cognitive resources would generally impair most types of EF,
whereas selective attention would be improved (Schwabe et al., 2013;
Shields et al., 2016); however, not all studies support this hypothesis
(Sanger et al., 2014).

Cognitive flexibility refers to the ability to easily change between
different rules or ways of thinking. For details of neural mechanisms
involved in cognitive flexibility, see (Ionescu, 2012; Uddin, 2021; Wang
et al., 2017). The effects of acute stressors on cognitive flexibility have
been studied least of all EF domains; however, there are consistent
findings suggesting that acute stressors impair cognitive flexibility
(Shields et al., 2016). The effects of acute stressors on cognitive flexi-
bility seem to be partly mediated by impairing PFC activity (Kalia et al.,
2018) and modulated by SNS activation and not cortisol (Lapiz and
Morilak, 2006; Marko and Riecansky, 2018; Shields et al., 2015). Spe-
cifically, stress-induced activation of the locus
coeruleus-norepinephrine (LC-NE) system increases arousal and NE
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release in the PFC. Medications that block effects of NE (e.g. sympa-
tholytics) appear to block the deleterious effects of acute stressors on
cognitive flexibility (Alexander et al., 2007; Girotti et al., 2018).

While acute stressors may impact other cognitive outcomes such as
declarative memory (Ballan and Gabay, 2020; Cohen et al., 2020),
learning (Becker and Rohleder, 2020; Wirz et al., 2018) and long-term
memory (Henckens et al., 2009; Klier and Buratto, 2020), these major
domains of EF are important in various aspects of healthy and patho-
logical behavior and serve as useful markers for investigating effects of
stressors on cognitive function. The PFC plays a major role in EF;
however, specific PFC subregions and their related neural pathways
differ depending on the domain of EF. Furthermore, the ways in which
acute stressors impact EF and through which pathway (i.e. SNS or
HPA-axis) varies, depending on the neural region and outcome
measured. Although this section did not elaborate specific mechanisms
behind these varying responses, this overview sets the stage for
exploring how neuromodulation can modulate the effects of acute
stressors on EF.

2.2.3. Emotional reactivity

Mood and emotional reactivity are key outcomes in therapeutic ap-
plications of stress amelioration. When exposed to stressors, individuals
experience increased anxiety and negative affect (Campbell and Ehlert,
2012; Zapater-Fajari et al., 2021). Negative mood and emotions caused
by stressors are associated with a variety of additional negative out-
comes (Du et al., 2018; Ford et al., 2018; Young et al., 2019). Although
emotions can be described in various ways, they can generally be
considered to be automatic psychobiological responses to real or imag-
ined situations (Gross and Feldman Barrett, 2011). In one popular
model, each basic emotion is considered to be a combination of different
degrees of valence and arousal (Posner et al., 2009; Russell, 1980; Zald,
2003) wherein valence is defined as the (un)pleasantness of affective
state and arousal reflects the level of mobilization towards or away from
a particular stimuli (Lang and Davis, 2006). A stimulus that induces a
strong negative response would be considered to have low valence and
high arousal rating. Emotions are distinct from other related affective
states, e.g. mood has a longer duration than an emotion and is usually
not related directly to a specific event (Balzarotti et al., 2017; Gross,
2015). Although the specific definitions of affective states are not clearly
agreed upon, affect may be considered as an overarching category for
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specific types of psychological states that can include: emotions, mood,
and stress response (Gross, 2015; Russell, 2003). Despite the fact that
stress responses are considered distinct from emotional states, one event
can trigger both a stress response and a negative emotional state; this
indicates there is considerable overlap between affective responses and,
consequently, overlap between neural regions involved in these
responses.

2.2.3.1. Mechanisms of emotional responses. Initially, the limbic system
was considered responsible for emotional responses, whereas the PFC
was responsible for higher-level cognition. This is now understood to be
an overly simplistic approach, but the limbic system does play a key role
in emotional responses (LeDoux, 2000). Within the PFC, the orbito-
frontal (OFC) and ventromedial PFC (vmPFC) are associated with
regulation of emotion (Arnsten et al., 2015). The vmPFC and anterior
cingulate cortex (ACC) project to structures involved in limbic regula-
tion, including the amygdala, ventral striatum, hypothalamus, and
brainstem (Arnsten et al., 2015). It may also be possible to separate
neural regions involved in emotion response based on valence and
arousal networks (Posner et al., 2009). Extensive research has outlined
the roles of specific SN nodes in emotional responses and regulation;
Fig. 3 represents a synthesis of the literature on this topic (Anderson and
Phelps, 2002; Arnsten et al., 2015; Davidson, 2002; Lang et al., 1998;
Likhtik, 2005; Morris, 1998; Phan et al., 2004; Posner et al., 2009; Quirk
et al., 2003; Richter-Levin, 2004; Thayer, 2006; Zald, 2003) and illus-
trates the roles of these neural regions in emotional responses, how they
may be impacted by acute stressors, and the implications of this
knowledge for interventions (e.g. neuromodulation).

The amygdala plays a key role in evaluating and responding to
stimuli of high emotional salience, i.e. with very low or very high
valence (Sergerie et al., 2008; Zald, 2003). It projects to higher-order
sensory areas, the PFC, and hippocampus, enabling it to modulate re-
sponses to emotionally salient situations (Anderson and Phelps, 2001).
Humans preferentially attend to stimuli of high emotional salience,
including stressors; thus, one is more likely to focus longer on an
unpleasant/stressful situation than a neutral one. This attentional
modulation is primarily controlled by the amygdala (Aston-Jones et al.,
1996; Lang and Davis, 2006; Morris, 1998; Zald, 2003). Exposure to
aversive stimuli, including stressors, across any sensory modality leads
to increased amygdala activation; these aversive stimuli may induce
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feelings of disgust, anxiety, or ill-defined negative state (Zald, 2003).
This increased amygdala response occurs to both psychological stressors
(e.g. unpleasant images) and physical stressors (e.g. hypercapnia)
(Brannan et al., 2001; Evans et al., 2002; Irwin et al., 1996; Lane et al.,
1997). Although the amygdala modulates emotional responses, it may
not be necessary for consciously evaluating and reporting subjective
emotional experiences (Anderson and Phelps, 2002).

While the amygdala acts as a gate-keeper for processing emotionally
salient stimuli, the understanding and subjective experiences of
emotional responses would not be possible without prefrontal regions
including the vmPFC and ACC. The vmPFC and ACC are integral for
subjective evaluation of emotional states and have consistently
demonstrated increased activation in response to aversive stimuli,
findings that correlate with reports of subjective negative emotions
(Phan et al., 2004). Evidence suggests the vmPFC regulates the amyg-
dalar response to emotional stimuli to ensure affective responses are not
excessive (Garcia et al., 1999; Ochsner et al., 2002; Posner et al., 2009).
The amygdala is under tonic inhibitory control from the vmPFC, so
changes in vmPFC activity can modulate output of the amygdala
(Davidson, 2000; Thayer, 2006; Thayer et al., 2012). Stimuli with high
arousal ratings (positive or negative valence) are associated with
increased neural activity in the vmPFC and dACC, whereas activity in
the dIPFC is correlated only with negative valence (i.e. aversive stimuli).
Activity in the dIPFC inversely correlates with arousal ratings (as ac-
tivity in the dIPFC increases and arousal levels decrease), which suggests
the dIPFC exerts inhibitory control of arousal (Posner et al., 2009).

The importance of PFC subregions in subjective emotional responses
and inhibitory control over autonomic arousal responses provides in-
sights into how stressors may negatively impact responses to emotion-
ally salient stimuli. In fact, the same neurochemical stress responses that
can impair dIPFC function and working memory can actually strengthen
amygdalar emotional responses. Thus, stress may switch control of
behavior from the ‘thoughtful PFC’ to the more habitual, conditioned
responses of the amygdala (Arnsten, 2009).

2.2.3.2. Emotional regulation. Importantly, while a situation—stressful
or otherwise-may generate an emotional response, the way an indi-
vidual evaluates (subconsciously and consciously) the situation, in light
of their experiences, along with their innate biology modifies the final
quality and magnitude of responding (Hooley and Gotlib, 2000; Zuck-
erman, 1999). Altering the ways in which a person experiences a situ-
ation can change the emotional response; these changes can occur
through emotion regulation (Gross, 1999). Emotion regulation is
distinct from emotion generation and is a critical skill. Emotion regu-
lation is associated not only with changes to the immediate response to
an event, but also with changes to how the event is encoded in memory
(Hayes et al., 2010). Evidence suggests there are two key networks
involved in cognitive reappraisal (Wager et al., 2008). The first involves
the amygdala and other regions associated with negative emotional
states whereas the second involves the nucleus accumbens and ventral
striatum and is more associated with memory and action. Activity within
the vIPFC appears to be correlated with activity in both of these net-
works, suggesting that the vIPFC plays a key role in emotion regulation
and cognitive reappraisal (Wager et al., 2008). Effective emotion regu-
lation is associated with enhanced psychological well-being and
improved ability to cope with and respond to acute stressors (Balzarotti
et al., 2016; Gross and Feldman Barrett, 2011; Gross and John, 2003;
Haga et al., 2009).

This overview of mechanisms of emotion generation and regulation
provides a foundational understanding that clarifies our use of these
outcomes in studies of stress responses. It is clear that acutely stressful
situations can lead to functional alterations resulting in increased
responsiveness to stressors. Not only does the immediate response to
acute stressors increase SAM activation and attention to negative,
arousing stimuli but in some situations, it may also impair PFC activity,
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leading to emotion dysregulation. It is important to note that these re-
sponses to acute stressors are not inherently negative and are part of a
complex series of adaptive processes that occur to protect the individual;
nonetheless, these responses may occur inappropriately, especially
among certain populations already exposed to chronic stressors or under
psychological distress, resulting in maladaptive behavioral responses.
Although this section did not discuss these mechanisms in detail, it
demonstrates certain alternations that may occur under acute stress and
offers insights into ways that interventions might be used to reduce
adverse effects of acute stressors when they occur. The final step before
we can discuss these potential interventions is to recognize how certain
independent variables may impact these results and how this can
complicate our understanding of the efficacy of these interventions.

2.3. Independent factors affecting stress response

It is evident that even among healthy subjects there is significant
variation in responses to different types of stressors (e.g. psychological
vs. physical). In addition to individual differences in the stress response
itself, there are differences in many outcomes that may be measured (e.
g. physiological, cognitive, and behavioral changes). This review does
not consider all sources of variation, but offers a cursory overview of
trait and state factors that may modify physiological and behavioral
responses to stressors (for reviews, see: Kudielka et al., 2009; Sep et al.,
2020). These variables can impact the specific stressor response, base-
line activity, and outcomes in EF or emotional response tasks. These
variables can be broadly divided into two groups: trait and state
variables.

Key trait variables include sex/gender, age, life experiences, per-
sonality, and genetics. Sex differences have been found in stress re-
sponses both at the level of hormonal release and how stressors alter
physiological and behavioral outcomes (McEwen et al., 2016; Merz and
Wolf, 2017; Shields et al., 2016). Age also affects individual responses to
stressors and relevant outcome measures. There are significant changes
in neural development over time, which continue throughout adulthood
(Brindle et al., 2014; Foley and Kirschbaum, 2010). Furthermore, new
experiences (which come with age) also affect the stressor response.
Even among healthy adults, some have experienced trauma or other
adverse experiences during childhood or adolescence, which may not
have led to overt psychopathology but may impact aspects of person-
ality, including ways that the person responds to stressors (Raymond
et al., 2021). Personality traits may also impact how a person perceives
and responds to stressful stimuli. Studies have found that neuroticism,
extraversion, and openness are associated with differing physiological,
cognitive, and subjective responses to acute stressors (Hughes et al.,
2011; Oswald et al., 2006; Schneider, 2004; Williams et al., 2009; Wirtz
et al., 2007; Xin et al., 2017). Finally, genetics play an integral role in
every aspect of human development and evidence suggests that many
aspects of the stressor response are highly heritable, including SAM
activity (Finley et al., 2004; Mueller et al., 2012), HPA-activity (Dedic
et al., 2018; Derijk et al., 2008; Federenko et al., 2004; Tucker-Drob
et al., 2017), and cardiovascular responses to stressors (Wright et al.,
2007; Wu et al., 2010).

Key state variables include time of day, sleep, medications and drugs,
psychological state, diet, and exercise. There is clear evidence that HPA-
axis responses to acute stressors are time-dependent, with cortisol
release following a circadian cycle (Chan and Debono, 2010; Oster et al.,
2017); however, the evidence is less straightforward for SAM responses
(Dunn and Taylor, 2014; Hissen et al., 2015; Scheer et al., 2010; Vitale
etal., 2019). Sleep can also impact all of the outcomes discussed thus far,
including response to stressors. Poor sleep quality or decreased sleep
duration is associated with negative mood and increased rates of
depression (Fang et al., 2021), rendering an individual more susceptible
to acute stressors. Poor sleep is associated with HPA-axis dysregulation
and exaggerated stress reactivity (Goodin et al., 2012; Massar et al.,
2017). Sleep can affect a person’s mood and mindset, how they respond
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to stressors, and individual coping strategies can play a major role in the
physiological, cognitive, and psychological effects of stressors (Crum
et al., 2013; Radtke et al., 2020; Spada et al., 2008). Additionally, food
and medications a person ingests may impact many outcomes discussed.
It is clear how medications that interact directly with the SAM or
HPA-axis can affect the response to an acute stressor; however, many
other medications can also alter the stressor response (Brody et al.,
2002; Kudielka et al., 2004; Kuhlmann and Wolf, 2005). Medications are
not the only substances that impact responses to acute stressors. Most
recreational drugs impact SAM and HPA-axis activity (al’Absi, 2006a;
Fuxe et al., 1989; Kirschbaum et al., 1993; Lovallo et al., 1996, 2006;
Matta et al., 1998; Shepard et al., 2000). Energy consumption, type of
diet, and time of food ingestion all play a role in regulating HPA-axis
responses to stressors (Gonzalez-Bono et al., 2002; Kirschbaum et al.,
1997; Rohleder and Kirschbaum, 2007; Ucar et al., 2021). The role of
physical activity on responses to acute stressors is complex with con-
flicting results; there is evidence that effects of physical activity may
differ depending on the outcomes measured (Anderson and Wideman,
2017; Bernstein and McNally, 2017; De Geus and Van Doornen, 1993;
Klaperski et al., 2013; Mueller, 2007; Tsatsoulis and Fountoulakis,
2006).

This section has only briefly discussed some individual differences.
Furthermore, these factors were summarized in relative isolation; in
reality they are all closely linked, e.g. one cannot evaluate the impact of
sex without considering age, experience, and many other factors. The
complexity of these responses cannot be overlooked and any analysis or
review of the stress literature must attend to these variables. That being
said, it is not always possible to control for all individual variation in
studies of stress responses so we must remain cognizant of this limitation
as we evaluate the literature.

3. Effects of neuromodulation
3.1. Non-invasive brain stimulation (NIBS)

Non-invasive brain stimulation (NIBS) techniques alter brain func-
tioning using an external device. NIBS interventions often have imme-
diate effects, which can be temporary or longer-lasting depending on the
protocol used (To et al., 2018). The mechanisms of these prolonged ef-
fects are believed to be similar to long-term potentiation and long-term
depression; for a more detailed review of these mechanisms see:
(Chervyakov et al., 2015; Das et al., 2016; Di Lazzaro, 2013; Farzan
et al.,, 2016). Due to their potential for long-lasting effects, there is a
significant role for NIBS to serve as an important tool for both mecha-
nistic exploration of neural pathways and the development of thera-
peutic interventions for neuropsychiatric disorders. At present, NIBS
techniques are used across a wide variety of research fields to improve
our understanding of neural circuitry and are FDA-cleared for treatment
of migraines, major depression, smoking cessation, and
obsessive-compulsive disorder. Additionally, there is evidence for their
ability to advance mechanistic understanding and provide new thera-
peutic options for several other disorders (Davis and Gaitanis, 2020;
Elias et al., 2021; J.-P. Lefaucheur et al., 2020; McClintock et al., 2019;
Moisset et al., 2020; Yamamoto et al., 2021).

Common forms of NIBS include transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS). TMS applies a
direct current pulse through an electromagnetic coil placed on the scalp
to generate a momentary magnetic field. A magnetic field of sufficient
amplitude will induce a momentary electrical field (E-field) in the neural
region under the coil and cause neural membrane depolarization (Sack
and Linden, 2003). Multiple pulses over a short period of time, or re-
petitive TMS (rTMS) (Klomjai et al., 2015), can be applied at different
frequencies with different effects. Low frequency (<1Hz) stimulation
leads to decreased cortical excitation and is considered inhibitory
whereas high frequency (>5Hz) stimulation leads to increased cortical
excitation and is considered excitatory (Chen et al., 1997; Fitzgerald
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et al., 2006). Theta burst stimulation (TBS) is a newer type of rTMS, in
which three to five very high frequency (>50Hz) pulses are delivered in
a 5Hz “bursting” pattern. If delivered continuously, (c)TBS leads to in-
hibition, if delivered intermittently, with 2 s of stimulation and 8 s of
rest, (i)TBS leads to facilitation (Huang et al., 2005). One benefit of TMS
is that there are various types of coils, enabling differential targeting of
neural tissues (Deng et al., 2014). In contrast, tDCS is often less precise
in its neural targeting (Bikson et al., 2013). With tDCS, two electrodes
are placed on specific scalp locations and a low-amplitude direct current
is passed between the electrodes. This direct current passes through the
scalp area between the electrodes thereby altering the membrane po-
tential in the neurons below (Medeiros et al., 2012). tDCS can be anodal
or cathodal: anodal stimulation leads to neuronal depolarization and
increased excitability, whereas cathodal stimulation leads to neuronal
hyperpolarization and decreased excitability (Jacobson et al., 2012).
Despite key methodological differences between different forms of
NIBS, consistent findings highlight their potential as both investigative
and therapeutic interventions (Amidfar et al., 2019; Baptista et al.,
2020; Elias et al., 2021; Gault et al., 2018; Kekic et al., 2016; Marques
et al., 2019). Although there have been considerable advances in NIBS
research, there are still a few major methodological inconsistencies
(Broadbent et al., 2011; Ekhtiari et al., 2019; Guerra et al., 2020; Polania
etal., 2018; Sandrini et al., 2011) and a need for more clinical and safety
guidelines (Brunoni et al., 2013; J. P. Lefaucheur et al., 2020; Matsu-
moto and Ugawa, 2017). As a result of wide-ranging variation in stim-
ulation parameters, it can be difficult to critically evaluate the true
efficacy of NIBS as a tool for mechanistic exploration and treatment.

3.2. Neuromodulation and acute stressors

We reviewed studies that evaluated effects of NIBS on behavioral and
emotional responses to acute psychosocial stressors. Given highly vari-
able methodology, we focused on studies that involved healthy volun-
teers, used a psychosocial stressor (see Table 1), used rTMS or tDCS, and
evaluated at least one outcome related to executive function or
emotional reactivity. Table 2 shows the full list of studies considered.
Experimental designs, outcomes, and neural targets vary considerably
between studies; because these studies are not directly comparable, we
primarily outline relevant findings without in-depth interpretation and
analysis. For outcomes that seemed comparable across multiple studies,
we collected data regarding pre- and post-neuromodulation measures
either from the article itself or via direct communication with the au-
thors. This was possible for measures of emotional reactivity (Fig. 4) and
salivary cortisol (Fig. 5).

3.2.1. Executive functioning

The effect of stressors on working memory is the most-studied and
best-characterized among the three primary domains of EF. We found 4
studies that examined the effect of neuromodulation on working mem-
ory during psychosocial stressors; all used anodal tDCS of either the right
or left dIPFC. Two studies used the TSST and all included a control
condition (friendly TSST); these studies all targeted the right dIPFC with
anodal tDCS, and one also used cathodal tDCS. Ankri et al., 2020 found
no main effect of stressor or neuromodulation on working memory.
Bogdanov and Schwabe (2016) found a main effect of stressor, leading
to decreased working memory performance (Corsi block task and digit
span backwards) and a main effect of tDCS on working memory (digit
span backwards). Both studies found an interaction between neuro-
modulation and stressor, but in different directions. Ankri et al., 2020
found that tDCS led to decreased accuracy during the stress condition
only. In contrast, Bogdanov and Schwabe, 2016 found that during stress
conditions there was increased working memory performance (Corsi
and digit span backwards) when receiving anodal tDCS vs. sham or
cathodal tDCS. The within-session order of events is worth noting
because Ankri et al., 2020 provided neuromodulation prior to stress
induction, whereas Bogdanov and Schwabe, 2016 induced stress prior to
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Table 2

Overview of all studies identified that explored the effects of combined neuromodulation and psychosocial stressors in healthy populations.

Stressor Paper Population Design NIBS/ Main Effects Neuromodulation x Stress Effects
(Healthy) f)trrg: Type/Target Details” Emotional Biomarkers Executive Emotional Biomarkers
Reactivity Function Reactivity
tDCS/dIPFC Anodal 2 mA Stress: Stress: Stress only: No interaction Stress only:
(right) Cfade-in/fade- subjective stress salivary tDCS (vs. effect (STAI or tDCS (vs.
out ramp of 30 s reaction (STAI cortisol sham) — | n- VAS) sham) — no
20mins and VAS) back accuracy stress-related
-10-20 Sham: Yes NIBS: None NIBS: None 1 cortisol
system
Bogdanov Q & 3 18-32 yrs Between- 1. Stressor ~ tDCS/ Anodal vs. Stress: | mood Stress: 1 HR, Stress only: No data provided No interaction
et al. 2016 "normal weight" subject cathodal and calmness DBP, SBP, anodal tDCS effect
(N = 120: 20 per (vs. control) salivary (vs. sham or (salivary
group) cortisol cathodal) — 1 cortisol)
working
memory
performance
6 groups 2. NIBS dIPFC (right) 1.075mA 8 s
(stress vs. fade-in and 5s
control, fade-out Ended
NIBS vs. once working
sham, and memory task
anodal vs. completed
cathodal)
Control: 2a.EFtask  -10-20 Sham: Yes NIBS: Not NIBS: None
Friendly during system provided
NIBS (1
session)
Antal et al. 3 21-32yrs (N = Between 1. NIBS tDCS/ Anodal vs. Stress: Stress: 1 N/A No interaction Anodal: t
(2014) 60: 20 per group)  subjects cathodal subjective stress salivary effect (subjective rCBF in right
reaction (KAB cortisol & stress) mPFC (vs.
and STAI) medial sham) & 1
frontal rCBF rCBF in right
3 groups 2. Stressor ~ mPFC (right)  1m Cfade-in/ amygdala &
(anodal vs. fade-out ramp of right superior
cathodal vs. 10s 20mins PFC (vs.
sham) cathodal)
Control: (1 session) - 10-20 Sham: Yes NIBS: None NIBS:
None system Cathodal - 1
cortisol & 1
rCBF in right
& left mPFC
Carnevali 3 (N = 30: 15 per Between 1. NIBS tDCS/ Anodal 2 mA? Stress: None Stress: T HR, N/A Stress only: tDCS Stress: tDCS
et al. group) subjects | HRV, 1 (vs. sham) — | (vs. sham) —
(2020) cortisol anxiety |HR & t
2 groups la. dIPFC (left) 15mins HRV; no
(anodal vs. Stressor cortisol effect
sham) during
NIBS
(5mins
after start)
Control: (1 session) -10-20 Sham: Yes NIBS: | anxiety NIBS: None
None system (STAI)
1. NIBS rTMS/ Stress: | HRV N/A

(continued on next page)
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Table 2 (continued)

Stressor Paper Population Design NIBS/ Main Effects Neuromodulation x Stress Effects
(Healthy) (S)t:g:i Type/Target Details” Executive Emotional Biomarkers Executive Emotional Biomarkers
Function Reactivity Function Reactivity
Pulopulos Q18-35yrs (N = Between 20Hz 110% RMT Stress: 1 stress No interaction No interaction
et al. 75) subjects 40 trains of 2s and tension effect (VAS) effect (HRV or
(2020) duration, ITT 12s (VAS), | salivary
1600 pulses/ happiness (VAS) cortisol)
session?
2 groups 2. Stressor  dIPFC (left) Sham: Yes
(active vs. Control: (1 session) - Adjusted NIBS: N/A NIBS: None
sham) None BeamF3
algorithm
NIBS: |
AUCiI after
active TMS
(vs. sham)
de Wandel Q Within 1. Stressor rTMS/ 50 Hz (burst freq Stress: N/A Stress: Cannot Stress: 1 N/A No interaction No interaction
et al., 2020 18-27 yrs (N = subjects 5Hz) 110% RMT be assessed cortisol effect (VAS) effect
34) crossover 54 cycles, 10 (cortisol)
(active vs. burst of 3 pulses,
sham) train duration of
2s, ITIof 6 s
1620 pulses 2
sessions of 5mins
Control: 2. NIBS (2 dIPFC (left) - Sham: Yes NIBS: N/A NIBS: None NIBS: None
None sessions; Individual
2nd MRI
occurred navigation
>1 week
after 1st)
De Witte [} Within 1. Stressor rTMS/dIPFC 50 Hz (burst freq Stress: N/A Stress: 1 anger Stress: 1 N/A No interaction No interaction
et al. 2019 “young adults” subjects (left) 5Hz) 110% RMT and tension & | cortisol effect (VAS or effect
(N = 38) crossover 54 cycles, 10 cheerful (VAS), momentary (cortisol)
(active vs. burst of 3 pulses, 1 momentary rumination)
sham) train duration of rumination
2s, ITIof 6 s
1620 pulses
S5mins
Control: 2. NIBS (2 - Individual Sham: Yes NIBS: N/A NIBS: None NIBS: None
None sessions; MRI
2nd navigation
occurred
>1 week
after 1st)
Pulopulos Q (N-35) Within 1. Stressor rTMS/dIPFC 50 Hz (burst freq  Stress: N/A Stress: 1 Stress: 1 N/A No interaction No interaction
et al. subjects (left) 5Hz) 110% RMT vigorous, angry, cortisol effect on mood effect
(2019) crossover 54 cycles, 10 tense (VAS), | (VAS) (cortisol)
(active vs. burst of 3 pulses cheerful (VAS)
sham) each, with a
train duration of
2s and ITI 6s
1620 pulses
S5mins
Control: None 2. NIBS (2 - Sham: Yes NIBS: N/A NIBS: None NIBS: None
sessions; Individual
2nd

(continued on next page)
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Table 2 (continued)

Stressor Paper Population Design NIBS/ Main Effects Neuromodulation x Stress Effects
(Healthy) ztrrg:i Type/Target Details” Executive Emotional Biomarkers Executive Emotional Biomarkers
Function Reactivity Function Reactivity
occurred MRI
>1 week navigation
after 1st)
Critical De Raedt Q@ Undergraduates ~ Within 1. NIBS tDCS/dIPFC Anodal 1.5 mA Stress: N/A Stress: VAS Stress: N/A N/A Stress only: tDCS N/A
Feedback et al. (N =32) subjects (left) 30s ramp up/ changes (1 (vs. sham) — | in
(2017) crossover ramp down tension and ruminative self-
(active vs. 20mins anger; | vigor referential
sham) and thinking; no VAS
cheerfulness) effects
Control: 2. Stressor - Individual Sham: Yes NIBS: N/A NIBS: None NIBS: N/A
Neutral & 2 MRI
Praise sessions; navigation
2nd
occurred
>48-hrs
after 1st)
Baeken Q@ 20-30 yrs (N = Within 1. NIBS tDCS/dIPFC Anodal 1.5 mA Stress: N/A Stress: VAS Stress: N/A N/A No interaction tDCS (vs.
et al. 30) subjects (left) 30s ramp up/ changes (1 effect (VAS) sham):
(2018) crossover ramp down anger) Stressor — |
(active vs. 20mins perfusion in
sham) right pgACC/
Control: 2. Stressor - Individual Sham: Yes NIBS: N/A NIBS: None NIBS: N/A mPFC
Neutral & 2 MRI
Praise sessions; navigation
2nd
occurred
>48-hrs
after 1st)
Remue Q Undergraduates Between 1. NIBS rTMS/ 20 Hz 110% Stress: N/A Stress: 1 Stress: 1 HRV  N/A No interaction Stress only:
et al. 2015 (N = 38: 19 per subjects 2 RMT 40 trains of negative mood effects for either left rTMS (vs.
group) groups (left 1.9 s duration, (VAS Total) side (mood (VAS right or sham)
vs. right) separated by an total) or anxiety — 1 HRV
ITI 12.1s, (STAI-S))
Within 2. Stressor  dIPFC (left 1560 pulses per
subjects vs. right) session. ~10
crossover min.
(active vs.
sham)
Control: 2 - Individual Sham: Yes NIBS: N/A NIBS: None NIBS: None
None sessions; MRI
2nd navigation
occurred
>3 days
after 1st)
Baeken Q@ (N =30) Within 1. NIBS rTMS/dIPFC 20Hz 110% RMT  Stress: N/A Stress: | vigor Stress: None N/A No interaction No interaction
et al. subjects (left) 20 trains of 1.9s and cheerfulness effect (VAS) effect
(2014) crossover duration, (VAS), 1 tension (salivary
(active vs. separated by an (VAS) cortisol)
sham) ITI 12.1 s 1560
pulses per
session ?
Control: 2. Stressor Sham: Yes NIBS: N/A NIBS: None NIBS: |
None 2 cortisol after

(continued on next page)
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Table 2 (continued)

Stressor Paper Population Design NIBS/ Main Effects Neuromodulation x Stress Effects
(Healthy) (S)t:g:i Type/Target Details” Executive Emotional Biomarkers Executive Emotional Biomarkers
Function Reactivity Function Reactivity
sessions; - Individual active vs.
2nd MRI sham
occurred navigation
>3 days
after 1st)
Psychosocial Friehs et al. Q& 3(N=59:29  Between 1. Stressor tDCS/dIPFC Anodal Stress: T RT Stress: N/A Stress: 1 No interaction N/A No interaction
+ Physical 2020 and 30 per group)  subject (left) and accuracy cortisol, t HR,  effect effect
(n-back) HRV, t PNS (accuracy or (cortisol, HR,
activation (LF~ RT) HRV, or LF/
power | & HF HF bands)
power 1)
2 groups 2. NIBS -10-20 0.5 mA 30s ramp
(active vs. system up/ramp down
sham)
Control: (1 session) 19mins Sham: NIBS: None NIBS: N/A NIBS: LF/HF NOTE: Only
None Yes bands responders
analyzed
De Smet Q & 3 18-45 yrs Within 1.NIBS 1 tDCS/dIPFC tDCS Anode and Stress: N/A Stress: 1 Stress: 1 BP, N/A No interaction No interaction
et al. (N =69) subjects (bifrontal) cathode were perceived stress HR, HRV, and effect (perceived effect (BP,
(2021) crossover respectively & negative affect ~ EDA stress and negative ~ HR, HRV, or
(active vs. placed over F3 affect) EDA)
sham and F4 2 mA 30s
tDCS) + ramp up/ramp
active iTBS down 20mins
Sham: Yes
Control: 2. NIBS 2 rTMS/dIPFC
None (left)
3. Stressor - Beam F3 1TMS 50 Hz NIBS: N/A NIBS: None NIBS: Lower
2 localization (burst freq 5Hz) HR in active
sessions; system 110% RMT 54 tDCS vs. sham
2nd cycles, 10 bursts 1 HRV in
occurred of 3 pulses each, active tDCS
>1 week train duration of vs. sham
after 1st) 2 s and with a Lower EDA in
cycling period of tDCS vs. sham
851620 pulses
7mins Sham: No
PASAT Plewnia 8 (N=28:14per Between 1. NIBS tDCS/dIPFC Anodal 1 mA Stress: Cannot Stress: None Stress: N/A No interaction Stress: tDCS (vs. N/A
et al. group) subjects (left) linear fade-in/ be assessed effect (ISI or sham) — |
(2015) 2 groups la. -10-20 fade-out phase of errors) negative affect
(anodal vs. Stressor system 5 s 20mins (PANAS) No
sham) during Sham: Yes interaction effect
NIBS on positive affect
(5mins
after start)
Control: (1 session) NIBS: Anodal NIBS: Negative NIBS: N/A
None led to | ISI (vs. affect (PANAS)
sham)
Cyberball Riva et al. Q& 3 (N=179) Between 1. NIBS tDCS/VIPFC Anodal 1.5 mA ? Stress: None Stress: 1 social Stress: N/A No interaction Stress only: tDCS N/A
(2012) subjects (right) 15mins Sham: exclusion effect (ball (vs. sham) — |
4 groups la. -10-20 Yes tosses social exclusion,
(active vs. Stressor system identified) unpleasant & hurt
sham and during feelings

(continued on next page)
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Table 2 (continued)

Stressor Paper Population Design NIBS/ Main Effects Neuromodulation x Stress Effects
(Healthy) Stress o A A A ) A A
Order Type/Target Details Executive Emotional Biomarkers Executive Emotional Biomarkers
Function Reactivity Function Reactivity
inclusion NIBS
vs. (5mins
exclusion) after start)
Control: (1 session) NIBS: None NIBS: None NIBS: N/A
Yes
Riva et al. &3 Between 1. NIBS tDCS/VIPFC Cathodal 1.5 mA  Stress: | Stress: 1 social Stress: N/A No interaction Stress only: tDCS N/A
2014 University subjects (right) ? 15mins Sham: correctly exclusion, hurt effect (ball (vs. sham) — 1
(study 1) students (N = 82) Yes identified ball feelings, & tosses Social exclusion,
tosses negative identified) hurt feelings &
emotions negative emotions
4 groups la. -10-20
(active vs. Stressor system
sham and during
inclusion NIBS
vs. (5mins
exclusion) after start)
Control: (1 session) NIBS: None NIBS: Cathodal NIBS: N/A
Yes — 1 social pain
Riva et al. Q & 3 University Between 1. NIBS tDCS/PPC Cathodal 1.5 Stress: Cannot Stress: Cannot Stress: N/A No interaction No interaction N/A
2014 students (N = 40) subjects (right) mA? 15mins be assessed be assessed effect (ball effect (social
(study 2) 2 groups la. -10-20 Sham: Yes tosses exclusion, hurt
(active vs. Stressor system identified) feelings, or
sham) during negative
NIBS emotions)
(5mins
after start)
Control: (1 session) NIBS: None NIBS: None NIBS: N/A
Yes
Fitzgibbon Q& 3(N=29:16 Between 1. NIBS rTMS/dIPFC 1 Hz 120% RMT Stress: | Stress: 1 Stress: N/A No interaction No interaction N/A
et al. and 13 per group)  subjects (left) 20 consecutive correctly unpleasantness effect (ball effect
(2017) minutes 1200 identified ball tosses (unpleasantness)
pulses 20mins tosses received)
2 groups 2. Stressor - Beam Sham: Yes
(active vs. system
sham)
Control: (1 session) NIBS: ? NIBS: ? NIBS: N/A
Yes

Abbreviations: TSST: Trier Social Stress Test, PASAT: Paced Auditory Serial Addition Task, NIBS: non-invasive brain stimulation, RMT: resting motor threshold, ITI: inter train interval STAI: State-Trait Anxiety Inventory,
KAB: German version of the Short Questionnaire for Current Strain (Kurzfragebogen zur aktuellen Beanspruchung), VAS: Visual Analog Scale, PANAS: Positive Affect Negative Affect Scale, EF: executive functioning, ISI:
inter-stimulus interval, HR: heart rate, HRV: heart rate variability, LF: low frequency, HF: high frequency, rCBF: resting cerebral blood flow, dIPFC: dorsolateral prefrontal cortex, mPFC: medial prefrontal cortex, vIPFC:
ventrolateral prefrontal cortex, pgACC: pregenual anterior cingulate cortex, PPC: posterior parietal cortex.

# Neuromodulation details are given in the following order: tDCS parameters: 1) Stimulation frequency, 2) Stimulation intensity, 3) Stimulation parameters, 4) Total stimulation time; r'TMS parameters: 1) Stimulation
frequency, 2) Stimulation intensity, 3) Simulation parameters, 4) Total pulses, 5) Total stimulation time. “?” indicates that those details were not found within the publication.
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Emotional Reactivity
Left dIPFC

Pulopulos 2019
(TMS (2nd)
iTBS

—e-

Pulopulos 2020
rTMS (1st) -
20Hz

De Smet 2021
tDCS & rTMS (1st)=}
Anodal & iTBS

Baeken 2014
tDCS (1st) =
Anodal

Baeken 2018
tDCS (1st) =
Anodal

De Raedt 2017
tDCS (1st) -1
Anodal

Carnevali 2020
tDCS (c) -1
Anodal

Hedge’s G
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Emotional Reactivity

Right dIPFC
Bogdonov 2016
tDCS (2nd) =4 HeH
Anodal
Ankri 2020
tDCS (1st) 1 —e—
Anodal
—r v v 1 v 75 v T ]
0 5 10
Hedge’s G

Fig. 4. Forest plots to show effect sizes for emotional reactivity measures separated by neural target for studies from Table 2 for which data were obtained
For each study, the following information is provided: 1) Neuromodulation type (rTMS and/or tDCS), 2) Order of neuromodulation and stressor (1st, 2nd, or

concurrently [c]), 3) Neuromodulation frequency used.

Salivary Cortisol

Left dIPFC
Pulopulos 2019
rTMS (2nd) -1 H—e——
iTBS
Pulopulos 2020
rTMS (1st) -1 H—eo—
20Hz
Carnevali 2020
tDCS (c) -1 H—e—
Anodal
Friehs 2020
tDCS (2nd) —e—
Anodal
Baeken 2018
tDCS (1st) - —e—
Anodal
T T 1
2 -1 0 1 2
Hedge’s G

Salivary Cortisol

right dIPFC
Bogdonov 2016
tDCS (2nd) 4 —»—
Anodal
Ankri 2020
tDCS (1st) - ——e—
Anodal
T T 1
-1 0 1 2 3
Hedge’s G

Fig. 5. Forest plots to show effect sizes for salivary cortisol separated by neural target for studies from Table 2 for which data were obtained
For each study, the following information is provided: 1) Neuromodulation type (rTMS and/or tDCS), 2) Order of neuromodulation and stressor (1st, 2nd, or

concurrently [c]), 3) Neuromodulation frequency used.

neuromodulation. This difference in event order is also seen in the final
2 studies: one induced stress prior to neuromodulation (Friehs and
Frings, 2020) and the other induced stress concurrently with neuro-
modulation (Plewnia et al., 2015). Both studies targeted the left dIPFC
and used the socially evaluated cold pressor test (SECPT) or Paced
Auditory Serial Addition Task (PASAT), respectively; neither included a
control condition. Friehs et al., 2020 found that the stressor led to
increased accuracy and reaction time (n-back task) but they found no
main effect of tDCS or tDCS/stress interaction on measured EF out-
comes. Notably, cortisol response was used as a marker of stress
response and only “cortisol responders” were included in subsequent
analyses of neuromodulation response. Plewnia et al., 2015 did not
measure pre- and post-stressor EF outcomes so it is unclear whether
there was an effect of stress on EF; however, they found tDCS led to
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decreased PASAT interstimulus interval (i.e. led to faster stimulus pre-
sentation speed in this adaptive performance task) relative to sham, but
had no effect on errors.

Social exclusion induces psychosocial stress and is modeled in the
cyberball task (Eisenberger et al., 2003; Williams et al., 2000). In the
cyberball task, a virtual ball is tossed between several hypothetical
players. The participant is either socially included to receive an equal
percentage of ball tosses or socially excluded to receive a low percent-
age. The participant must monitor the percentage of ball tosses they
receive during both conditions, which may induce cognitive inhibition
of emotional reactivity to social exclusion. We found 4 studies (two
within the same publication) that explored the effect of neuro-
modulation on cognitive inhibition during the psychosocial stressor.
Each study used different neuromodulation protocols across 3 distinct



T.E.H. Moses et al.

neural targets. Fitzgibbon et al., 2017 used 1Hz rTMS targeting the left
dIPFC followed by stress induction using the cyberball task (Fitzgibbon
et al.,, 2017). In the remaining 3 studies, neuromodulation and stress
induction occurred concurrently with the cyberball task. Riva et al.,
2012 used anodal tDCS over the right vIPFC, Riva et al., 2014 study 1
used cathodal tDCS over the right vIPFC, and study 2 used cathodal tDCS
over the right posterior parietal cortex (PPC). Fitzgibbon et al., 2017 and
Riva et al., 2014, study 1 found a main effect of stressor with the social
exclusion condition leading to fewer correctly identified ball tosses
compared to the social inclusion condition. None of the studies found a
main effect of neuromodulation or an interaction effect on their EF
outcome.

The 8 studies outlined here targeted 4 distinct neural locations: right
dIPFC, left dIPFC, right vIPFC, and right PPC in both excitatory and
inhibitory neuromodulation paradigms, with the majority using tDCS
rather than rTMS. Although all studies used a between-subjects design,
there were no other common design features and the wide-ranging ap-
proaches prohibit clear conclusions from these studies about potential
optimal targets for modulating the effects of stress on working memory.

3.2.2. Emotional reactivity

Measures of emotional reactivity and responsiveness vary; however,
they are most commonly measured via the State Trait Anxiety Inventory
(STAD), Positive and Negative Affect Scale (PANAS), and different visual
analog rating (VAS) scales. Although data suggest that various
emotional responses (e.g. anxiety, depressed mood) may occur through
slightly different neural pathways, findings presented in section 2.2.3.1
highlight common pathways involved in stress-induced emotional
changes. Fig. 3 identifies key neural regions associated with some of
these emotional responses, and highlights key locations that could serve
as targets for NIBS. We will evaluate mood-related outcomes of the
studies in Table 2 by target region.

The most commonly targeted location is the dIPFC. We found 3
studies targeting the right dIPFC, 11 targeting the left dIPFC, and 1
targeting both concurrently. All 3 studies targeting the right dIPFC found
a main effect of stressor (TSST or Critical Feedback Task [CFT]) on at
least one mood measure (Ankri et al., 2020 [tDCS]; Bogdanov &
Schwabe [tDCS], 2016; Remue et al., 2016 [rTMS]); however, none of
those studies reported any main effects of right dIPFC neuromodulation
or interaction effects on mood measures. Of the 11 studies targeting the
left dIPFC, 9 found a main effect of stressor (TSST, CFT, or cyberball) on
at least one mood measure (Baeken et al., 2014, 2018; De Raedt et al.,
2017; De Smet et al., 2021; De Witte et al., 2020; Fitzgibbon et al., 2017;
Remue et al., 2016). Five of those studies used the TSST (Carnevali et al.,
2020 [tDCS]; De Witte et al., 2020 [rTMS]; Pulopulos et al., 2019; 2020
[rTMS]; Wandel et al., 2020 [rTMS]) and only one found any effects of
neuromodulation: Carnevali et al., 2020 used anodal tDCS on the left
dIPFC; the group that received tDCS reported lower anxiety after stressor
compared to sham. Four studies used critical feedback as the stressor;
although all found a main effect of stressor on at least one mood mea-
sure, none found any effects of neuromodulation on mood (Baeken et al.,
2014 [tDCS]; Baeken et al., 2018 [tDCS]; De Raedt et al., 2017 [tDCS];
Remue et al., 2016 [tDCS]). One study used the PASAT and, despite no
significant main effect of stressor on overall mood, found that anodal
tDCS of the left dIPFC blocked stressor-related increases in feeling
‘upset’ after performing the PASAT (Plewnia et al., 2015). Finally, one
study targeted bilateral dIPFC using anodal tDCS alongside iTBS of the
left dIPFC (De Smet et al., 2021); in this study, the stressor (Maastricht
Acute Stress Test) increased perceived stress and negative affect; how-
ever, there was no effect of neuromodulation.

The vIPFC is another location associated with responses to stressors.
Two studies explored the effect of either anodal (Riva et al., 2012) or
cathodal (Riva et al., 2015) tDCS to the right vIPFC in conjunction with
the cyberball task. Both studies found that the stress condition increased
feelings of social exclusion and negative emotions. There was an inter-
action effect of anodal stimulation: social exclusion resulted in less
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unpleasantness and hurt feelings in the tDCS group compared to sham;
no differences were seen during social inclusion (Riva et al., 2012).
Interestingly, VIPFC cathodal stimulation showed the opposite interac-
tion: during social exclusion there was an increase in hurt feelings and
negative emotions in the tDCS group compared to sham; no differences
were observed during social inclusion (Riva et al., 2015). Riva et al.,
2014 also targeted the right PPC under the same conditions as an active
control and found no effects of neuromodulation.

Although the mPFC is a key area in emotion regulation and stress
response, we only found one study that targeted this location. Antal
et al., 2014 examined how anodal or cathodal tDCS over the right mPFC
impacted the responses to a subsequent stressor (TSST). There was a
main effect of stressor on anxiety level (STAI) but no significant effects
of neuromodulation on mood-related outcomes (Antal et al., 2014).

The 18 studies outlined here targeted 5 distinct neural locations:
right dIPFC, left dIPFC, right vIPFC, right PPC, and right mPFC in both
excitatory and inhibitory neuromodulation paradigms with the majority
using tDCS rather than rTMS. Major differences in study designs make it
very difficult to compare outcomes. We were able to collect emotional
reactivity data from 9 of these studies to create Forest plots of effect sizes
for the two represented regions (Fig. 4: left dIPFC, right dIPFC). Despite
more data relating to mood outcomes than EF outcomes, the study
design differences are more pronounced and outcomes even less
consistent. Due to these differences, it is not possible to identify neural
regions or NIBS parameters from these studies that are clear targets for
future studies looking to modulate the effects of psychosocial stressors;
however, the results of vIPFC stimulation are the most promising for
future study, especially given evidence for the role of the VvIPFC in
cognitive reappraisal and emotion regulation (Feffer et al., 2018; Wager
et al., 2008).

3.3. Independent factors affecting neuromodulation response

The considerable variability in experimental design (just discussed)
also highlights areas where individual differences may impact responses
and provides insights into potential best practices for future experi-
mental designs. Many studies lacked a control condition (for stressor or
neuromodulation) to appropriately evaluate a neuromodulation x stress
interaction. Additionally, the order of events within sessions determines
the effect of neuromodulation on stress reactivity: there is no consensus
on whether neuromodulation should occur pre- or post-stressor for
optimal effects. Finally, most studies discussed here use a between-
subjects design, which may be problematic because many individual
factors can affect responses to both the stressor and neuromodulation
interventions. Given our understanding of the various individual dif-
ferences that impact responses to stressors, it is unsurprising that these
factors can also affect neural response to neuromodulation. This review
does not consider all possible factors that affect responses to neuro-
modulation (others have already done so (see: (Valero-Cabré et al.,
2017).

In addition to the obvious differences in study design affecting out-
comes, various parameters of neuromodulation also differ between
studies. These include variables that apply across multiple types of NIBS
such as total number of sessions, session duration, and stimulation fre-
quency along with the more NIBS-type specific parameters such as pulse
morphology, pulse amplitude, and stimulation intensity (de Jesus et al.,
2014; Niehaus et al., 2000; Rossi et al., 2021; Stokes et al., 2005).
Although there are well-established safety guidelines for rTMS that
dictate safe ranges for these parameters, there is still considerable
variability within what is considered safe (Rossi et al., 2021). This wide
range of NIBS parameters complicates comparison between studies and
highlights an area in need of increased understanding and consistency
within the field.
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4. Future directions in research on neuromodulation & stress
4.1. State of current research

There is extensive research outlining the ways in which different
types of stressors impact physiology and behavior along with a clear
understanding of the varying mechanisms underlying these responses. In
contrast, while research into NIBS mechanisms has expanded consid-
erably in recent years (Beynel et al., 2020; Chervyakov et al., 2015),
there remains much to uncover regarding the precise mechanisms and
impacts of various methodologies. Thus, we are left with an expanding
body of literature exploring ways that NIBS can affect stress response
without the ability to appropriately compare and contrast between
studies. Nonetheless, each study has the ability to highlight important
experimental design details and identify potential targets for future
study.

4.2. Promising neural circuits and targets

A theoretical, mechanistic-driven approach to neural targets may be
the most effective. In developing this approach, we recognize that the
negative effects of psychosocial stressors occur via multiple related but
distinct neural pathways. Thus, it is fair to assume there may be multiple
effective neuromodulation targets and their efficacy may depend on the
outcome of interest. In this review, we focused on the EF and emotional
impacts of psychosocial stressors, which led to the evaluation of multiple
distinct neural circuits. Based on current evidence, the dIPFC—a key
structure within the CEN—appears to be the best-supported target for
addressing EF-related effects of stressors. In contrast, the vIPFC—a key
structure in cognitive reappraisal circuits—may be the best-supported
target to affect stress modulation of emotional responses.

In addition to the focused attention on theoretically-driven neural
targets, we must also consider the role of biomarkers that may reflect
changes in these neural circuits and can be used to identify efficacious
neuromodulation therapy. Details of these biomarkers exceed the scope
of this review (see (Cirillo et al., 2017; Kim et al., 2021), but it will be
important to conceptualize and incorporate this information into future
studies.

4.3. Individual differences

One major barrier in the current research in this field is the signifi-
cant impact of individual differences on responses to both stressors and
neuromodulation. As we highlighted, many state and trait variables may
play a significant role in an individual’s responses. It is not feasible to
control and track all variables for every study; however, it is important
they are controlled whenever possible and that any analysis and eval-
uation of intervention efficacy consider these issues. Where possible,
fully within-subject study designs that include sham stimulation and
protocol crossover will mitigate many of these concerns. Future studies
should examine which of these factors explain the most variance, so that
researchers can focus efforts on controlling and addressing those factors
in their study designs.

4.4. Relevance to psychopathology

Stressors are not pleasant experiences for any individual;, however,
for individuals with existing psychopathology the addition of acutely
stressful situations may significantly worsen outcomes. One key
example comes from individuals with substance use disorders (SUDs).
We know that people with SUDs experience impairments in EF and
emotional regulation, which are associated with alterations in the same
neural circuitry affected by acutely stressful situations (Bruijnen et al.,
2019; Koob and Volkow, 2010; Madoz-Gurpide et al., 2011).
Stress-exposure is problematic for people trying to recover from any
SUD because it weakens inhibition of automatic behaviors and may
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increase drug craving and likelihood of relapse (al’Absi, 2006b; Brady
and Sinha, 2005; Brewer et al., 1998; Hyman et al., 2007; Kadam et al.,
2017). Neurochemical theories of addiction suggest there may be
dysfunction in two fronto-striatal circuits: (1) elevated activity in the
limbic circuit resulting in hyper-sensitivity to drug cues; and (2)
decreased executive control resulting in a diminished ability to resist
drug-craving (Kravitz et al., 2015). For individuals with SUDs who are
attempting to reduce their substance use, current treatments are insuf-
ficient for addressing the effects of stressors on these already dysfunc-
tional neural pathways (Kotlyar et al., 2011; Leri et al., 2003; Ray et al.,
2013). This understanding lays the theoretical groundwork for devel-
oping NIBS targets and protocols for treating SUDs, particularly
stress-induced substance use.

The significant overlap between the pathways that are impaired in
SUDs and those that are impacted by acute stressors provides a key
example of the way in which these mechanistic findings can be trans-
lated to the treatment of psychopathology, but SUDs are by no means the
only disorder that could benefit from these insights. A wide range of
psychiatric disorders are characterized by inappropriate activation of
the stress-response systems (e.g., anxiety disorders and post-traumatic
stress disorder). Research has already demonstrated distinct impacts of
acute stressors on populations with these disorders and understanding
how NIBS can be used to modify stress responses in healthy populations
could help in the development of interventions for these disorders.
Furthermore, a more thorough mechanistic understanding of these ef-
fects could facilitate development of preventive interventions that may
assist individuals in modulating their stress response in the aftermath of
a trauma. Initial evidence examining pharmacological interventions that
target ANS responses (e.g., beta-blockers) suggests the potential for
medications that diminish the SNS response to reduce the consolidation
of traumatic memories and later development of PTSD (Grillon et al.,
2004; Krauseneck et al., 2010; Villain et al., 2016, 2018); understanding
how NIBS influences these stress responses may allow for similar neu-
romodulatory interventions.

4.5. Intervention development

This review highlights significant inconsistency in the development
of neuromodulation interventions. Even within interventions of the
same modality (e.g. rTMS or tDCS) the duration and pattern of stimu-
lation can vary considerably. The past two decades of neuromodulation
research have demonstrated the importance of many of these neuro-
modulation variables (de Jesus et al., 2014; Lewis et al., 2016; Rossi
et al., 2009; Valero-Cabré et al., 2017); as such, researchers should
develop a consistent method of reporting these parameters to facilitate
meaningful comparisons between studies.

One important parameter within neuromodulation research that has
not been considered in most studies until recently is the timing of the
NIBS intervention and any concurrent stimuli. It is clear that participant
mental state during stimulation can significantly impact the outcome of
the stimulation (Silvanto et al., 2007). It is thought that engaging the
neural target during stimulation can modulate outcomes; for example,
completing a working memory task while receiving excitatory NIBS to
the EF circuit may increase EF improvement induced by the stimulation.
Given this knowledge, it stands to reason that when NIBS is performed
relative to stressor induction may impact outcomes. Furthermore, it is
possible that introduction of behavioral stress reduction strategies dur-
ing NIBS (e.g., mindfulness) may provide additional benefits. The
studies presented here demonstrate considerable variability in the order
of NIBS and stressor and this represents a key area for future research.

Of equal importance is the method of targeting the appropriate
neural location. Until recently, scalp measurement and the EEG 10-20
system were standard (Herwig et al., 2003); however, we now have a
concrete understanding of the variability that this type of targeting can
create. At present, there are increasingly sophisticated techniques,
including MRI-based structural and functional connectivity
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neuronavigation that can significantly improve the accuracy of the
neuromodulation targeting (Cole et al., 2022; Schonfeldt-Lecuona et al.,
2010; Summers and Hanlon, 2017; Vila-Rodriguez and Frangou, 2021).
Additionally, improved understanding and modeling of the E-field
induced by TMS will provide a more precise understanding of both the
specific locations impacted and the dose of the stimulation applied
(Gomez et al., 2020). Most NIBS studies to date have focused on the
dIPFC, an area for which there is already considerable research
regarding optimal targeting methods and downstream effects of stimu-
lation. Given the potential of other brain regions, such as the vIPFC, to
serve as effective targets in stress modulation, more consideration
should be given to ensuring these regions are targeted correctly and
specifically. Furthermore, as highlighted in Section 2.2, no neural region
functions in isolation and an improved understanding of functional
connectivity within relevant brain networks will provide important
guidance into the efficacy of certain NIBS paradigms (Cash et al., 2021).
Future neuromodulation research should endeavor to use these more
validated and precise techniques for ensuring precise neural targeting
and recording the exact dose of stimulation applied to the target
location.

5. Conclusions

Existing research in this field provides an important foundation for
development of future work exploring the impacts of NIBS on stress
responses and highlights several key areas for improvement in the field.
Research in this area should use consistent, reliable methods for stress
induction and NIBS targeting. Measuring key physiological outcomes
related to the SAM-axis are vital for research seeking to identify methods
to reduce stress reactivity. Furthermore, wherever possible control
stressor and NIBS arms, ideally within subjects, should be used to
strengthen interpretation of results. At present, it is difficult to identify
clear clinical targets for NIBS-related stress reduction; however, initial
studies alongside a theoretical understanding of cognitive and psycho-
logical responses to stressors highlight key pathways that are strong
candidates for more rigorous exploration. Specifically, we believe that
the dIPFC and vIPFC are the best-supported targets at this time due to
their clear role in the respective EF and emotional regulation networks
alongside the existing evidence that stimulation of these locations may
modulate these stress responses. There is significant room for further
study within this field and, with the implementation of a more stan-
dardized methodology and awareness of key variables leading to indi-
vidual differences, there is a strong likelihood that reliable neural targets
for NIBS intervention in stress responses will be identified.

Role of funding source

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Contributors

TEHM took the lead in writing the manuscript and developing the
Forest plots (Figs. 4 and 5). EG conceptualized and developed Figs. 1-3.
TEHM and EG performed a primary review of the literature and
extracted data from relevant studies. NM and MKG reviewed extracted
data for completeness and accuracy. All authors provided critical feed-
back and contributed to writing the manuscript. All authors have
reviewed the manuscript content and approved the final version for
publication.

Declaration of competing interest
Faculty effort was supported by the Gertrude Levin Endowed Chair in

Addiction and Pain Biology (MKG), a grant from the Peter F. McManus
Charitable Trust (MKG), Michigan Department of Health and Human

18

Neurobiology of Stress 22 (2023) 100515

Services (Helene Lycaki/Joe Young, Sr. Funds), and Detroit Wayne In-
tegrated Health Network. Trainee effort was supported by National
Institute on Drug Abuse award F30 DA052118 (TEHM). All authors
declare no conflict of interest with respect to the conduct or content of
this work.

Acknowledgements

Figs. 1-3 created with BioRender.com. We thank authors who pro-
vided source data for Figs. 4 and 5.

References

Ahs, F., Sollers, J.J., Furmark, T., Fredrikson, M., Thayer, J.F., 2009. High-frequency
heart rate variability and cortico-striatal activity in men and women with social
phobia. Neuroimage 47 (3), 815-820. https://doi.org/10.1016/j.
neuroimage.2009.05.091.

al’Absi, M., 2006a. Hypothalamic-Pituitary—Adrenocortical responses to psychological
stress and risk for smoking relapse. Int. J. Psychophysiol. 59 (3), 218-227. https://
doi.org/10.1016/j.ijpsycho.2005.10.010.

al’Absi, M., 2006b. Hypothalamic-Pituitary—Adrenocortical responses to psychological
stress and risk for smoking relapse. Int. J. Psychophysiol. 59 (3), 218-227. https://
doi.org/10.1016/J.1JPSYCHO.2005.10.010.

Alexander, J.K., Hillier, A., Smith, R.M., Tivarus, M.E., Beversdorf, D.Q., 2007. Beta-
adrenergic modulation of cognitive flexibility during stress. J. Cognit. Neurosci. 19
(3), 468-478. https://doi.org/10.1162/jocn.2007.19.3.468.

Allen, A.P., Kennedy, P.J., Cryan, J.F., Dinan, T.G., Clarke, G., 2014. Biological and
psychological markers of stress in humans: focus on the trier social stress test.
Neurosci. Biobehav. Rev. 38, 94-124. https://doi.org/10.1016/j.
neubiorev.2013.11.005.

Allen, A.P., Kennedy, P.J., Dockray, S., Cryan, J.F., Dinan, T.G., Clarke, G., 2017. The
trier social stress test: principles and practice. Neurobiology of Stress 6, 113-126.
https://doi.org/10.1016/j.ynstr.2016.11.001.

Amidfar, M., Ko, Y.-H., Kim, Y.-K., 2019. Neuromodulation and cognitive control of
emotion. In: Advances in Experimental Medicine and Biology, vol. 1192. Springer,
Singapore, pp. 545-564. https://doi.org/10.1007/978-981-32-9721-0_27.

Anderson, A.K., Phelps, E.A., 2001. Lesions of the human amygdala impair enhanced
perception of emotionally salient events. Nature 411 (6835), 305-309. https://doi.
org/10.1038/35077083.

Anderson, AK., Phelps, E.A., 2002. Is the human amygdala critical for the subjective
experience of emotion? Evidence of intact dispositional affect in patients with
amygdala lesions. J. Cognit. Neurosci. 14 (5), 709-720. https://doi.org/10.1162/
08989290260138618.

Anderson, T., Wideman, L., 2017. Exercise and the cortisol awakening response: a
systematic review. Sports Medicine - Open 3 (1), 37. https://doi.org/10.1186/
s40798-017-0102-3.

Ankri, Y.L.E., Braw, Y., Luboshits, G., Meiron, O., 2020. The effects of stress and
transcranial direct current stimulation (tDCS) on working memory: a randomized
controlled trial. Cognit. Affect Behav. Neurosci. 20 (1), 103-114. https://doi.org/
10.3758/513415-019-00755-7.

Antal, A., Fischer, T., Saiote, C., Miller, R., Chaieb, L., Wang, D.J.J., Plessow, F.,
Paulus, W., Kirschbaum, C., 2014. Transcranial electrical stimulation modifies the
neuronal response to psychosocial stress exposure. Hum. Brain Mapp. 35 (8),
3750-3759. https://doi.org/10.1002/hbm.22434.

Arnsten, A.F.T., 2009. Stress signalling pathways that impair prefrontal cortex structure
and function. Nat. Rev. Neurosci. 10 (6), 410-422. https://doi.org/10.1038/
nrn2648.

Arnsten, A.F.T., 2015. Stress weakens prefrontal networks: molecular insults to higher
cognition. Nat. Neurosci. 18 (10), 1376-1385. https://doi.org/10.1038/nn.4087.

Arnsten, A.F.T., Raskind, M.A., Taylor, F.B., Connor, D.F., 2015. The effects of stress
exposure on prefrontal cortex: translating basic research into successful treatments
for post-traumatic stress disorder. Neurobiology of Stress 1 (1), 89-99. https://doi.
org/10.1016/j.ynstr.2014.10.002.

Aston-Jones, G., Rajkowski, J., Kubiak, P., Valentino, R.J., Shipley, M.T., 1996. Chapter
23: role of the locus coeruleus in emotional activation. In: Progress in Brain
Research, vol. 107. Elsevier, pp. 379-402. https://doi.org/10.1016/50079-6123(08)
61877-4.

Baak, M. A. van, 2001. The peripheral sympathetic nervous system in human obesity.
Obes. Rev. 2 (1), 3-14. https://doi.org/10.1046/j.1467-789x.2001.00010.x.

Bachmann, P., Finke, J.B., Rebeck, D., Zhang, X., Larra, M.F., Koch, K.P., Turner, J.D.,
Schachinger, H., 2019. Test-retest reproducibility of a combined physical and
cognitive stressor. Biol. Psychol. 148, 107729 https://doi.org/10.1016/J.
BIOPSYCHO.2019.107729.

Baeken, C., Vanderhasselt, M.A.A., Remue, J., Rossi, V., Schiettecatte, J., Anckaert, E., De
Raedt, R., 2014. One left dorsolateral prefrontal cortical HF-rTMS session attenuates
HPA-system sensitivity to critical feedback in healthy females. Neuropsychologia 57
(1), 112-121. https://doi.org/10.1016/j.neuropsychologia.2014.02.019.

Baeken, Chris, Dedoncker, J., Remue, J., Wu, G.-R.R., Vanderhasselt, M.-A.A., De
Witte, S., Poppa, T., Hooley, J.M., De Raedt, R., 2018. One MRI-compatible tDCS
session attenuates ventromedial cortical perfusion when exposed to verbal criticism:
the role of perceived criticism. Hum. Brain Mapp. 39 (11), 4462-4470. https://doi.
org/10.1002/hbm.24285.


http://BioRender.com
https://doi.org/10.1016/j.neuroimage.2009.05.091
https://doi.org/10.1016/j.neuroimage.2009.05.091
https://doi.org/10.1016/j.ijpsycho.2005.10.010
https://doi.org/10.1016/j.ijpsycho.2005.10.010
https://doi.org/10.1016/J.IJPSYCHO.2005.10.010
https://doi.org/10.1016/J.IJPSYCHO.2005.10.010
https://doi.org/10.1162/jocn.2007.19.3.468
https://doi.org/10.1016/j.neubiorev.2013.11.005
https://doi.org/10.1016/j.neubiorev.2013.11.005
https://doi.org/10.1016/j.ynstr.2016.11.001
https://doi.org/10.1007/978-981-32-9721-0_27
https://doi.org/10.1038/35077083
https://doi.org/10.1038/35077083
https://doi.org/10.1162/08989290260138618
https://doi.org/10.1162/08989290260138618
https://doi.org/10.1186/s40798-017-0102-3
https://doi.org/10.1186/s40798-017-0102-3
https://doi.org/10.3758/s13415-019-00755-7
https://doi.org/10.3758/s13415-019-00755-7
https://doi.org/10.1002/hbm.22434
https://doi.org/10.1038/nrn2648
https://doi.org/10.1038/nrn2648
https://doi.org/10.1038/nn.4087
https://doi.org/10.1016/j.ynstr.2014.10.002
https://doi.org/10.1016/j.ynstr.2014.10.002
https://doi.org/10.1016/S0079-6123(08)61877-4
https://doi.org/10.1016/S0079-6123(08)61877-4
https://doi.org/10.1046/j.1467-789x.2001.00010.x
https://doi.org/10.1016/J.BIOPSYCHO.2019.107729
https://doi.org/10.1016/J.BIOPSYCHO.2019.107729
https://doi.org/10.1016/j.neuropsychologia.2014.02.019
https://doi.org/10.1002/hbm.24285
https://doi.org/10.1002/hbm.24285

T.E.H. Moses et al.

Bali, A., Jaggi, A.S., 2015. Clinical experimental stress studies: methods and assessment.
Rev. Neurosci. 26 (5), 555-579. https://doi.org/10.1515/revneuro-2015-0004.

Ballan, R., Gabay, Y., 2020. Does acute stress impact declarative and procedural
learning? Front. Psychol. 11, 342. https://doi.org/10.3389/fpsyg.2020.00342.

Balzarotti, S., Biassoni, F., Colombo, B., Ciceri, M.R., 2017. Cardiac vagal control as a
marker of emotion regulation in healthy adults: a review. Biol. Psychol. 130, 54-66.
https://doi.org/10.1016/j.biopsycho.2017.10.008.

Balzarotti, S., Biassoni, F., Villani, D., Prunas, A., Velotti, P., 2016. Individual differences
in cognitive emotion regulation: implications for subjective and psychological well-
being. J. Happiness Stud. 17 (1), 125-143. https://doi.org/10.1007/510902-014-
9587-3.

Baptista, A.F., Baltar, A., Okano, A.H., Moreira, A., Campos, A.C.P., Fernandes, A.M.,
Brunoni, A.R., Badran, B.W., Tanaka, C., de Andrade, D.C., da Silva Machado, D.G.,
Morya, E., Trujillo, E., Swami, J.K., Camprodon, J.A., Monte-Silva, K., Sa, K.N.,
Nunes, I., Goulardins, J.B., et al., 2020. Applications of non-invasive
neuromodulation for the management of disorders related to COVID-19. Front.
Neurol. 11, 573718 https://doi.org/10.3389/fneur.2020.573718.

Becker, L., Rohleder, N., 2019. Time course of the physiological stress response to an
acute stressor and its associations with the primacy and recency effect of the serial
position curve. PLoS One 14 (5), e0213883. https://doi.org/10.1371/journal.
pone.0213883.

Becker, L., Rohleder, N., 2020. Associations between attention and implicit associative
learning in healthy adults: the role of cortisol and salivary alpha-amylase responses
to an acute stressor. Brain Sci. 10 (8), 544. https://doi.org/10.3390/
brainsci10080544.

Bernstein, E.E., McNally, R.J., 2017. Acute aerobic exercise hastens emotional recovery
from a subsequent stressor. Health Psychol. 36 (6), 560-567. https://doi.org/
10.1037/hea0000482.

Beynel, L., Powers, J.P., Appelbaum, L.G., 2020. Effects of repetitive transcranial
magnetic stimulation on resting-state connectivity: a systematic review. Neuroimage
211, 116596. https://doi.org/10.1016/j.neuroimage.2020.116596.

Bikson, M., Name, A., Rahman, A., 2013. Origins of specificity during tDCS: anatomical,
activity-selective, and input-bias mechanisms. Front. Hum. Neurosci. 7 (OCT), 688.
https://doi.org/10.3389/fnhum.2013.00688.

Birkett, M.A., 2011. The Trier Social Stress Test protocol for inducing psychological
stress. JOVE 56, 1-6. https://doi.org/10.3791/3238.

Boesch, M., Sefidan, S., Ehlert, U., Annen, H., Wyss, T., Steptoe, A., La Marca, R., 2014.
Mood and autonomic responses to repeated exposure to the trier social stress test for
groups (TSST-G). Psychoneuroendocrinology 43, 41-51. https://doi.org/10.1016/j.
psyneuen.2014.02.003.

Bogdanov, M., Schwabe, L., 2016. Transcranial stimulation of the dorsolateral prefrontal
cortex prevents stress-induced working memory deficits. J. Neurosci. 36 (4),
1429-1437. https://doi.org/10.1523/JNEUROSCI.3687-15.2016.

Boyle, N.B., Lawton, C., Arkbage, K., West, S., Thorell, L., Hofman, D., Weeks, A.,
Myrissa, K., Croden, F., Dye, L., 2016. Stress responses to repeated exposure to a
combined physical and social evaluative laboratory stressor in young healthy males.
Psychoneuroendocrinology 63, 119-127. https://doi.org/10.1016/j.
psyneuen.2015.09.025.

Brady, K.T., Sinha, R., 2005. Co-occurring mental and substance use disorders: the
neurobiological effects of chronic stress. Am. J. Psychiatr. 162, 1483-1493. https://
doi.org/10.1176/appi.ajp.162.8.1483.

Braem, S., Egner, T., 2018. Getting a grip on cognitive flexibility. Curr. Dir. Psychol. Sci.
27 (6), 470-476. https://doi.org/10.1177/0963721418787475.

Brannan, S., Liotti, M., Egan, G., Shade, R., Madden, L., Robillard, R., Abplanalp, B.,
Stofer, K., Denton, D., Fox, P.T., 2001. Neuroimaging of cerebral activations and
deactivations associated with hypercapnia and hunger for air. Proc. Natl. Acad. Sci.
USA 98 (4), 2029-2034. https://doi.org/10.1073/pnas.98.4.2029.

Brewer, D.D., Catalano, R.F., Haggerty, K., Gainey, R.R., Fleming, C.B., 1998. A meta-
analysis of predictors of continued drug use during and after treatment for opiate
addiction. Addiction (Abingdon, England) 93 (1), 73-92.

Brindle, R.C., Ginty, A.T., Phillips, A.C., Carroll, D., 2014. A tale of two mechanisms: a
meta-analytic approach toward understanding the autonomic basis of cardiovascular
reactivity to acute psychological stress. Psychophysiology 51 (10), 964-976. https://
doi.org/10.1111/psyp.12248.

Broadbent, H.J., van den Eynde, F., Guillaume, S., Hanif, E.L., Stahl, D., David, A.S.,
Campbell, I.C., Schmidt, U., 2011. Blinding success of rTMS applied to the
dorsolateral prefrontal cortex in randomised sham-controlled trials: a systematic
review. World J. Biol. Psychiatr. 12 (4), 240-248. https://doi.org/10.3109/
15622975.2010.541281.

Brody, S., Preut, R., Schommer, K., Schiirmeyer, T.H., 2002. A randomized controlled
trial of high dose ascorbic acid for reduction of blood pressure, cortisol, and
subjective responses to psychological stress. Psychopharmacology 159 (3), 319-324.
https://doi.org/10.1007/500213-001-0929-6.

Brouwer, A.-M., Hogervorst, M.A., 2014. A new paradigm to induce mental stress: the
Sing-a-Song Stress Test (SSST). Front. Neurosci. 8 (8 JUL) https://doi.org/10.3389/
fnins.2014.00224.

Brouwer, A.-M., van Beurden, M., Nijboer, L., Derikx, L., Binsch, O., Gjaltema, C.,
Noordzij, M., 2018. A comparison of different electrodermal variables in response to
an acute social stressor. In: Lecture Notes in Computer Science (Including Subseries
Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics), 10727
LNGS. Springer, Cham, pp. 7-17. https://doi.org/10.1007/978-3-319-91593-7_2.

Bruijnen, C.J.W.H., Dijkstra, B.A.G., Walvoort, S.J.W., Markus, W., VanDerNagel, J.E.L.,
Kessels, R.P.C., DE Jong, C.A.J., 2019. Prevalence of cognitive impairment in
patients with substance use disorder. Drug Alcohol Rev. 38 (4), 435-442. https://
doi.org/10.1111/dar.12922.

19

Neurobiology of Stress 22 (2023) 100515

Brunoni, A.R., Vanderhasselt, M.-A., Boggio, P.S., Fregni, F., Dantas, E.M., Mill, J.G.,
Lotufo, P.A., Bensenor, .M., 2013. Polarity- and valence-dependent effects of
prefrontal transcranial direct current stimulation on heart rate variability and
salivary cortisol. Psychoneuroendocrinology 38 (1), 58-66. https://doi.org/
10.1016/J.PSYNEUEN.2012.04.020.

Cameron, O.G., Zubieta, J.K., Grunhaus, L., Minoshima, S., 2000. Effects of yohimbine on
cerebral blood flow, symptoms, and physiological functions in humans. Psychosom.
Med. 62 (4), 549-559. https://doi.org/10.1097,/00006842-200007000-00014.

Campbell, J., Ehlert, U., 2012. Acute psychosocial stress: does the emotional stress
response correspond with physiological responses? Psychoneuroendocrinology 37
(8), 1111-1134. https://doi.org/10.1016/j.psyneuen.2011.12.010.

Carlson, A.B., Kraus, G.P., 2021. Physiology, cholinergic receptors. In: StatPearls.

Carnevali, L., Pattini, E., Sgoifo, A., Ottaviani, C., 2020. Effects of prefrontal transcranial
direct current stimulation on autonomic and neuroendocrine responses to
psychosocial stress in healthy humans. Stress 23 (1), 26-36. https://doi.org/
10.1080/10253890.2019.1625884.

Cash, R.F.H., Weigand, A., Zalesky, A., Siddiqi, S.H., Downar, J., Fitzgerald, P.B., Fox, M.
D., 2021. Using brain imaging to improve spatial targeting of transcranial magnetic
stimulation for depression. Biol. Psychiatr. 90 (10), 689-700. https://doi.org/
10.1016/j.biopsych.2020.05.033.

Chai, W.J., Abd Hamid, A.L., Abdullah, J.M., 2018. Working memory from the
psychological and neurosciences perspectives: a review. Front. Psychol. 9 (MAR),
401. https://doi.org/10.3389/fpsyg.2018.00401.

Chamberlain, S.R., Miiller, U., Blackwell, A.D., Robbins, T.W., Sahakian, B.J., 2006.
Noradrenergic modulation of working memory and emotional memory in humans.
Psychopharmacology 188 (4), 397-407. https://doi.org/10.1007/500213-006-0391-
6.

Chambers, C.D., Garavan, H., Bellgrove, M.A., 2009. Insights into the neural basis of
response inhibition from cognitive and clinical neuroscience. Neurosci. Biobehav.
Rev. 33 (5), 631-646. https://doi.org/10.1016/j.neubiorev.2008.08.016.

Chan, S., Debono, M., 2010. Replication of cortisol circadian rhythm: new advances in
hydrocortisone replacement therapy. Therapeutic Advances in Endocrinology and
Metabolism 1 (3), 129-138. https://doi.org/10.1177/2042018810380214.

Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E.M., Hallett, M., Cohen, L.G.,
1997. Depression of motor cortex excitability by low-frequency transcranial
magnetic stimulation. Neurology 48 (5), 1398-1403. https://doi.org/10.1212/
WNL.48.5.1398.

Chervyakov, A.V., Chernyavsky, A.Y., Sinitsyn, D.O., Piradov, M.A., 2015. Possible
mechanisms underlying the therapeutic effects of transcranial magnetic stimulation.
Front. Hum. Neurosci. 9 (June), 303. https://doi.org/10.3389/fnhum.2015.00303.

Chida, Y., Hamer, M., 2008. Chronic psychosocial factors and acute physiological
responses to laboratory-induced stress in healthy populations: a quantitative review
of 30 years of investigations. Psychol. Bull. 134 (6), 829-885. https://doi.org/
10.1037/a0013342.

Choi, D.C., Furay, A.R., Evanson, N.K., Ostrander, M.M., Ulrich-Lai, Y.M., Herman, J.P.,
2007. Bed nucleus of the stria terminalis subregions differentially regulate
hypothalamic-pituitary-adrenal axis activity: implications for the integration of
limbic inputs. J. Neurosci. : The Official Journal of the Society for Neuroscience 27
(8), 2025-2034. https://doi.org/10.1523/JNEUROSCI.4301-06.2007.

Chrousos, G.P., Gold, P.W., 1992. The concepts of stress and stress system disorders.
Overview of physical and behavioral homeostasis. JAMA 267 (9), 1244-1252.
https://doi.org/10.1001/JAMA.1992.03480090092034.

Cirillo, G., Di Pino, G., Capone, F., Ranieri, F., Florio, L., Todisco, V., Tedeschi, G.,
Funke, K., Di Lazzaro, V., 2017. Neurobiological after-effects of non-invasive brain
stimulation. Brain Stimul. 10 (1), 1-18. https://doi.org/10.1016/J.
BRS.2016.11.009.

Clewett, D., Schoeke, A., Mather, M., 2013. Amygdala functional connectivity is reduced
after the cold pressor task. Cognit. Affect Behav. Neurosci. 13 (3), 501-518. https://
doi.org/10.3758/5s13415-013-0162-x.

Cohen, A., Zemel, C., Colodner, R., Abu-Shkara, R., Masalha, R., Mahagna, L., Barel, E.,
2020. Interactive role of endocrine stress systems and reproductive hormones in the
effects of stress on declarative memory. Psychoneuroendocrinology 120, 104807.
https://doi.org/10.1016/j.psyneuen.2020.104807.

Cole, E.J., Phillips, A.L., Bentzley, B.S., Stimpson, K.H., Nejad, R., Barmak, F.,
Veerapal, C., Khan, N., Cherian, K., Felber, E., Brown, R., Choi, E., King, S.,
Pankow, H., Bishop, J.H., Azeez, A., Coetzee, J., Rapier, R., Odenwald, N., et al.,
2022. Stanford Neuromodulation Therapy (SNT): a double-blind randomized
controlled trial. Am. J. Psychiatr. 179 (2), 132-141. https://doi.org/10.1176/appi.
ajp.2021.20101429.

Collette, F., Van der Linden, M., 2002. Brain imaging of the central executive component
of working memory. Neurosci. Biobehav. Rev. 26 (2), 105-125. https://doi.org/
10.1016/50149-7634(01)00063-X.

Conrad, C.D., 2010. A critical review of chronic stress effects on spatial learning and
memory. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 34 (5), 742-755. https://
doi.org/10.1016/j.pnpbp.2009.11.003.

Conrad, C.D., Ortiz, J.B., Judd, J.M., 2017. Chronic stress and hippocampal dendritic
complexity: methodological and functional considerations. Physiol. Behav. 178,
66-81. https://doi.org/10.1016/j.physbeh.2016.11.017.

Corbetta, M., Patel, G., Shulman, G.L., 2008. The reorienting system of the human brain:
from environment to theory of mind. Neuron 58 (3), 306-324. https://doi.org/
10.1016/j.neuron.2008.04.017.

Crestani, C., Alves, F., Gomes, F., Resstel, L., Correa, F., Herman, J., 2013. Mechanisms in
the bed nucleus of the stria terminalis involved in control of autonomic and
neuroendocrine functions: a review. Curr. Neuropharmacol. 11 (2), 141-159.
https://doi.org/10.2174/1570159X11311020002.


https://doi.org/10.1515/revneuro-2015-0004
https://doi.org/10.3389/fpsyg.2020.00342
https://doi.org/10.1016/j.biopsycho.2017.10.008
https://doi.org/10.1007/s10902-014-9587-3
https://doi.org/10.1007/s10902-014-9587-3
https://doi.org/10.3389/fneur.2020.573718
https://doi.org/10.1371/journal.pone.0213883
https://doi.org/10.1371/journal.pone.0213883
https://doi.org/10.3390/brainsci10080544
https://doi.org/10.3390/brainsci10080544
https://doi.org/10.1037/hea0000482
https://doi.org/10.1037/hea0000482
https://doi.org/10.1016/j.neuroimage.2020.116596
https://doi.org/10.3389/fnhum.2013.00688
https://doi.org/10.3791/3238
https://doi.org/10.1016/j.psyneuen.2014.02.003
https://doi.org/10.1016/j.psyneuen.2014.02.003
https://doi.org/10.1523/JNEUROSCI.3687-15.2016
https://doi.org/10.1016/j.psyneuen.2015.09.025
https://doi.org/10.1016/j.psyneuen.2015.09.025
https://doi.org/10.1176/appi.ajp.162.8.1483
https://doi.org/10.1176/appi.ajp.162.8.1483
https://doi.org/10.1177/0963721418787475
https://doi.org/10.1073/pnas.98.4.2029
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref38
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref38
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref38
https://doi.org/10.1111/psyp.12248
https://doi.org/10.1111/psyp.12248
https://doi.org/10.3109/15622975.2010.541281
https://doi.org/10.3109/15622975.2010.541281
https://doi.org/10.1007/s00213-001-0929-6
https://doi.org/10.3389/fnins.2014.00224
https://doi.org/10.3389/fnins.2014.00224
https://doi.org/10.1007/978-3-319-91593-7_2
https://doi.org/10.1111/dar.12922
https://doi.org/10.1111/dar.12922
https://doi.org/10.1016/J.PSYNEUEN.2012.04.020
https://doi.org/10.1016/J.PSYNEUEN.2012.04.020
https://doi.org/10.1097/00006842-200007000-00014
https://doi.org/10.1016/j.psyneuen.2011.12.010
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref48
https://doi.org/10.1080/10253890.2019.1625884
https://doi.org/10.1080/10253890.2019.1625884
https://doi.org/10.1016/j.biopsych.2020.05.033
https://doi.org/10.1016/j.biopsych.2020.05.033
https://doi.org/10.3389/fpsyg.2018.00401
https://doi.org/10.1007/s00213-006-0391-6
https://doi.org/10.1007/s00213-006-0391-6
https://doi.org/10.1016/j.neubiorev.2008.08.016
https://doi.org/10.1177/2042018810380214
https://doi.org/10.1212/WNL.48.5.1398
https://doi.org/10.1212/WNL.48.5.1398
https://doi.org/10.3389/fnhum.2015.00303
https://doi.org/10.1037/a0013342
https://doi.org/10.1037/a0013342
https://doi.org/10.1523/JNEUROSCI.4301-06.2007
https://doi.org/10.1001/JAMA.1992.03480090092034
https://doi.org/10.1016/J.BRS.2016.11.009
https://doi.org/10.1016/J.BRS.2016.11.009
https://doi.org/10.3758/s13415-013-0162-x
https://doi.org/10.3758/s13415-013-0162-x
https://doi.org/10.1016/j.psyneuen.2020.104807
https://doi.org/10.1176/appi.ajp.2021.20101429
https://doi.org/10.1176/appi.ajp.2021.20101429
https://doi.org/10.1016/S0149-7634(01)00063-X
https://doi.org/10.1016/S0149-7634(01)00063-X
https://doi.org/10.1016/j.pnpbp.2009.11.003
https://doi.org/10.1016/j.pnpbp.2009.11.003
https://doi.org/10.1016/j.physbeh.2016.11.017
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.2174/1570159X11311020002

T.E.H. Moses et al.

Crum, A.J., Salovey, P., Achor, S., 2013. Rethinking stress: the role of mindsets in
determining the stress response. J. Pers. Soc. Psychol. 104 (4), 716-733. https://doi.
org/10.1037/a0031201.

Das, S., Holland, P., Frens, M.A., Donchin, O., 2016. Impact of transcranial direct current
stimulation (tDCS) on neuronal functions. Front. Neurosci. 10 (NOV), 550. https://
doi.org/10.3389/fnins.2016.00550.

Davidson, R.J., 2000. Cognitive neuroscience needs affective neuroscience (and vice
versa). Brain Cognit. 42 (1), 89-92. https://doi.org/10.1006/brcg.1999.1170.
Davidson, R.J., 2002. Anxiety and affective style: role of prefrontal cortex and amygdala.

Biol. Psychiatr. 51 (1), 68-80. https://doi.org/10.1016/50006-3223(01)01328-2.

Davies, K.J.A., 2016. Adaptive homeostasis. Mol. Aspect. Med. 49, 1-7. https://doi.org/
10.1016/j.mam.2016.04.007.

Davis, P., Gaitanis, J., 2020. Neuromodulation for the treatment of epilepsy: a review of
current approaches and future directions. Clin. Therapeut. 42 (7), 1140-1154.
https://doi.org/10.1016/j.clinthera.2020.05.017.

Dayas, C.V., Buller, K.M., Crane, J.W., Xu, Y., Day, T.A., 2001. Stressor categorization:
acute physical and psychological stressors elicit distinctive recruitment patterns in
the amygdala and in medullary noradrenergic cell groups. Eur. J. Neurosci. 14 (7),
1143-1152.

Dayas, C.V., Buller, K.M., Day, T.A., 1999. Neuroendocrine responses to an emotional
stressor: evidence for involvement of the medial but not the central amygdala. Eur. J.
Neurosci. 11 (7), 2312-2322. https://doi.org/10.1046/j.1460-9568.1999.00645..x.

De Calheiros Velozo, J., Vaessen, T., Pruessner, J., Van Diest, L., Claes, S., Myin-
Germeys, 1., 2021. The repeated Montreal Imaging Stress Test (rMIST): testing
habituation, sensitization, and anticipation effects to repeated stress induction.
Psychoneuroendocrinology 128, 105217. https://doi.org/10.1016/J.
PSYNEUEN.2021.105217.

De Geus, E.J.C., Van Doornen, L.J.P., 1993. The effects of fitness training on the
physiological stress response. Work. Stress 7 (2), 141-159. https://doi.org/10.1080/
02678379308257057.

de Jesus, D.R., Favalli, G.P. de S., Hoppenbrouwers, S.S., Barr, M.S., Chen, R.,
Fitzgerald, P.B., Daskalakis, Z.J., 2014. Determining optimal rTMS parameters
through changes in cortical inhibition. Clin. Neurophysiol. 125 (4), 755-762.
https://doi.org/10.1016/j.clinph.2013.09.011.

de Kloet, E.R., Joéls, M., Holsboer, F., 2005. Stress and the brain: from adaptation to
disease. Nat. Rev. Neurosci. 6 (6), 463-475. https://doi.org/10.1038/nrn1683.

De Raedt, R., Remue, J., Loeys, T., Hooley, J.M., Baeken, C., 2017. The effect of
transcranial direct current stimulation of the prefrontal cortex on implicit self-
esteem is mediated by rumination after criticism. Behav. Res. Ther. 99, 138-146.
https://doi.org/10.1016/j.brat.2017.10.009.

De Smet, S., Baeken, C., De Raedt, R., Pulopulos, M.M., Razza, L.B., Van Damme, S., De
Witte, S., Brunoni, A.R., Vanderhasselt, M.-A., 2021. Effects of combined theta burst
stimulation and transcranial direct current stimulation of the dorsolateral prefrontal
cortex on stress. Clin. Neurophysiol. 132 (5), 1116-1125. https://doi.org/10.1016/j.
clinph.2021.01.025.

De Witte, S., Baeken, C., Pulopulos, M.M., Josephy, H., Schiettecatte, J., Anckaert, E., De
Raedt, R., Vanderhasselt, M.-A., 2020. The effect of neurostimulation applied to the
left dorsolateral prefrontal cortex on post-stress adaptation as a function of
depressive brooding. Prog. Neuro Psychopharmacol. Biol. Psychiatr. 96 (December
2018), 109687 https://doi.org/10.1016/j.pnpbp.2019.109687.

Dedic, N., Chen, A., Deussing, J.M., 2018. The CRF family of neuropeptides and their
receptors - mediators of the central stress response. Curr. Mol. Pharmacol. 11 (1),
4-31. https://doi.org/10.2174/1874467210666170302104053.

Dedovic, K., D’Aguiar, C., Pruessner, J.C., 2009a. What stress does to Your brain: a
review of neuroimaging studies. Can. J. Psychiatr. 54 (1), 6-15. https://doi.org/
10.1177/070674370905400104.

Dedovic, K., Duchesne, A., Andrews, J., Engert, V., Pruessner, J.C., 2009b. The brain and
the stress axis: the neural correlates of cortisol regulation in response to stress.
Neuroimage 47 (3), 864-871. https://doi.org/10.1016/j.neuroimage.2009.05.074.

Dedovic, K., Renwick, R., Mahani, N.K., Engert, V., Lupien, S.J., Pruessner, J.C., 2005.
The Montreal Imaging Stress Task: using functional imaging to investigate the effects
of perceiving and processing psychosocial stress in the human brain. J. Psychiatry
Neurosci. : JPN 30 (5), 319-325.

Demetriou, E.A., Park, S.H., Pepper, K.L., Naismith, S.L., Song, Y.J., Thomas, E.E.,
Hickie, I.B., Guastella, A.J., 2021. A transdiagnostic examination of anxiety and
stress on executive function outcomes in disorders with social impairment. J. Affect.
Disord. 281, 695-707. https://doi.org/10.1016/j.jad.2020.11.089.

Deng, Z.-D., Lisanby, S.H., Peterchev, A.V., 2014. Coil design considerations for deep
transcranial magnetic stimulation. Clin. Neurophysiol. 125 (6), 1202-1212. https://
doi.org/10.1016/J.CLINPH.2013.11.038.

Derijk, R.H., van Leeuwen, N., Klok, M.D., Zitman, F.G., 2008. Corticosteroid receptor-
gene variants: modulators of the stress-response and implications for mental health.
Eur. J. Pharmacol. 585 (2-3), 492-501. https://doi.org/10.1016/j.
ejphar.2008.03.012.

Devilbiss, D.M., Jenison, R.L., Berridge, C.W., 2012. Stress-induced impairment of a
working memory task: role of spiking rate and spiking history predicted discharge.
PLoS Comput. Biol. 8 (9), €1002681 https://doi.org/10.1371/journal.pcbi.1002681.

Di Lazzaro, V., 2013. Biological effects of non-invasive brain stimulation. Handb. Clin.
Neurol. 116, 367-374. https://doi.org/10.1016/B978-0-444-53497-2.00030-9.

Diamond, A., 2013. Executive functions. Annu. Rev. Psychol. 64 (1), 135-168. https://
doi.org/10.1146/annurev-psych-113011-143750.

Dickerson, S.S., Kemeny, M.E., 2004. Acute stressors and cortisol responses: a theoretical
integration and synthesis of laboratory research. Psychol. Bull. 130 (3), 355-391.
https://doi.org/10.1037/0033-2909.130.3.355.

20

Neurobiology of Stress 22 (2023) 100515

Diehr, M.C., Heaton, R.K., Miller, W., Grant, 1., 1998. The paced auditory serial addition
task (pasat): norms for age, education, and ethnicity. Assessment 5 (4), 375-387.
https://doi.org/10.1177/107319119800500407.

Du, J., Huang, J., An, Y., Xu, W., 2018. The relationship between stress and negative
emotion: the mediating role of rumination. Clinical Research and Trials 4 (1), 1-5.
https://doi.org/10.15761/CRT.1000208.

Dumont, E.C., 2009. What is the bed nucleus of the stria terminalis? Prog. Neuro
Psychopharmacol. Biol. Psychiatr. 33 (8), 1289-1290. https://doi.org/10.1016/j.
pnpbp.2009.07.006.

Dunn, J.S., Taylor, C.E., 2014. Cardiovascular reactivity to stressors: effect of time of
day? Chronobiol. Int. 31 (2), 166-174. https://doi.org/10.3109/
07420528.2013.833517.

Eisenberger, N.I., Lieberman, M.D., Williams, K.D., 2003. Does rejection hurt? An fMRI
study of social exclusion. Science 302 (5643), 290-292. https://doi.org/10.1126/
SCIENCE.1089134/SUPPL_FILE/EISENBERGER_SOM.PDF.

Ekhtiari, H., Tavakoli, H., Addolorato, G., Baeken, C., Bonci, A., Campanella, S., Castelo-
Branco, L., Challet-Bouju, G., Clark, V.P., Claus, E., Dannon, P.N., Del Felice, A., den
Uyl, T., Diana, M., di Giannantonio, M., Fedota, J.R., Fitzgerald, P., Gallimberti, L.,
Grall-Bronnec, M., et al., 2019. Transcranial electrical and magnetic stimulation (tES
and TMS) for addiction medicine: a consensus paper on the present state of the
science and the road ahead. Neurosci. Biobehav. Rev. 104 (June), 118-140. https://
doi.org/10.1016/j.neubiorev.2019.06.007.

Elias, G.J.B., Boutet, A., Parmar, R., Wong, E.H.Y., Germann, J., Loh, A., Paff, M.,
Pancholi, A., Gwun, D., Chow, C.T., Gouveia, F.V., Harmsen, LE., Beyn, M.E.,
Santarnecchi, E., Fasano, A., Blumberger, D.M., Kennedy, S.H., Lozano, A.M.,
Bhat, V., 2021. Neuromodulatory treatments for psychiatric disease: a
comprehensive survey of the clinical trial landscape. Brain Stimul. 14 (5),
1393-1403. https://doi.org/10.1016/j.brs.2021.08.021.

Eres, R., Bolton, 1., Lim, M.H., Lambert, G.W., Lambert, E.A., 2021. Cardiovascular
responses to social stress elicited by the cyberball task. Heart and Mind 5 (3), 73.
https://doi.org/10.4103/HM.HM_31_21.

Evans, K.C., Banzett, R.B., Adams, L., McKay, L., Frackowiak, R.S.J., Corfield, D.R., 2002.
BOLD fMRI identifies limbic, paralimbic, and cerebellar activation during air hunger.
J. Neurophysiol. 88 (3), 1500-1511. https://doi.org/10.1152/jn.2002.88.3.1500.

Fang, Y., Forger, D.B., Frank, E., Sen, S., Goldstein, C., 2021. Day-to-day variability in
sleep parameters and depression risk: a prospective cohort study of training
physicians. NPJ Digital Medicine 4 (1), 28. https://doi.org/10.1038/s41746-021-
00400-z.

Farzan, F., Vernet, M., Shafi, M.M.D., Rotenberg, A., Daskalakis, Z.J., Pascual-Leone, A.,
2016. Characterizing and modulating brain circuitry through transcranial magnetic
stimulation combined with electroencephalography. Front. Neural Circ. 10 (SEP),
73. https://doi.org/10.3389/fncir.2016.00073.

Federenko, 1.S., Nagamine, M., Hellhammer, D.H., Wadhwa, P.D., Wiist, S., 2004. The
heritability of hypothalamus pituitary adrenal axis responses to psychosocial stress is
context dependent. J. Clin. Endocrinol. Metab. 89 (12), 6244-6250. https://doi.org/
10.1210/jc.2004-0981.

Feffer, K., Fettes, P., Giacobbe, P., Daskalakis, Z.J., Blumberger, D.M., Downar, J., 2018.
1 Hz rTMS of the right orbitofrontal cortex for major depression: safety, tolerability
and clinical outcomes. Eur. Neuropsychopharmacol 28 (1), 109-117. https://doi.
org/10.1016/j.euroneuro.2017.11.011.

Finley, J.C., O’Leary, M., Wester, D., MacKenzie, S., Shepard, N., Farrow, S.,

Lockette, W., 2004. A genetic polymorphism of the « 2 -adrenergic receptor increases
autonomic responses to stress. J. Appl. Physiol. 96 (6), 2231-2239. https://doi.org/
10.1152/japplphysiol.00527.2003.

Fitzgerald, P.B., Fountain, S., Daskalakis, Z.J., 2006. A comprehensive review of the
effects of r-TMS on motor cortical excitability and inhibition. Clin. Neurophysiol. 117
(12), 2584-2596. https://doi.org/10.1016/j.clinph.2006.06.712.

Fitzgibbon, B.M., Kirkovski, M., Bailey, N.W., Thomson, R.H., Eisenberger, N.,

Enticott, P.G., Fitzgerald, P.B., 2017. Low-frequency brain stimulation to the left
dorsolateral prefrontal cortex increases the negative impact of social exclusion
among those high in personal distress. Soc. Neurosci. 12 (3), 237-241. https://doi.
org/10.1080/17470919.2016.1166154.

Foley, P., Kirschbaum, C., 2010. Human hypothalamus-pituitary-adrenal axis responses
to acute psychosocial stress in laboratory settings. Neurosci. Biobehav. Rev. 35 (1),
91-96. https://doi.org/10.1016/j.neubiorev.2010.01.010.

Ford, B.Q., Lam, P., John, O.P., Mauss, .B., 2018. The psychological health benefits of
accepting negative emotions and thoughts: laboratory, diary, and longitudinal
evidence. J. Pers. Soc. Psychol. 115 (6), 1075-1092. https://doi.org/10.1037/
pspp0000157.

Fox, M.D., Zhang, D., Snyder, A.Z., Raichle, M.E., 2009. The global signal and observed
anticorrelated resting state brain networks. J. Neurophysiol. 101 (6), 3270-3283.
https://doi.org/10.1152/jn.90777.2008.

Friedman, N.P., Miyake, A., 2004. The relations among inhibition and interference
control functions: a latent-variable analysis. J. Exp. Psychol. Gen. 133 (1), 101-135.
https://doi.org/10.1037/0096-3445.133.1.101.

Friehs, M.A., Frings, C., 2020. Evidence against combined effects of stress and brain
stimulation on working memory. Open Psychology 2 (1), 40-56. https://doi.org/
10.1515/psych-2020-0004.

Funahashi, S., 2017. Working memory in the prefrontal cortex. Brain Sci. 7 (5), 49.
https://doi.org/10.3390/brainsci7050049.

Fuxe, K., Andersson, K., Eneroth, P., Harfstrand, A., Agnati, L.F., 1989. Neuroendocrine
actions of nicotine and of exposure to cigarette smoke: medical implications.
Psychoneuroendocrinology 14 (1-2), 19-41. https://doi.org/10.1016/0306-4530
(89)90054-1.

Gallagher, S., O'Riordan, A., McMahon, G., Creaven, A.M., 2018. Evaluating personality
as a moderator of the association between life events stress and cardiovascular


https://doi.org/10.1037/a0031201
https://doi.org/10.1037/a0031201
https://doi.org/10.3389/fnins.2016.00550
https://doi.org/10.3389/fnins.2016.00550
https://doi.org/10.1006/brcg.1999.1170
https://doi.org/10.1016/S0006-3223(01)01328-2
https://doi.org/10.1016/j.mam.2016.04.007
https://doi.org/10.1016/j.mam.2016.04.007
https://doi.org/10.1016/j.clinthera.2020.05.017
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref75
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref75
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref75
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref75
https://doi.org/10.1046/j.1460-9568.1999.00645.x
https://doi.org/10.1016/J.PSYNEUEN.2021.105217
https://doi.org/10.1016/J.PSYNEUEN.2021.105217
https://doi.org/10.1080/02678379308257057
https://doi.org/10.1080/02678379308257057
https://doi.org/10.1016/j.clinph.2013.09.011
https://doi.org/10.1038/nrn1683
https://doi.org/10.1016/j.brat.2017.10.009
https://doi.org/10.1016/j.clinph.2021.01.025
https://doi.org/10.1016/j.clinph.2021.01.025
https://doi.org/10.1016/j.pnpbp.2019.109687
https://doi.org/10.2174/1874467210666170302104053
https://doi.org/10.1177/070674370905400104
https://doi.org/10.1177/070674370905400104
https://doi.org/10.1016/j.neuroimage.2009.05.074
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref87
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref87
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref87
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref87
https://doi.org/10.1016/j.jad.2020.11.089
https://doi.org/10.1016/J.CLINPH.2013.11.038
https://doi.org/10.1016/J.CLINPH.2013.11.038
https://doi.org/10.1016/j.ejphar.2008.03.012
https://doi.org/10.1016/j.ejphar.2008.03.012
https://doi.org/10.1371/journal.pcbi.1002681
https://doi.org/10.1016/B978-0-444-53497-2.00030-9
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1037/0033-2909.130.3.355
https://doi.org/10.1177/107319119800500407
https://doi.org/10.15761/CRT.1000208
https://doi.org/10.1016/j.pnpbp.2009.07.006
https://doi.org/10.1016/j.pnpbp.2009.07.006
https://doi.org/10.3109/07420528.2013.833517
https://doi.org/10.3109/07420528.2013.833517
https://doi.org/10.1126/SCIENCE.1089134/SUPPL_FILE/EISENBERGER_SOM.PDF
https://doi.org/10.1126/SCIENCE.1089134/SUPPL_FILE/EISENBERGER_SOM.PDF
https://doi.org/10.1016/j.neubiorev.2019.06.007
https://doi.org/10.1016/j.neubiorev.2019.06.007
https://doi.org/10.1016/j.brs.2021.08.021
https://doi.org/10.4103/HM.HM_31_21
https://doi.org/10.1152/jn.2002.88.3.1500
https://doi.org/10.1038/s41746-021-00400-z
https://doi.org/10.1038/s41746-021-00400-z
https://doi.org/10.3389/fncir.2016.00073
https://doi.org/10.1210/jc.2004-0981
https://doi.org/10.1210/jc.2004-0981
https://doi.org/10.1016/j.euroneuro.2017.11.011
https://doi.org/10.1016/j.euroneuro.2017.11.011
https://doi.org/10.1152/japplphysiol.00527.2003
https://doi.org/10.1152/japplphysiol.00527.2003
https://doi.org/10.1016/j.clinph.2006.06.712
https://doi.org/10.1080/17470919.2016.1166154
https://doi.org/10.1080/17470919.2016.1166154
https://doi.org/10.1016/j.neubiorev.2010.01.010
https://doi.org/10.1037/pspp0000157
https://doi.org/10.1037/pspp0000157
https://doi.org/10.1152/jn.90777.2008
https://doi.org/10.1037/0096-3445.133.1.101
https://doi.org/10.1515/psych-2020-0004
https://doi.org/10.1515/psych-2020-0004
https://doi.org/10.3390/brainsci7050049
https://doi.org/10.1016/0306-4530(89)90054-1
https://doi.org/10.1016/0306-4530(89)90054-1

T.E.H. Moses et al.

reactivity to acute stress. Int. J. Psychophysiol. 126, 52-59. https://doi.org/
10.1016/J.1JPSYCHO.2018.02.009.

Garcia, R., Vouimba, R.M., Baudry, M., Thompson, R.F., 1999. The amygdala modulates
prefrontal cortex activity relative to conditioned fear. Nature 402 (6759), 294-296.
https://doi.org/10.1038/46286.

Gault, J.M., Davis, R., Cascella, N.G., Saks, E.R., Corripio-Collado, I., Anderson, W.S.,
Olincy, A., Thompson, J.A., Pomarol-Clotet, E., Sawa, A., Daskalakis, Z.J.,
Lipsman, N., Abosch, A., 2018. Approaches to neuromodulation for schizophrenia.
J. Neurol. Neurosurg. Psychiatr. 89 (7), 777-787. https://doi.org/10.1136/jnnp-
2017-316946.

Gerra, G., Zaimovic, A., Mascetti, G., Gardini, S., Zambelli, U., Timpano, M., Raggi, M.,
Brambilla, F., 2001. Neuroendocrine responses to experimentally-induced
psychological stress in healthy humans. Psychoneuroendocrinology 26 (1), 91-107.
https://doi.org/10.1016/50306-4530(00)00046-9.

Gianaros, P.J., Sheu, L.K., Matthews, K.A., Jennings, J.R., Manuck, S.B., Hariri, A.R.,
2008. Individual differences in stressor-evoked blood pressure reactivity vary with
activation, volume, and functional connectivity of the amygdala. J. Neurosci. 28 (4),
990-999. https://doi.org/10.1523/JNEUROSCI.3606-07.2008.

Giles, G.E., Mahoney, C.R., Brunyé, T.T., Taylor, H.A., Kanarek, R.B., 2014. Stress effects
on mood, HPA axis, and autonomic response: comparison of three psychosocial
stress paradigms. PLoS One 9 (12), e113618. https://doi.org/10.1371/journal.
pone.0113618.

Girotti, M., Adler, S.M., Bulin, S.E., Fucich, E.A., Paredes, D., Morilak, D.A., 2018.
Prefrontal cortex executive processes affected by stress in health and disease. Prog.
Neuro Psychopharmacol. Biol. Psychiatr. 85, 161-179. https://doi.org/10.1016/j.
pnpbp.2017.07.004.

Goldstein, D.S., McEwen, B., 2002. Allostasis, homeostats, and the nature of stress. Stress
5 (1), 55-58. https://doi.org/10.1080,/102538902900012345.

Gomez, L.J., Dannhauer, M., Koponen, L.M., Peterchev, A.V., 2020. Conditions for
numerically accurate TMS electric field simulation. Brain Stimul. 13 (1), 157-166.
https://doi.org/10.1016/J.BRS.2019.09.015.

Gonzalez-Bono, E., Rohleder, N., Hellhammer, D.H., Salvador, A., Kirschbaum, C., 2002.
Glucose but not protein or fat load amplifies the cortisol response to psychosocial
stress. Horm. Behav. 41 (3), 328-333. https://doi.org/10.1006/hbeh.2002.1766.

Goodin, B.R., Smith, M.T., Quinn, N.B., King, C.D., McGuire, L., 2012. Poor sleep quality
and exaggerated salivary cortisol reactivity to the cold pressor task predict greater
acute pain severity in a non-clinical sample. Biol. Psychol. 91 (1), 36-41. https://doi.
org/10.1016/j.biopsycho.2012.02.020.

Grillon, C., Cordova, J., Morgan, C.A., Charney, D.S., Davis, M., 2004. Effects of the beta-
blocker propranolol on cued and contextual fear conditioning in humans.
Psychopharmacology 175 (3), 342-352. https://doi.org/10.1007/500213-004-1819-
5.

Groeneweg, F.L., Karst, H., de Kloet, E.R., Joéls, M., 2012. Mineralocorticoid and
glucocorticoid receptors at the neuronal membrane, regulators of nongenomic
corticosteroid signalling. Mol. Cell. Endocrinol. 350 (2), 299-309. https://doi.org/
10.1016/j.mce.2011.06.020.

Gross, J.J., 1999. Emotion regulation: past, present, future. Cognit. Emot. 13 (5),
551-573. https://doi.org/10.1080/026999399379186.

Gross, J.J., 2015. Emotion regulation: current status and future prospects. Psychol. Inq.
26 (1), 1-26. https://doi.org/10.1080/1047840X.2014.940781.

Gross, J.J., Feldman Barrett, L., 2011. Emotion generation and emotion regulation: one
or two depends on your point of view. Emotion Review 3 (1), 8-16. https://doi.org/
10.1177/1754073910380974.

Gross, J.J., John, O.P., 2003. Individual differences in two emotion regulation processes:
implications for affect, relationships, and well-being. J. Pers. Soc. Psychol. 85 (2),
348-362. https://doi.org/10.1037/0022-3514.85.2.348.

Guerra, A., Lopez-Alonso, V., Cheeran, B., Suppa, A., 2020. Solutions for managing
variability in non-invasive brain stimulation studies. Neurosci. Lett. 719, 133-332.
https://doi.org/10.1016/j.neulet.2017.12.060.

Guyenet, P.G., 2006. Preganglionic the sympathetic control of blood pressure. NATURE
REVIEWS | NEUROSCIENCE 7. https://doi.org/10.1038/nrn1902.

Guyenet, P.G., Stornetta, R.L., Bochorishvili, G., DePuy, S.D., Burke, P.G.R., Abbott, S.B.
G., 2013. C1 neurons: the body’s EMTs. Am. J. Physiol. Regul. Integr. Comp. Physiol.
305 (3) https://doi.org/10.1152/AJPREGU.00054.2013.

Haga, S.M., Kraft, P., Corby, E.-K., 2009. Emotion regulation: antecedents and well-being
outcomes of cognitive reappraisal and expressive suppression in cross-cultural
samples. J. Happiness Stud. 10 (3), 271-291. https://doi.org/10.1007/510902-007-
9080-3.

Harris, D.S., Reus, V.I., Wolkowitz, O.M., Mendelson, J.E., Jones, R.T., 2005. Repeated
psychological stress testing in stimulant-dependent patients. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 29 (5), 669-677. https://doi.org/10.1016/j.
pnpbp.2005.04.012.

Hayes, J.P., Morey, R.A., Petty, C.M., Seth, S., Smoski, M.J., McCarthy, G., LaBar, K.S.,
2010. Staying cool when things get hot: emotion regulation modulates neural
mechanisms of memory encoding. Front. Hum. Neurosci. 4, 230. https://doi.org/
10.3389/fnhum.2010.00230.

Helpman, L., Penso, J., Zagoory-Sharon, O., Feldman, R., Gilboa-Schechtman, E., 2017.
Endocrine and emotional response to exclusion among women and men: cortisol,
salivary alpha amylase, and mood. Hist. Philos. Logic 30 (3), 253-263. https://doi.
0rg/10.1080/10615806.2016.1269323.

Henckens, M.J.A.G., Hermans, E.J., Pu, Z., Joels, M., Fernandez, G., 2009. Stressed
memories: how acute stress affects memory formation in humans. J. Neurosci. 29
(32), 10111-10119. https://doi.org/10.1523/JNEUROSCI.1184-09.2009.

Henckens, Marloes, J.A.G., van Wingen, G.A., Joéls, M., Fernandez, G., 2011. Time-
dependent corticosteroid modulation of prefrontal working memory processing.

21

Neurobiology of Stress 22 (2023) 100515

Proc. Natl. Acad. Sci. U. S. A. 108 (14), 5801-5806. https://doi.org/10.1073/
pnas.1019128108.

Hendrawan, D., Yamakawa, K., Kimura, M., Murakami, H., Ohira, H., 2012. Executive
functioning performance predicts subjective and physiological acute stress
reactivity: preliminary results. Int. J. Psychophysiol. 84, 277-283. https://doi.org/
10.1016/j.ijpsycho.2012.03.006.

Herman, J.P., McKlveen, J.M., Solomon, M.B., Carvalho-Netto, E., Myers, B., 2012.
Neural regulation of the stress response: glucocorticoid feedback mechanisms. Braz.
J. Med. Biol. Res. 45 (4), 292-298. https://doi.org/10.1590/50100-
879X2012007500041.

Herman, James P., 2013. Neural control of chronic stress adaptation. Front. Behav.
Neurosci. 7 (MAY), 61. https://doi.org/10.3389/fnbeh.2013.00061.

Herman, James P., Figueiredo, H., Mueller, N.K., Ulrich-Lai, Y., Ostrander, M.M.,

Choi, D.C., Cullinan, W.E., 2003. Central mechanisms of stress integration:
hierarchical circuitry controlling hypothalamo-pituitary-adrenocortical
responsiveness. Front. Neuroendocrinol. 24 (3), 151-180. https://doi.org/10.1016/
j.yfrne.2003.07.001.

Herman, James P., Ostrander, M.M., Mueller, N.K., Figueiredo, H., 2005. Limbic system
mechanisms of stress regulation: hypothalamo-pituitary-adrenocortical axis. Prog.
Neuro Psychopharmacol. Biol. Psychiatr. 29 (8), 1201-1213. https://doi.org/
10.1016/j.pnpbp.2005.08.006.

Herman, James P., Mueller, N.K., 2006. Role of the ventral subiculum in stress
integration. Behav. Brain Res. 174 (2), 215-224. https://doi.org/10.1016/j.
bbr.2006.05.035.

Hermans, E.J., Henckens, M.J.A.G., Joéls, M., Fernandez, G., 2014. Dynamic adaptation
of large-scale brain networks in response to acute stressors. Trends Neurosci. 37 (6),
304-314. https://doi.org/10.1016/j.tins.2014.03.006.

Hermans, E.J., van Marle, H.J.F., Ossewaarde, L., Henckens, M.J.A.G., Qin, S., van
Kesteren, M.T.R., Schoots, V.C., Cousijn, H., Rijpkema, M., Oostenveld, R.,
Fernandez, G., 2011. Stress-related noradrenergic activity prompts large-scale neural
network reconfiguration. Science 334 (6059), 1151-1153. https://doi.org/10.1126/
science.1209603.

Herwig, U., Satrapi, P., Schonfeldt-Lecuona, C., 2003. Using the international 10-20 EEG
system for positioning of transcranial magnetic stimulation. Brain Topogr. 16 (2),
95-99. https://doi.org/10.1023/b:brat.0000006333.93597.9d.

Hissen, S.L., Macefield, V.G., Brown, R., Witter, T., Taylor, C.E., 2015. Baroreflex
modulation of muscle sympathetic nerve activity at rest does not differ between
morning and afternoon. Front. Neurosci. 9 (SEP) https://doi.org/10.3389/
fnins.2015.00312.

Hooley, J.M., Gotlib, I.H., 2000. A diathesis-stress conceptualization of expressed
emotion and clinical outcome. Appl. Prev. Psychol. 9 (3), 135-151. https://doi.org/
10.1016/50962-1849(05)80001-0.

Huang, Y.-Z., Edwards, M.J., Rounis, E., Bhatia, K.P., Rothwell, J.C., 2005. Theta burst
stimulation of the human motor cortex. Neuron 45 (2), 201-206. https://doi.org/
10.1016/j.neuron.2004.12.033.

Hughes, B.M., Howard, S., James, J.E., Higgins, N.M., 2011. Individual differences in
adaptation of cardiovascular responses to stress. Biol. Psychol. 86 (2), 129-136.
https://doi.org/10.1016/j.biopsycho.2010.03.015.

Hyman, S.M., Fox, H., Hong, K.-L.A., Doebrick, C., Sinha, R., 2007. Stress and drug-cue-
induced craving in opioid-dependent individuals in naltrexone treatment. Exp. Clin.
Psychopharmacol 15 (2), 134-143. https://doi.org/10.1037/1064-1297.15.2.134.

Tonescu, T., 2012. Exploring the nature of cognitive flexibility. New Ideas Psychol. 30 (2),
190-200. https://doi.org/10.1016/j.newideapsych.2011.11.001.

Irwin, W., Davidson, R.J., Lowe, M.J., Mock, B.J., Sorenson, J.A., Turski, P.A., 1996.
Human amygdala activation detected with echo-planar functional magnetic
resonance imaging. Neuroreport 7 (11), 1765-1769. https://doi.org/10.1097/
00001756-199607290-00014.

Jacobson, L., Sapolsky, R., 1991. The role of the hippocampus in feedback regulation of
the hypothalamic-pituitary-adrenocortical axis. Endocr. Rev. 12 (2), 118-134.
https://doi.org/10.1210/edrv-12-2-118.

Jacobson, Lauren, 2014. Hypothalamic-pituitary-adrenocortical axis: neuropsychiatric
aspects. Compr. Physiol. 4 (2), 715-738. https://doi.org/10.1002/cphy.c130036.

Jacobson, Liron, Koslowsky, M., Lavidor, M., 2012. tDCS polarity effects in motor and
cognitive domains: a meta-analytical review. Exp. Brain Res. 216 (1), 1-10. https://
doi.org/10.1007/500221-011-2891-9.

Janig, W., 2006. Integrative Action of the Autonomic Nervous System. Cambridge
University Press. https://doi.org/10.1017/CBO9780511541667.

Joéls, M., Pasricha, N., Karst, H., 2013. The interplay between rapid and slow
corticosteroid actions in brain. Eur. J. Pharmacol. 719 (1-3), 44-52. https://doi.org/
10.1016/j.ejphar.2013.07.015.

Joéls, M., Sarabdjitsingh, R.A., Karst, H., 2012. Unraveling the time domains of
corticosteroid hormone influences on brain activity: rapid, slow, and chronic modes.
Pharmacol. Rev. 64 (4), 901-938. https://doi.org/10.1124/pr.112.005892.

Johnstone, S.J., Barry, R.J., Markovska, V., Dimoska, A., Clarke, A.R., 2009. Response
inhibition and interference control in children with AD/HD: a visual ERP
investigation. Int. J. Psychophysiol. 72 (2), 145-153. https://doi.org/10.1016/j.
ijpsycho.2008.11.007.

Jump, O., Dockray, S., 2021. Cardiovascular responses to stress utilizing anticipatory
singing tasks. J. Psychophysiol. 35 (3), 152-162. https://doi.org/10.1027/0269-
8803/a000269.

Kadam, M., Sinha, A., Nimkar, S., Matcheswalla, Y., De Sousa, A., 2017. A comparative
study of factors associated with relapse in alcohol dependence and opioid
dependence. Indian J. Psychol. Med. 39 (5), 627. https://doi.org/10.4103/1JPSYM.
1IJPSYM_356_17.


https://doi.org/10.1016/J.IJPSYCHO.2018.02.009
https://doi.org/10.1016/J.IJPSYCHO.2018.02.009
https://doi.org/10.1038/46286
https://doi.org/10.1136/jnnp-2017-316946
https://doi.org/10.1136/jnnp-2017-316946
https://doi.org/10.1016/S0306-4530(00)00046-9
https://doi.org/10.1523/JNEUROSCI.3606-07.2008
https://doi.org/10.1371/journal.pone.0113618
https://doi.org/10.1371/journal.pone.0113618
https://doi.org/10.1016/j.pnpbp.2017.07.004
https://doi.org/10.1016/j.pnpbp.2017.07.004
https://doi.org/10.1080/102538902900012345
https://doi.org/10.1016/J.BRS.2019.09.015
https://doi.org/10.1006/hbeh.2002.1766
https://doi.org/10.1016/j.biopsycho.2012.02.020
https://doi.org/10.1016/j.biopsycho.2012.02.020
https://doi.org/10.1007/s00213-004-1819-5
https://doi.org/10.1007/s00213-004-1819-5
https://doi.org/10.1016/j.mce.2011.06.020
https://doi.org/10.1016/j.mce.2011.06.020
https://doi.org/10.1080/026999399379186
https://doi.org/10.1080/1047840X.2014.940781
https://doi.org/10.1177/1754073910380974
https://doi.org/10.1177/1754073910380974
https://doi.org/10.1037/0022-3514.85.2.348
https://doi.org/10.1016/j.neulet.2017.12.060
https://doi.org/10.1038/nrn1902
https://doi.org/10.1152/AJPREGU.00054.2013
https://doi.org/10.1007/s10902-007-9080-3
https://doi.org/10.1007/s10902-007-9080-3
https://doi.org/10.1016/j.pnpbp.2005.04.012
https://doi.org/10.1016/j.pnpbp.2005.04.012
https://doi.org/10.3389/fnhum.2010.00230
https://doi.org/10.3389/fnhum.2010.00230
https://doi.org/10.1080/10615806.2016.1269323
https://doi.org/10.1080/10615806.2016.1269323
https://doi.org/10.1523/JNEUROSCI.1184-09.2009
https://doi.org/10.1073/pnas.1019128108
https://doi.org/10.1073/pnas.1019128108
https://doi.org/10.1016/j.ijpsycho.2012.03.006
https://doi.org/10.1016/j.ijpsycho.2012.03.006
https://doi.org/10.1590/S0100-879X2012007500041
https://doi.org/10.1590/S0100-879X2012007500041
https://doi.org/10.3389/fnbeh.2013.00061
https://doi.org/10.1016/j.yfrne.2003.07.001
https://doi.org/10.1016/j.yfrne.2003.07.001
https://doi.org/10.1016/j.pnpbp.2005.08.006
https://doi.org/10.1016/j.pnpbp.2005.08.006
https://doi.org/10.1016/j.bbr.2006.05.035
https://doi.org/10.1016/j.bbr.2006.05.035
https://doi.org/10.1016/j.tins.2014.03.006
https://doi.org/10.1126/science.1209603
https://doi.org/10.1126/science.1209603
https://doi.org/10.1023/b:brat.0000006333.93597.9d
https://doi.org/10.3389/fnins.2015.00312
https://doi.org/10.3389/fnins.2015.00312
https://doi.org/10.1016/S0962-1849(05)80001-0
https://doi.org/10.1016/S0962-1849(05)80001-0
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.biopsycho.2010.03.015
https://doi.org/10.1037/1064-1297.15.2.134
https://doi.org/10.1016/j.newideapsych.2011.11.001
https://doi.org/10.1097/00001756-199607290-00014
https://doi.org/10.1097/00001756-199607290-00014
https://doi.org/10.1210/edrv-12-2-118
https://doi.org/10.1002/cphy.c130036
https://doi.org/10.1007/s00221-011-2891-9
https://doi.org/10.1007/s00221-011-2891-9
https://doi.org/10.1017/CBO9780511541667
https://doi.org/10.1016/j.ejphar.2013.07.015
https://doi.org/10.1016/j.ejphar.2013.07.015
https://doi.org/10.1124/pr.112.005892
https://doi.org/10.1016/j.ijpsycho.2008.11.007
https://doi.org/10.1016/j.ijpsycho.2008.11.007
https://doi.org/10.1027/0269-8803/a000269
https://doi.org/10.1027/0269-8803/a000269
https://doi.org/10.4103/IJPSYM.IJPSYM_356_17
https://doi.org/10.4103/IJPSYM.IJPSYM_356_17

T.E.H. Moses et al.

Kadmiel, M., Cidlowski, J.A., 2013. Glucocorticoid receptor signaling in health and
disease. Trends Pharmacol. Sci. 34 (9), 518-530. https://doi.org/10.1016/j.
tips.2013.07.003.

Kalia, V., Vishwanath, K., Knauft, K., Vellen, B. Von Der, Luebbe, A., Williams, A., 2018.
Acute stress attenuates cognitive flexibility in males only: an fNIRS examination.
Front. Psychol. 9 (OCT), 2084. https://doi.org/10.3389/fpsyg.2018.02084.

Kekic, M., Boysen, E., Campbell, I.C., Schmidt, U., 2016. A systematic review of the
clinical efficacy of transcranial direct current stimulation (tDCS) in psychiatric
disorders. J. Psychiatr. Res. 74, 70-86. https://doi.org/10.1016/j.
jpsychires.2015.12.018.

Keller-Wood, M.E., Dallman, M.F., 1984. Corticosteroid inhibition of ACTH secretion.
Endocr. Rev. 5 (1), 1-24. https://doi.org/10.1210/edrv-5-1-1.

Kim, H.K., Blumberger, D.M., Downar, J., Daskalakis, Z.J., 2021. Systematic review of
biological markers of therapeutic repetitive transcranial magnetic stimulation in
neurological and psychiatric disorders. Clin. Neurophysiol. 132 (2), 429-448.
https://doi.org/10.1016/j.clinph.2020.11.025.

Kim, N.Y., Wittenberg, E., Nam, C.S., 2017. Behavioral and neural correlates of executive
function: interplay between inhibition and updating processes. Front. Neurosci. 11
(JUN), 378. https://doi.org/10.3389/fnins.2017.00378.

Kirschbaum, C., Strasburger, C.J., Langkrér, J., 1993. Attenuated cortisol response to
psychological stress but not to CRH or ergometry in young habitual smokers.
Pharmacol. Biochem. Behav. 44 (3), 527-531. https://doi.org/10.1016/0091-3057
(93)90162-M.

Kirschbaum, Clemens, Gonzalez Bono, E., Rohleder, N., Gessner, C., Pirke, K.M.,
Salvador, A., Hellhammer, D.H., 1997. Effects of fasting and glucose load on free
cortisol responses to stress and nicotine. J. Clin. Endocrinol. Metab. 82 (4),
1101-1105. https://doi.org/10.1210/jcem.82.4.3882.

Klaperski, S., von Dawans, B., Heinrichs, M., Fuchs, R., 2013. Does the level of physical
exercise affect physiological and psychological responses to psychosocial stress in
women? Psychol. Sport Exerc. 14 (2), 266-274. https://doi.org/10.1016/j.
psychsport.2012.11.003.

Klier, C., Buratto, L.G., 2020. Stress and long-term memory retrieval: a systematic
review. Trends in Psychiatry and Psychotherapy 42 (3), 284-291. https://doi.org/
10.1590/2237-6089-2019-0077.

Klomjai, W., Katz, R., Lackmy-Vallée, A., 2015. Basic principles of transcranial magnetic
stimulation (TMS) and repetitive TMS (rTMS). Annals of Physical and Rehabilitation
Medicine 58 (4), 208-213. https://doi.org/10.1016/j.rehab.2015.05.005.

Kober, H., Barrett, L.F., Joseph, J., Bliss-Moreau, E., Lindquist, K., Wager, T.D., 2008.
Functional grouping and cortical-subcortical interactions in emotion: a meta-
analysis of neuroimaging studies. Neuroimage 42 (2), 998-1031. https://doi.org/
10.1016/j.neuroimage.2008.03.059.

Kogler, L., Miiller, V.I., Chang, A., Eickhoff, S.B., Fox, P.T., Gur, R.C., Derntl, B., 2015.
Psychosocial versus physiological stress — meta-analyses on deactivations and
activations of the neural correlates of stress reactions. Neuroimage 119, 235-251.
https://doi.org/10.1016/j.neuroimage.2015.06.059.

Koob, G.F., Volkow, N.D., 2010. Neurocircuitry of addiction. Neuropsychopharmacology
35 (1), 217-238. https://doi.org/10.1038/npp.2009.110.

Kotlyar, M., Drone, D., Thuras, P., Hatsukami, D.K., Brauer, L., Adson, D.E., al’Absi, M.,
2011. Effect of stress and bupropion on craving, withdrawal symptoms, and mood in
smokers. Nicotine Tob. Res. : Official Journal of the Society for Research on Nicotine
and Tobacco 13 (6), 492-497. https://doi.org/10.1093/ntr/ntr011.

Krauseneck, T., Padberg, F., Roozendaal, B., Grathwohl, M., Weis, F., Hauer, D.,
Kaufmann, I., Schmoeckel, M., Schelling, G., 2010. A p-adrenergic antagonist
reduces traumatic memories and PTSD symptoms in female but not in male patients
after cardiac surgery. Psychol. Med. 40 (5), 861-869. https://doi.org/10.1017/
50033291709990614.

Kravitz, A.V., Tomasi, D., LeBlanc, K.H., Baler, R., Volkow, N.D., Bonci, A., Ferré, S.,
2015. Cortico-striatal circuits: novel therapeutic targets for substance use disorders.
Brain Res. 1628, 186-198. https://doi.org/10.1016/J. BRAINRES.2015.03.048.

Kudielka, B.M., Buske-Kirschbaum, A., Hellhammer, D.H., Kirschbaum, C., 2004. HPA
axis responses to laboratory psychosocial stress in healthy elderly adults, younger
adults, and children: impact of age and gender. Psychoneuroendocrinology 29 (1),
83-98. https://doi.org/10.1016/s0306-4530(02)00146-4.

Kudielka, Brigitte M., Hellhammer, D.H., Wiist, S., 2009. Why do we respond so
differently? Reviewing determinants of human salivary cortisol responses to
challenge. Psychoneuroendocrinology 34 (1), 2-18. https://doi.org/10.1016/j.
psyneuen.2008.10.004.

Kuhlmann, S., Wolf, O.T., 2005. Cortisol and memory retrieval in women: influence of
menstrual cycle and oral contraceptives. Psychopharmacology 183 (1), 65-71.
https://doi.org/10.1007/s00213-005-0143-z.

Labuschagne, 1., Grace, C., Rendell, P., Terrett, G., Heinrichs, M., 2019. An introductory
guide to conducting the trier social stress test. Neurosci. Biobehav. Rev. 107,
686-695. https://doi.org/10.1016/j.neubiorev.2019.09.032.

Lane, R.D., Reiman, E.M., Bradley, M.M., Lang, P.J., Ahern, G.L., Davidson, R.J.,
Schwartz, G.E., 1997. Neuroanatomical correlates of pleasant and unpleasant
emotion. Neuropsychologia 35 (11), 1437-1444. https://doi.org/10.1016/50028-
3932(97)00070-5.

Lang, P.J., Bradley, M.M., Fitzsimmons, J.R., Cuthbert, B.N., Scott, J.D., Moulder, B.,
Nangia, V., 1998. Emotional arousal and activation of the visual cortex: an fMRI
analysis. Psychophysiology 35 (2), 199-210. https://doi.org/10.1111/1469-
8986.3520199.

Lang, P.J., Davis, M., 2006. Emotion, motivation, and the brain: reflex foundations in
animal and human research. Prog. Brain Res. 156, 3-29. https://doi.org/10.1016/
$0079-6123(06)56001-7.

Lapiz, M.D.S., Morilak, D.A., 2006. Noradrenergic modulation of cognitive function in rat
medial prefrontal cortex as measured by attentional set shifting capability.

22

Neurobiology of Stress 22 (2023) 100515

Neuroscience 137 (3), 1039-1049. https://doi.org/10.1016/j.
neuroscience.2005.09.031.

Le, J.T., Watson, P., Begg, D., Albertella, L., Le Pelley, M.E., 2021. Physiological and
subjective validation of a novel stress procedure: the Simple Singing Stress
Procedure. Behav. Res. Methods 53 (4), 1478-1487. https://doi.org/10.3758/
513428-020-01505-1.

LeBlanc, V.R., 2009. The effects of acute stress on performance: implications for health
professions education. Acad. Med. : Journal of the Association of American Medical
Colleges 84 (10 Suppl. 1), $25-833. https://doi.org/10.1097/
ACM.0b013e3181b37b8f.

Lebow, M.A., Chen, A., 2016. Overshadowed by the amygdala: the bed nucleus of the
stria terminalis emerges as key to psychiatric disorders. Mol. Psychiatr. 21 (4),
450-463. https://doi.org/10.1038/mp.2016.1.

LeDoux, J.E., 2000. Emotion circuits in the brain. Annu. Rev. Neurosci. 23 (1), 155-184.
https://doi.org/10.1146/annurev.neuro.23.1.155.

Lefaucheur, J.-P., Aleman, A., Baeken, C., Benninger, D.H., Brunelin, J., Di Lazzaro, V.,
Filipovi¢, S.R., Grefkes, C., Hasan, A., Hummel, F.C., Jaaskeldinen, S.K.,

Langguth, B., Leocani, L., Londero, A., Nardone, R., Nguyen, J.-P., Nyffeler, T.,
Oliveira-Maia, A.J., Oliviero, A., et al., 2020. Evidence-based guidelines on the
therapeutic use of repetitive transcranial magnetic stimulation (rTMS): an update
(2014-2018). Clin. Neurophysiol. 131 (2), 474-528. https://doi.org/10.1016/j.
clinph.2019.11.002.

Lefaucheur, J.P., Aleman, A., Baeken, C., Benninger, D.H., Brunelin, J., Di Lazzaro, V.,
Filipovi¢, S.R., Grefkes, C., Hasan, A., Hummel, F.C., Jaaskeldinen, S.K.,

Langguth, B., Leocani, L., Londero, A., Nardone, R., Nguyen, J.P., Nyffeler, T.,
Oliveira-Maia, A.J., Oliviero, A., et al., 2020. Evidence-based guidelines on the
therapeutic use of repetitive transcranial magnetic stimulation (‘TMS): an update
(2014-2018). Clin. Neurophysiol. : Official Journal of the International Federation of
Clinical Neurophysiology 131 (2), 474-528. https://doi.org/10.1016/J.
CLINPH.2019.11.002.

Leri, F., Bruneau, J., Stewart, J., Francesco, L., Julie, B., Jane, S., 2003. Understanding
polydrug use: review of heroin and cocaine co-use. Addiction 98 (1), 7-22.

Lewis, P.M., Thomson, R.H., Rosenfeld, J.V., Fitzgerald, P.B., 2016. Brain
neuromodulation techniques. Neuroscientist 22 (4), 406-421. https://doi.org/
10.1177/1073858416646707.

Likhtik, E., 2005. Prefrontal control of the amygdala. J. Neurosci. 25 (32), 7429-7437.
https://doi.org/10.1523/IJNEUROSCI.2314-05.2005.

Liu, J.J.W., Vickers, K., Reed, M., Hadad, M., 2017. Re-conceptualizing stress: shifting
views on the consequences of stress and its effects on stress reactivity. PLoS One 12
(3), €0173188. https://doi.org/10.1371/journal.pone.0173188.

Lockwood, A.H., Linn, R.T., Szymanski, H., Coad, M. Lou, Wack, D.S., 2004. Mapping the
neural systems that mediate the paced auditory serial addition task (PASAT). J. Int.
Neuropsychol. Soc. 10 (1), 26-34. https://doi.org/10.1017/51355617704101045.

Lovallo, W.R., Al’Absi, M., Blick, K., Whitsett, T.L., Wilson, M.F., 1996. Stress-like
adrenocorticotropin responses to caffeine in young healthy men. Pharmacol.
Biochem. Behav. 55 (3), 365-369. https://doi.org/10.1016/50091-3057(96)00105-
0.

Lovallo, W.R., Farag, N.H., Vincent, A.S., Thomas, T.L., Wilson, M.F., 2006. Cortisol
responses to mental stress, exercise, and meals following caffeine intake in men and
women. Pharmacol. Biochem. Behav. 83 (3), 441-447. https://doi.org/10.1016/j.
pbb.2006.03.005.

Lupien, S.J., Juster, R.-P., Raymond, C., Marin, M.-F., 2018. The effects of chronic stress
on the human brain: from neurotoxicity, to vulnerability, to opportunity. Front.
Neuroendocrinol. 49, 91-105. https://doi.org/10.1016/j.yfrne.2018.02.001.

Lupien, S.J., McEwen, B.S., 1997. The acute effects of corticosteroids on cognition:
integration of animal and human model studies. Brain Research. Brain Research
Reviews 24 (1), 1-27. https://doi.org/10.1016/50165-0173(97)00004-0.

Madoz-Girpide, A., Blasco-Fontecilla, H., Baca-Garcia, E., Ochoa-Mangado, E., 2011.
Executive dysfunction in chronic cocaine users: an exploratory study. Drug Alcohol
Depend. 117 (1), 55-58. https://doi.org/10.1016/j.drugalcdep.2010.11.030.

Marko, M., Riecansky, I., 2018. Sympathetic arousal, but not disturbed executive
functioning, mediates the impairment of cognitive flexibility under stress. Cognition
174, 94-102. https://doi.org/10.1016/j.cognition.2018.02.004.

Maron-Katz, A., Vaisvaser, S., Lin, T., Hendler, T., Shamir, R., 2016. A large-scale
perspective on stress-induced alterations in resting-state networks. Sci. Rep. 6 (1),
21503 https://doi.org/10.1038/srep21503.

Marques, R.C., Vieira, L., Marques, D., Cantilino, A., 2019. Transcranial magnetic
stimulation of the medial prefrontal cortex for psychiatric disorders: a systematic
review. Brazilian Journal of Psychiatry 41 (5), 447-457. https://doi.org/10.1590/
1516-4446-2019-0344.

Massar, S.A.A., Liu, J.C.J., Mohammad, N.B., Chee, M.W.L., 2017. Poor habitual sleep
efficiency is associated with increased cardiovascular and cortisol stress reactivity in
men. Psychoneuroendocrinology 81, 151-156. https://doi.org/10.1016/j.
psyneuen.2017.04.013.

Mathias, C.W., Stanford, M.S., Houston, R.J., 2004. The physiological experience of the
paced auditory serial addition task (PASAT): does the PASAT induce autonomic
arousal? Arch. Clin. Neuropsychol. 19 (4), 543-554. https://doi.org/10.1016/J.
ACN.2003.08.001.

Matsumoto, H., Ugawa, Y., 2017. Adverse events of tDCS and tACS: a review. Clinical
Neurophysiology Practice 2, 19-25. https://doi.org/10.1016/j.cnp.2016.12.003.

Matta, S.G., Fu, Y., Valentine, J.D., Sharp, B.M., 1998. Response of the hypothalamo-
pituitary-adrenal axis to nicotine. Psychoneuroendocrinology 23 (2), 103-113.
https://doi.org/10.1016/50306-4530(97)00079-6.

McClintock, S.M., Kallioniemi, E., Martin, D.M., Kim, J.U., Weisenbach, S.L., Abbott, C.
C., 2019. A critical review and synthesis of clinical and neurocognitive effects of


https://doi.org/10.1016/j.tips.2013.07.003
https://doi.org/10.1016/j.tips.2013.07.003
https://doi.org/10.3389/fpsyg.2018.02084
https://doi.org/10.1016/j.jpsychires.2015.12.018
https://doi.org/10.1016/j.jpsychires.2015.12.018
https://doi.org/10.1210/edrv-5-1-1
https://doi.org/10.1016/j.clinph.2020.11.025
https://doi.org/10.3389/fnins.2017.00378
https://doi.org/10.1016/0091-3057(93)90162-M
https://doi.org/10.1016/0091-3057(93)90162-M
https://doi.org/10.1210/jcem.82.4.3882
https://doi.org/10.1016/j.psychsport.2012.11.003
https://doi.org/10.1016/j.psychsport.2012.11.003
https://doi.org/10.1590/2237-6089-2019-0077
https://doi.org/10.1590/2237-6089-2019-0077
https://doi.org/10.1016/j.rehab.2015.05.005
https://doi.org/10.1016/j.neuroimage.2008.03.059
https://doi.org/10.1016/j.neuroimage.2008.03.059
https://doi.org/10.1016/j.neuroimage.2015.06.059
https://doi.org/10.1038/npp.2009.110
https://doi.org/10.1093/ntr/ntr011
https://doi.org/10.1017/S0033291709990614
https://doi.org/10.1017/S0033291709990614
https://doi.org/10.1016/J.BRAINRES.2015.03.048
https://doi.org/10.1016/s0306-4530(02)00146-4
https://doi.org/10.1016/j.psyneuen.2008.10.004
https://doi.org/10.1016/j.psyneuen.2008.10.004
https://doi.org/10.1007/s00213-005-0143-z
https://doi.org/10.1016/j.neubiorev.2019.09.032
https://doi.org/10.1016/S0028-3932(97)00070-5
https://doi.org/10.1016/S0028-3932(97)00070-5
https://doi.org/10.1111/1469-8986.3520199
https://doi.org/10.1111/1469-8986.3520199
https://doi.org/10.1016/S0079-6123(06)56001-7
https://doi.org/10.1016/S0079-6123(06)56001-7
https://doi.org/10.1016/j.neuroscience.2005.09.031
https://doi.org/10.1016/j.neuroscience.2005.09.031
https://doi.org/10.3758/s13428-020-01505-1
https://doi.org/10.3758/s13428-020-01505-1
https://doi.org/10.1097/ACM.0b013e3181b37b8f
https://doi.org/10.1097/ACM.0b013e3181b37b8f
https://doi.org/10.1038/mp.2016.1
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/J.CLINPH.2019.11.002
https://doi.org/10.1016/J.CLINPH.2019.11.002
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref201
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref201
https://doi.org/10.1177/1073858416646707
https://doi.org/10.1177/1073858416646707
https://doi.org/10.1523/JNEUROSCI.2314-05.2005
https://doi.org/10.1371/journal.pone.0173188
https://doi.org/10.1017/S1355617704101045
https://doi.org/10.1016/s0091-3057(96)00105-0
https://doi.org/10.1016/s0091-3057(96)00105-0
https://doi.org/10.1016/j.pbb.2006.03.005
https://doi.org/10.1016/j.pbb.2006.03.005
https://doi.org/10.1016/j.yfrne.2018.02.001
https://doi.org/10.1016/s0165-0173(97)00004-0
https://doi.org/10.1016/j.drugalcdep.2010.11.030
https://doi.org/10.1016/j.cognition.2018.02.004
https://doi.org/10.1038/srep21503
https://doi.org/10.1590/1516-4446-2019-0344
https://doi.org/10.1590/1516-4446-2019-0344
https://doi.org/10.1016/j.psyneuen.2017.04.013
https://doi.org/10.1016/j.psyneuen.2017.04.013
https://doi.org/10.1016/J.ACN.2003.08.001
https://doi.org/10.1016/J.ACN.2003.08.001
https://doi.org/10.1016/j.cnp.2016.12.003
https://doi.org/10.1016/S0306-4530(97)00079-6

T.E.H. Moses et al.

noninvasive neuromodulation antidepressant therapies. Focus 17 (1), 18-29.
https://doi.org/10.1176/appi.focus.20180031.

McCorry, L.K., 2007. Physiology of the autonomic nervous system. Am. J. Pharmaceut.
Educ. 71 (4), 78. https://doi.org/10.5688/aj710478.

McEwen, B.S., 2007. Physiology and neurobiology of stress and adaptation: central role
of the brain. Physiol. Rev. 87 (3), 873-904. https://doi.org/10.1152/
physrev.00041.2006.

McEwen, B.S., Morrison, J.H., 2013. The brain on stress: vulnerability and plasticity of
the prefrontal cortex over the life course. Neuron 79 (1), 16-29. https://doi.org/
10.1016/j.neuron.2013.06.028.

McEwen, B.S., Nasca, C., Gray, J.D., 2016. Stress effects on neuronal structure:
Hippocampus, amygdala, and prefrontal cortex. Neuropsychopharmacology 41 (1),
3-23. https://doi.org/10.1038/npp.2015.171.

McKlveen, J.M., Myers, B., Herman, J.P., 2015. The medial prefrontal cortex:
coordinator of autonomic, neuroendocrine and behavioural responses to stress.

J. Neuroendocrinol. 27 (6), 446-456. https://doi.org/10.1111/jne.12272.

McKlveen, Jessica M., Myers, B., Flak, J.N., Bundzikova, J., Solomon, M.B., Seroogy, K.
B., Herman, J.P., 2013. Role of prefrontal cortex glucocorticoid receptors in stress
and emotion. Biol. Psychiatr. 74 (9), 672-679. https://doi.org/10.1016/j.
biopsych.2013.03.024.

Medeiros, L.F., de Souza, I.C.C., Vidor, L.P., de Souza, A., Deitos, A., Volz, M.S.,
Fregni, F., Caumo, W., Torres, L.L.S., 2012. Neurobiological effects of transcranial
direct current stimulation: a review. Front. Psychiatr. 3 (DEC), 110. https://doi.org/
10.3389/fpsyt.2012.00110.

Meir Drexler, S., Hamacher-Dang, T.C., Wolf, O.T., 2017. Stress before extinction
learning enhances and generalizes extinction memory in a predictive learning task.
Neurobiol. Learn. Mem. 141, 143-149. https://doi.org/10.1016/J.
NLM.2017.04.002.

Menon, V., 2011. Large-scale brain networks and psychopathology: a unifying triple
network model. Trends Cognit. Sci. 15 (10), 483-506. https://doi.org/10.1016/j.
tics.2011.08.003.

Merz, C.J., Wolf, O.T., 2017. Sex differences in stress effects on emotional learning.

J. Neurosci. Res. 95 (1-2), 93-105. https://doi.org/10.1002/jnr.23811.

Meyer, T., Smeets, T., Giesbrecht, T., Quaedflieg, C.W.E.M., Merckelbach, H., 2013.
Acute stress differentially affects spatial configuration learning in high and low
cortisol-responding healthy adults. Eur. J. Psychotraumatol. 4 (1), 19854 https://
doi.org/10.3402/ejpt.v4i0.19854.

Minkley, N., Schroder, T.P., Wolf, O.T., Kirchner, W.H., 2014. The socially evaluated
cold-pressor test (SECPT) for groups: effects of repeated administration of a
combined physiological and psychological stressor. Psychoneuroendocrinology 45,
119-127. https://doi.org/10.1016/J.PSYNEUEN.2014.03.022.

Moisset, X., Pereira, B., Ciampi de Andrade, D., Fontaine, D., Lantéri-Minet, M.,
Mawet, J., 2020. Neuromodulation techniques for acute and preventive migraine
treatment: a systematic review and meta-analysis of randomized controlled trials.
J. Headache Pain 21 (1), 142. https://doi.org/10.1186/510194-020-01204-4.

Molina, P.E., 2005. Neurobiology of the stress response: contribution of the sympathetic
nervous system to the neuroimmune axis in traumatic injury. Shock 24 (1), 3-10.
https://doi.org/10.1097,/01.shk.0000167112.18871.5c.

Morris, J., 1998. A neuromodulatory role for the human amygdala in processing
emotional facial expressions. Brain 121 (1), 47-57. https://doi.org/10.1093/brain/
121.1.47.

Mueller, A., Strahler, J., Armbruster, D., Lesch, K.-P., Brocke, B., Kirschbaum, C., 2012.
Genetic contributions to acute autonomic stress responsiveness in children. Int. J.
Psychophysiol. 83 (3), 302-308. https://doi.org/10.1016/j.ijpsycho.2011.11.007.

Mueller, P.J., 2007. Exercise training and sympathetic nervous system activity: evidence
for physical activity dependent neural plasticity. Clin. Exp. Pharmacol. Physiol. 34
(4), 377-384. https://doi.org/10.1111/j.1440-1681.2007.04590.x.

Mutti, A., Ferroni, C., Vescovi, P.P., Bottazzi, R., Selis, L., Gerra, G., Franchini, 1., 1989.
Endocrine effects of psychological stress associated with neurobehavioral
performance testing. Life Sci. 44 (24), 1831-1836. https://doi.org/10.1016/0024-
3205(89)90300-7.

Myers, B., McKlveen, J.M., Herman, J.P., 2012. Neural regulation of the Stress response:
the many faces of feedback. Cell. Mol. Neurobiol. 107 (5), 683-694. https://doi.org/
10.1007/s10571-012-9801-y.

Myers, B., Scheimann, J.R., Franco-Villanueva, A., Herman, J.P., 2017. Ascending
mechanisms of stress integration: implications for brainstem regulation of
neuroendocrine and behavioral stress responses. Neurosci. Biobehav. Rev. 74 (Pt B),
366-375. https://doi.org/10.1016/j.neubiorev.2016.05.011.

Nair, N., Hegarty, J.P., Ferguson, B.J., Hecht, P.M., Tilley, M., Christ, S.E., Beversdorf, D.
Q., 2020. Effects of stress on functional connectivity during problem solving.
Neuroimage 208, 116407. https://doi.org/10.1016/J.NEUROIMAGE.2019.116407.

Narvaez Linares, N.F., Charron, V., Ouimet, A.J., Labelle, P.R., Plamondon, H., 2020.
A systematic review of the Trier Social Stress Test methodology: issues in promoting
study comparison and replicable research. Neurobiology of Stress 13, 100235.
https://doi.org/10.1016/j.ynstr.2020.100235.

Niehaus, L., Meyer, B.-U., Weyh, T., 2000. Influence of pulse configuration and direction
of coil current on excitatory effects of magnetic motor cortex and nerve stimulation.
Clin. Neurophysiol. 111 (1), 75-80. https://doi.org/10.1016/51388-2457(99)
00198-4.

Nitschke, J.P., Giorgio, L.-M., Zaborowska, O., Sheldon, S., 2020. Acute psychosocial
stress during retrieval impairs pattern separation processes on an episodic memory
task. Stress 23 (4), 437-443. https://doi.org/10.1080/10253890.2020.1724946.

Noack, H., Nolte, L., Nieratschker, V., Habel, U., Derntl, B., 2019. Imaging stress: an
overview of stress induction methods in the MR scanner. J. Neural. Transm. 126 (9),
1187-1202. https://doi.org/10.1007/5s00702-018-01965-y.

23

Neurobiology of Stress 22 (2023) 100515

Nomi, J.S., Vij, S.G., Dajani, D.R., Steimke, R., Damaraju, E., Rachakonda, S., Calhoun, V.
D., Uddin, L.Q., 2017. Chronnectomic patterns and neural flexibility underlie
executive function. Neuroimage 147, 861-871. https://doi.org/10.1016/j.
neuroimage.2016.10.026.

Nummenmaa, L., Niemi, P., 2004. Inducing affective states with success-failure
manipulations: a meta-analysis. Emotion 4 (2), 207-214. https://doi.org/10.1037/
1528-3542.4.2.207.

Ochsner, K.N., Bunge, S.A., Gross, J.J., Gabrieli, J.D.E., 2002. Rethinking feelings: an
fMRI study of the cognitive regulation of emotion. J. Cognit. Neurosci. 14 (8),
1215-1229. https://doi.org/10.1162/089892902760807212.

Oei, N.Y.L., Everaerd, W.T.A.M., Elzinga, B.M., van Well, S., Bermond, B., 2006.
Psychosocial stress impairs working memory at high loads: an association with
cortisol levels and memory retrieval. Stress 9 (3), 133-141. https://doi.org/
10.1080/10253890600965773.

Oei, Nicole Y.L., Veer, I.M., Wolf, O.T., Spinhoven, P., Rombouts, S.A.R.B., Elzinga, B.M.,
2012. Stress shifts brain activation towards ventral ‘affective’ areas during emotional
distraction. Soc. Cognit. Affect Neurosci. 7 (4), 403-412. https://doi.org/10.1093/
scan/nsr024.

Oster, H., Challet, E., Ott, V., Arvat, E., de Kloet, E.R., Dijk, D.-J., Lightman, S.,
Vgontzas, A., Van Cauter, E., 2017. The functional and clinical significance of the 24-
hour rhythm of circulating glucocorticoids. Endocr. Rev. 38 (1), 3-45. https://doi.
org/10.1210/er.2015-1080.

Oswald, L.M., Zandi, P., Nestadt, G., Potash, J.B., Kalaydjian, A.E., Wand, G.S., 2006.
Relationship between cortisol responses to stress and personality.
Neuropsychopharmacology 31 (7), 1583-1591. https://doi.org/10.1038/sj.
npp.1301012.

Pacak, K., 2000. Stressor-specific activation of the hypothalamic-pituitary-adrenocortical
axis. Physiol. Res. 49, S11-S17.

Pacék, K., Palkovits, M., 2001. Stressor specificity of central neuroendocrine responses:
implications for stress-related disorders. Endocr. Rev. 22 (4), 502-548. https://doi.
org/10.1210/edrv.22.4.0436.

Park, J.H., Gorky, J., Ogunnaike, B., Vadigepalli, R., Schwaber, J.S., 2020. Investigating
the effects of brainstem neuronal adaptation on cardiovascular homeostasis. Front.
Neurosci. 14, 470. https://doi.org/10.3389/FNINS.2020.00470/BIBTEX.

Petrovic, P., Petersson, K.M., Hansson, P., Ingvar, M., 2004. Brainstem involvement in
the initial response to pain. Neuroimage 22 (2), 995-1005. https://doi.org/10.1016/
j-neuroimage.2004.01.046.

Phan, K.L., Fitzgerald, D.A., Gao, K., Moore, G.J., Tancer, M.E., Posse, S., 2004. Real-time
fMRI of cortico-limbic brain activity during emotional processing. Neuroreport 15
(3), 527-532. https://doi.org/10.1097,/00001756-200403010-00029.

Phelps, E.A., LeDoux, J.E., 2005. Contributions of the amygdala to emotion processing:
from animal models to human behavior. Neuron 48 (2), 175-187. https://doi.org/
10.1016/j.neuron.2005.09.025.

Picard, K., St-Pierre, M.-K., Vecchiarelli, H.A., Bordeleau, M., Tremblay, M.-E., 2021.
Neuroendocrine, neuroinflammatory and pathological outcomes of chronic stress: a
story of microglial remodeling. Neurochem. Int. 145, 104987 https://doi.org/
10.1016/j.neuint.2021.104987.

Plessow, F., Fischer, R., Kirschbaum, C., Goschke, T., 2011. Inflexibly focused under
stress: acute psychosocial stress increases shielding of action goals at the expense of
reduced cognitive flexibility with increasing time lag to the stressor. J. Cognit.
Neurosci. 23 (11), 3218-3227. https://doi.org/10.1162/jocn_a_00024.

Plewnia, C., Schroeder, P.A., Kunze, R., Faehling, F., Wolkenstein, L., 2015. Keep calm
and carry on: improved frustration tolerance and processing speed by transcranial
direct current stimulation (tDCS). PLoS One 10 (4), e0122578. https://doi.org/
10.1371/journal.pone.0122578.

Plieger, T., Reuter, M., 2020. Stress & executive functioning: a review considering
moderating factors. Neurobiol. Learn. Mem. 173, 107254 https://doi.org/10.1016/j.
nlm.2020.107254.

Polania, R., Nitsche, M.A., Ruff, C.C., 2018. Studying and modifying brain function with
non-invasive brain stimulation. Nat. Neurosci. 21 (2), 174-187. https://doi.org/
10.1038/541593-017-0054-4.

Posner, J., Russell, J.A., Gerber, A., Gorman, D., Colibazzi, T., Yu, S., Wang, Z.,
Kangarlu, A., Zhu, H., Peterson, B.S., 2009. The neurophysiological bases of emotion:
an fMRI study of the affective circumplex using emotion-denoting words. Hum. Brain
Mapp. 30 (3), 883-895. https://doi.org/10.1002/HBM.20553/FORMAT/PDF.

Prewitt, C.M.F., Herman, J.P., 1997. Hypothalamo-pituitary-adrenocortical regulation
following lesions of the central nucleus of the amygdala. Stress 1 (4), 263-279.
https://doi.org/10.3109/10253899709013746.

Pruessner, J.C., Dedovic, K., Khalili-Mahani, N., Engert, V., Pruessner, M., Buss, C.,
Renwick, R., Dagher, A., Meaney, M.J., Lupien, S., 2008. Deactivation of the limbic
system during acute psychosocial stress: evidence from positron emission
tomography and functional magnetic resonance imaging studies. Biol. Psychiatr. 63
(2), 234-240. https://doi.org/10.1016/j.biopsych.2007.04.041.

Pulopulos, M.M., De Witte, S., Vanderhasselt, M.-A., De Raedt, R., Schiettecatte, J.,
Anckaert, E., Salvador, A., Baeken, C., 2019. The influence of personality on the
effect of iTBS after being stressed on cortisol secretion. PLoS One 14 (10), e0223927.
https://doi.org/10.1371/journal.pone.0223927.

Pulopulos, M.M., Schmausser, M., De Smet, S., Vanderhasselt, M.-A., Baliyan, S.,
Venero, C., Baeken, C., De Raedt, R., 2020. The effect of HF-rTMS over the left
DLPFC on stress regulation as measured by cortisol and heart rate variability. Horm.
Behav. 124, 104803 https://doi.org/10.1016/j.yhbeh.2020.104803.

Qin, S., Hermans, E.J., van Marle, H.J.F.F., Luo, J., Fernandez, G., 2009. Acute
psychological stress reduces working memory-related activity in the dorsolateral
prefrontal cortex. Biol. Psychiatr. 66 (1), 25-32. https://doi.org/10.1016/j.
biopsych.2009.03.006.


https://doi.org/10.1176/appi.focus.20180031
https://doi.org/10.5688/aj710478
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1016/j.neuron.2013.06.028
https://doi.org/10.1016/j.neuron.2013.06.028
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1111/jne.12272
https://doi.org/10.1016/j.biopsych.2013.03.024
https://doi.org/10.1016/j.biopsych.2013.03.024
https://doi.org/10.3389/fpsyt.2012.00110
https://doi.org/10.3389/fpsyt.2012.00110
https://doi.org/10.1016/J.NLM.2017.04.002
https://doi.org/10.1016/J.NLM.2017.04.002
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1002/jnr.23811
https://doi.org/10.3402/ejpt.v4i0.19854
https://doi.org/10.3402/ejpt.v4i0.19854
https://doi.org/10.1016/J.PSYNEUEN.2014.03.022
https://doi.org/10.1186/s10194-020-01204-4
https://doi.org/10.1097/01.shk.0000167112.18871.5c
https://doi.org/10.1093/brain/121.1.47
https://doi.org/10.1093/brain/121.1.47
https://doi.org/10.1016/j.ijpsycho.2011.11.007
https://doi.org/10.1111/j.1440-1681.2007.04590.x
https://doi.org/10.1016/0024-3205(89)90300-7
https://doi.org/10.1016/0024-3205(89)90300-7
https://doi.org/10.1007/s10571-012-9801-y
https://doi.org/10.1007/s10571-012-9801-y
https://doi.org/10.1016/j.neubiorev.2016.05.011
https://doi.org/10.1016/J.NEUROIMAGE.2019.116407
https://doi.org/10.1016/j.ynstr.2020.100235
https://doi.org/10.1016/S1388-2457(99)00198-4
https://doi.org/10.1016/S1388-2457(99)00198-4
https://doi.org/10.1080/10253890.2020.1724946
https://doi.org/10.1007/s00702-018-01965-y
https://doi.org/10.1016/j.neuroimage.2016.10.026
https://doi.org/10.1016/j.neuroimage.2016.10.026
https://doi.org/10.1037/1528-3542.4.2.207
https://doi.org/10.1037/1528-3542.4.2.207
https://doi.org/10.1162/089892902760807212
https://doi.org/10.1080/10253890600965773
https://doi.org/10.1080/10253890600965773
https://doi.org/10.1093/scan/nsr024
https://doi.org/10.1093/scan/nsr024
https://doi.org/10.1210/er.2015-1080
https://doi.org/10.1210/er.2015-1080
https://doi.org/10.1038/sj.npp.1301012
https://doi.org/10.1038/sj.npp.1301012
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref251
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref251
https://doi.org/10.1210/edrv.22.4.0436
https://doi.org/10.1210/edrv.22.4.0436
https://doi.org/10.3389/FNINS.2020.00470/BIBTEX
https://doi.org/10.1016/j.neuroimage.2004.01.046
https://doi.org/10.1016/j.neuroimage.2004.01.046
https://doi.org/10.1097/00001756-200403010-00029
https://doi.org/10.1016/j.neuron.2005.09.025
https://doi.org/10.1016/j.neuron.2005.09.025
https://doi.org/10.1016/j.neuint.2021.104987
https://doi.org/10.1016/j.neuint.2021.104987
https://doi.org/10.1162/jocn_a_00024
https://doi.org/10.1371/journal.pone.0122578
https://doi.org/10.1371/journal.pone.0122578
https://doi.org/10.1016/j.nlm.2020.107254
https://doi.org/10.1016/j.nlm.2020.107254
https://doi.org/10.1038/s41593-017-0054-4
https://doi.org/10.1038/s41593-017-0054-4
https://doi.org/10.1002/HBM.20553/FORMAT/PDF
https://doi.org/10.3109/10253899709013746
https://doi.org/10.1016/j.biopsych.2007.04.041
https://doi.org/10.1371/journal.pone.0223927
https://doi.org/10.1016/j.yhbeh.2020.104803
https://doi.org/10.1016/j.biopsych.2009.03.006
https://doi.org/10.1016/j.biopsych.2009.03.006

T.E.H. Moses et al.

Quaedflieg, C.W.E.M., Meyer, T., van Ruitenbeek, P., Smeets, T., 2017. Examining
habituation and sensitization across repetitive laboratory stress inductions using the
MAST. Psychoneuroendocrinology 77, 175-181. https://doi.org/10.1016/J.
PSYNEUEN.2016.12.009.

Quaedflieg, C.W.E.M., van de Ven, V., Meyer, T., Siep, N., Merckelbach, H., Smeets, T.,
2015. Temporal dynamics of stress-induced alternations of intrinsic amygdala
connectivity and neuroendocrine levels. PLoS One 10 (5), e0124141. https://doi.
org/10.1371/journal.pone.0124141.

Quaedflieg, Conny W.E.M., Schwabe, L., Meyer, T., Smeets, T., 2013. Time dependent
effects of stress prior to encoding on event-related potentials and 24 h delayed
retrieval. Psychoneuroendocrinology 38 (12), 3057-3069. https://doi.org/10.1016/
J.PSYNEUEN.2013.09.002.

Quirk, G.J., Likhtik, E., Pelletier, J.G., Paré, D., 2003. Stimulation of medial prefrontal
cortex decreases the responsiveness of central amygdala output neurons. J. Neurosci.
23 (25), 8800-8807. https://doi.org/10.1523/JNEUROSCI.23-25-08800.2003.

Radtke, E.L., Diising, R., Kuhl, J., Tops, M., Quirin, M., 2020. Personality, stress, and
intuition: emotion regulation abilities moderate the effect of stress-dependent
cortisol increase on coherence judgments. Front. Psychol. 11 https://doi.org/
10.3389/fpsyg.2020.00339.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L.,
2001. A default mode of brain function. Proc. Natl. Acad. Sci. U. S. A. 98 (2),
676-682. https://doi.org/10.1073/pnas.98.2.676.

Ray, L.A., Lunny, K., Bujarski, S., Moallem, N., Krull, J.L., Miotto, K., 2013. The effects of
varenicline on stress-induced and cue-induced craving for cigarettes. Drug Alcohol
Depend. 131 (1-2), 136-142. https://doi.org/10.1016/j.drugalcdep.2012.12.015.

Raymond, C., Marin, M.-F., Wolosianski, V., Journault, A.-A., Longpré, C., Leclaire, S.,
Cernik, R., Juster, R.-P., Lupien, S.J., 2021. Early childhood adversity and HPA axis
activity in adulthood: the importance of considering minimal age at exposure.
Psychoneuroendocrinology 124, 105042. https://doi.org/10.1016/j.
psyneuen.2020.105042.

Remue, J., Vanderhasselt, M.-A., Baeken, C., Rossi, V., Tullo, J., De Raedt, R., 2016. The
effect of a single HF-rTMS session over the left DLPFC on the physiological stress
response as measured by heart rate variability. Neuropsychology 30 (6), 756-766.
https://doi.org/10.1037 /neu0000255.

Reschke-Hernandez, A.E., Okerstrom, K.L., Bowles Edwards, A., Tranel, D., 2017. Sex
and stress: men and women show different cortisol responses to psychological stress
induced by the Trier social stress test and the Iowa singing social stress test.

J. Neurosci. Res. 95 (1-2), 106-114. https://doi.org/10.1002/jnr.23851.

Richter-Levin, G., 2004. The amygdala, the hippocampus, and emotional modulation of
memory. Neuroscientist 10 (1), 31-39. https://doi.org/10.1177/
1073858403259955.

Ritter, S., Watts, A.G., Dinh, T.T., Sanchez-Watts, G., Pedrow, C., 2003. Immunotoxin
lesion of hypothalamically projecting norepinephrine and epinephrine neurons
differentially affects circadian and stressor-stimulated corticosterone secretion.
Endocrinology 144 (4), 1357-1367. https://doi.org/10.1210/en.2002-221076.

Riva, P., Romero Lauro, L.J., Dewall, C.N., Bushman, B.J., 2012. Buffer the pain away:
stimulating the right ventrolateral prefrontal cortex reduces pain following social
exclusion. Psychol. Sci. 23 (12), 1473-1475. https://doi.org/10.1177/
0956797612450894.

Riva, P., Romero Lauro, L.J., Vergallito, A., DeWall, C.N., Bushman, B.J., 2015.
Electrified emotions: modulatory effects of transcranial direct stimulation on
negative emotional reactions to social exclusion. Soc. Neurosci. 10 (1), 46-54.
https://doi.org/10.1080/17470919.2014.946621.

Rohleder, N., Kirschbaum, C., 2007. Effects of nutrition on neuro-endocrine stress
responses. Curr. Opin. Clin. Nutr. Metab. Care 10 (4), 504-510. https://doi.org/
10.1097/MCO.0b013e3281e38808.

Ross, J.A., Van Bockstaele, E.J., 2020. The locus coeruleus- norepinephrine system in
stress and arousal: unraveling historical, current, and future perspectives. Front.
Psychiatr. 11, 601519 https://doi.org/10.3389/FPSYT.2020.601519.

Rossi, S., Antal, A., Bestmann, S., Bikson, M., Brewer, C., Brockmoller, J., Carpenter, L.L.,
Cincotta, M., Chen, R., Daskalakis, J.D., Di Lazzaro, V., Fox, M.D., George, M.S.,
Gilbert, D., Kimiskidis, V.K., Koch, G., Ilmoniemi, R.J., Lefaucheur, J.P., Leocani, L.,
et al., 2021. Safety and recommendations for TMS use in healthy subjects and patient
populations, with updates on training, ethical and regulatory issues: expert
Guidelines. Clin. Neurophysiol. 132 (1), 269-306. https://doi.org/10.1016/j.
clinph.2020.10.003.

Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., , Safety of TMS Consensus Group,
Bestmann, S., Berardelli, A., Brewer, C., Cantello, R., Chen, R., Classen, J., Di
Lazzaro, V., Epstein, C.M., Fregni, F., Karp, B., Lefaucheur, J.-P., Physiologie, S.,
Fonctionnelles, E., Henri Mondor, H., et al., 2009. Safety, ethical considerations, and
application guidelines for the use of transcranial magnetic stimulation in clinical
practice and research. Clin. Neurophysiol. 120 (12), 2008-2039. https://doi.org/
10.1016/j.clinph.2009.08.016.

Russell, J.A., 1980. A circumplex model of affect. J. Pers. Soc. Psychol. 39 (6),
1161-1178. https://doi.org/10.1037/h0077714.

Russell, J.A., 2003. Core affect and the psychological construction of emotion. Psychol.
Rev. 110 (1), 145-172. https://doi.org/10.1037/0033-295x.110.1.145.

Sack, A.T., Linden, D.E.J., 2003. Combining transcranial magnetic stimulation and
functional imaging in cognitive brain research: possibilities and limitations. Brain
Res. Rev. 43 (1), 41-56. https://doi.org/10.1016/50165-0173(03)00191-7.

Salcido, C.A., Geltmeier, M.K., Fuchs, P.N., 2018. Pain and decision-making: interrelated
through homeostasis. Open Pain J. 11 (1), 31-40. https://doi.org/10.2174/

1876386301811010031.

Sandi, C., 2013. Stress and cognition. Cognit. Sci. 4 (3), 245-261. https://doi.org/
10.1002/wces.1222.

24

Neurobiology of Stress 22 (2023) 100515

Sandrini, M., Umilta, C., Rusconi, E., 2011. The use of transcranial magnetic stimulation
in cognitive neuroscience: a new synthesis of methodological issues. Neurosci.
Biobehav. Rev. 35 (3), 516-536. https://doi.org/10.1016/j.neubiorev.2010.06.005.

Sénger, J., Bechtold, L., Schoofs, D., Blaszkewicz, M., Wascher, E., 2014. The influence of
acute stress on attention mechanisms and its electrophysiological correlates. Front.
Behav. Neurosci. 8 (OCT), 353. https://doi.org/10.3389/fnbeh.2014.00353.

Sawchenko, P.E., Li, H.-Y., Ericsson, A., 2000. Circuits and mechanisms governing
hypothalamic responses to stress: a tale of two paradigms. In: Progress in Brain
Research, vol. 122. Prog Brain Res, pp. 61-78. https://doi.org/10.1016/50079-6123
(08)62131-7.

Scheer, F.A.J.L., Hu, K., Evoniuk, H., Kelly, E.E., Malhotra, A., Hilton, M.F., Shea, S.A.,
2010. Impact of the human circadian system, exercise, and their interaction on
cardiovascular function. Proc. Natl. Acad. Sci. U. S. A. 107 (47), 20541-20546.
https://doi.org/10.1073/pnas.1006749107.

Schneider, T.R., 2004. The role of neuroticism on psychological and physiological stress
responses. J. Exp. Soc. Psychol. 40 (6), 795-804. https://doi.org/10.1016/].
jesp.2004.04.005.

Schonfeldt-Lecuona, C., Lefaucheur, J.-P., Cardenas-Morales, L., Wolf, R.C., Kammer, T.,
Herwig, U., 2010. The value of neuronavigated rTMS for the treatment of depression.
Neurophysiologie Clinique/Clinical Neurophysiology 40 (1), 37-43. https://doi.org/
10.1016/j.neucli.2009.06.004.

Schwabe, L., Hoffken, O., Tegenthoff, M., Wolf, O.T., 2013. Stress-induced enhancement
of response inhibition depends on mineralocorticoid receptor activation.
Psychoneuroendocrinology 38 (10), 2319-2326. https://doi.org/10.1016/j.
psyneuen.2013.05.001.

Schwabe, L., Schachinger, H., 2018. Ten years of research with the socially evaluated
cold pressor test: data from the past and guidelines for the future.
Psychoneuroendocrinology 92, 155-161. https://doi.org/10.1016/j.
psyneuen.2018.03.010.

Schwabe, L., Tegenthoff, M., Hoffken, O., Wolf, O.T., 2012. Simultaneous glucocorticoid
and noradrenergic activity disrupts the neural basis of goal-directed action in the
human brain. J. Neurosci. 32 (30), 10146-10155. https://doi.org/10.1523/
JNEUROSCI.1304-12.2012.

Seeley, W.W., Menon, V., Schatzberg, A.F., Keller, J., Glover, G.H., Kenna, H., Reiss, A.L.,
Greicius, M.D., 2007. Dissociable intrinsic connectivity networks for salience
processing and executive control. J. Neurosci. 27 (9), 2349-2356. https://doi.org/
10.1523/JNEUROSCI.5587-06.2007.

Sep, M.S.C., Joéls, M., Geuze, E., 2020. Individual differences in the encoding of
contextual details following acute stress: an explorative study. Eur. J. Neurosci.
https://doi.org/10.1111/ejn.15067.

Sequeira, LK., Longmire, A.S., McKay, N.J., 2021. Trier Social Stress Test elevates blood
pressure, heart rate, and anxiety, but a singing test or unsolvable anagrams only
elevates heart rate, among healthy young adults. Psych 3 (2), 171-183. https://doi.
org/10.3390/psych3020015.

Sergerie, K., Chochol, C., Armony, J.L., 2008. The role of the amygdala in emotional
processing: a quantitative meta-analysis of functional neuroimaging studies.
Neurosci. Biobehav. Rev. 32 (4), 811-830. https://doi.org/10.1016/j.
neubiorev.2007.12.002.

Shepard, J.D., AI’Absi, M., Whitsett, T.L., Passey, R.B., Lovallo, W.R., 2000. Additive
pressor effects of caffeine and stress in male medical students at risk for
hypertension. Am. J. Hypertens. 13 (5), 475-481. https://doi.org/10.1016/50895-
7061(99)00217-4.

Shields, G.S., Bonner, J.C., Moons, W.G., 2015. Does cortisol influence core executive
functions? A meta-analysis of acute cortisol administration effects on working
memory, inhibition, and set-shifting. Psychoneuroendocrinology 58, 91-103.
https://doi.org/10.1016/j.psyneuen.2015.04.017.

Shields, G.S., Sazma, M.A., Yonelinas, A.P., 2016a. The effects of acute stress on core
executive functions: a meta-analysis and comparison with cortisol. Neurosci.
Biobehav. Rev. 68, 651-668. https://doi.org/10.1016/j.neubiorev.2016.06.038.

Shields, G.S., Trainor, B.C., Lam, J.C.W., Yonelinas, A.P., 2016b. Acute stress impairs
cognitive flexibility in men, not women. Stress 19 (5), 542-546. https://doi.org/
10.1080/10253890.2016.1192603.

Shilton, A.L., Laycock, R., Crewther, S.G., 2017. The maastricht acute stress test (MAST):
physiological and subjective responses in anticipation, and post-stress. Front.
Psychol. 8 (APR) https://doi.org/10.3389/fpsyg.2017.00567.

Shirazi, S.N., Friedman, A.R., Kaufer, D., Sakhai, S.A., 2015. Glucocorticoids and the
brain: neural mechanisms regulating the stress response. Adv. Exp. Med. Biol. 872,
235-252. https://doi.org/10.1007/978-1-4939-2895-8 10. Adv Exp Med Biol.

Singh, A., Petrides, J.S., Gold, P.W., Chrousos, G.P., Deuster, P.A., 1999. Differential
hypothalamic-pituitary-adrenal axis reactivity to psychological and physical stress.
J. Clin. Endocrinol. Metabol. 84 (6), 1944-1948. https://doi.org/10.1210/
jcem.84.6.5746.

Sinha, R., 2009. Modeling stress and drug craving in the laboratory: implications for
addiction treatment development. Addiction Biol. 14 (1), 84-98. https://doi.org/
10.1111/j.1369-1600.2008.00134.x.

Sinha, R., Catapano, D., O’Malley, S., 1999. Stress-induced craving and stress response in
cocaine dependent individuals. Psychopharmacology 142 (4), 343-351. https://doi.
org/10.1007/s002130050898.

Sinha, R., Shaham, Y., Heilig, M., 2011. Translational and reverse translational research
on the role of stress in drug craving and relapse. Psychopharmacology 218 (1),
69-82. https://doi.org/10.1007/5s00213-011-2263-y.

Skoluda, N., Strahler, J., Schlotz, W., Niederberger, L., Marques, S., Fischer, S.,
Thoma, M.V., Spoerri, C., Ehlert, U., Nater, U.M., 2015. Intra-individual
psychological and physiological responses to acute laboratory stressors of different
intensity. Psychoneuroendocrinology 51, 227-236. https://doi.org/10.1016/j.
psyneuen.2014.10.002.


https://doi.org/10.1016/J.PSYNEUEN.2016.12.009
https://doi.org/10.1016/J.PSYNEUEN.2016.12.009
https://doi.org/10.1371/journal.pone.0124141
https://doi.org/10.1371/journal.pone.0124141
https://doi.org/10.1016/J.PSYNEUEN.2013.09.002
https://doi.org/10.1016/J.PSYNEUEN.2013.09.002
https://doi.org/10.1523/JNEUROSCI.23-25-08800.2003
https://doi.org/10.3389/fpsyg.2020.00339
https://doi.org/10.3389/fpsyg.2020.00339
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1016/j.drugalcdep.2012.12.015
https://doi.org/10.1016/j.psyneuen.2020.105042
https://doi.org/10.1016/j.psyneuen.2020.105042
https://doi.org/10.1037/neu0000255
https://doi.org/10.1002/jnr.23851
https://doi.org/10.1177/1073858403259955
https://doi.org/10.1177/1073858403259955
https://doi.org/10.1210/en.2002-221076
https://doi.org/10.1177/0956797612450894
https://doi.org/10.1177/0956797612450894
https://doi.org/10.1080/17470919.2014.946621
https://doi.org/10.1097/MCO.0b013e3281e38808
https://doi.org/10.1097/MCO.0b013e3281e38808
https://doi.org/10.3389/FPSYT.2020.601519
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1037/h0077714
https://doi.org/10.1037/0033-295x.110.1.145
https://doi.org/10.1016/S0165-0173(03)00191-7
https://doi.org/10.2174/1876386301811010031
https://doi.org/10.2174/1876386301811010031
https://doi.org/10.1002/wcs.1222
https://doi.org/10.1002/wcs.1222
https://doi.org/10.1016/j.neubiorev.2010.06.005
https://doi.org/10.3389/fnbeh.2014.00353
https://doi.org/10.1016/S0079-6123(08)62131-7
https://doi.org/10.1016/S0079-6123(08)62131-7
https://doi.org/10.1073/pnas.1006749107
https://doi.org/10.1016/j.jesp.2004.04.005
https://doi.org/10.1016/j.jesp.2004.04.005
https://doi.org/10.1016/j.neucli.2009.06.004
https://doi.org/10.1016/j.neucli.2009.06.004
https://doi.org/10.1016/j.psyneuen.2013.05.001
https://doi.org/10.1016/j.psyneuen.2013.05.001
https://doi.org/10.1016/j.psyneuen.2018.03.010
https://doi.org/10.1016/j.psyneuen.2018.03.010
https://doi.org/10.1523/JNEUROSCI.1304-12.2012
https://doi.org/10.1523/JNEUROSCI.1304-12.2012
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1111/ejn.15067
https://doi.org/10.3390/psych3020015
https://doi.org/10.3390/psych3020015
https://doi.org/10.1016/j.neubiorev.2007.12.002
https://doi.org/10.1016/j.neubiorev.2007.12.002
https://doi.org/10.1016/S0895-7061(99)00217-4
https://doi.org/10.1016/S0895-7061(99)00217-4
https://doi.org/10.1016/j.psyneuen.2015.04.017
https://doi.org/10.1016/j.neubiorev.2016.06.038
https://doi.org/10.1080/10253890.2016.1192603
https://doi.org/10.1080/10253890.2016.1192603
https://doi.org/10.3389/fpsyg.2017.00567
https://doi.org/10.1007/978-1-4939-2895-8_10
https://doi.org/10.1210/jcem.84.6.5746
https://doi.org/10.1210/jcem.84.6.5746
https://doi.org/10.1111/j.1369-1600.2008.00134.x
https://doi.org/10.1111/j.1369-1600.2008.00134.x
https://doi.org/10.1007/s002130050898
https://doi.org/10.1007/s002130050898
https://doi.org/10.1007/s00213-011-2263-y
https://doi.org/10.1016/j.psyneuen.2014.10.002
https://doi.org/10.1016/j.psyneuen.2014.10.002

T.E.H. Moses et al.

Smeets, T., Cornelisse, S., Quaedflieg, C.W.E.M., Meyer, T., Jelicic, M., Merckelbach, H.,
2012. Introducing the Maastricht Acute Stress Test (MAST): a quick and non-invasive
approach to elicit robust autonomic and glucocorticoid stress responses.
Psychoneuroendocrinology 37 (12), 1998-2008. https://doi.org/10.1016/j.
psyneuen.2012.04.012.

Spada, M.M., Nikcevi¢, A.V., Moneta, G.B., Wells, A., 2008. Metacognition, perceived
stress, and negative emotion. Pers. Indiv. Differ. 44 (5), 1172-1181. https://doi.org/
10.1016/j.paid.2007.11.010.

Sridharan, D., Levitin, D.J., Menon, V., 2008. A critical role for the right fronto-insular
cortex in switching between central-executive and default-mode networks. Proc.
Natl. Acad. Sci. USA 105 (34), 12569-12574. https://doi.org/10.1073/
pnas.0800005105.

Stokes, M.G., Chambers, C.D., Gould, 1.C., Henderson, T.R., Janko, N.E., Allen, N.B.,
Mattingley, J.B., 2005. Simple metric for scaling motor threshold based on scalp-
cortex distance: application to studies using transcranial magnetic stimulation.

J. Neurophysiol. 94 (6), 4520-4527. https://doi.org/10.1152/jn.00067.2005.

Stroud, L.R., Tanofsky-Kraff, M., Wilfley, D.E., Salovey, P., 2000. The Yale Interpersonal
Stressor (YIPS): affective, physiological, and behavioral responses to a novel
interpersonal rejection paradigm. Ann. Behav. Med. 22 (3), 204-213. https://doi.
org/10.1007/BF02895115.

Suchy, Y., 2009. Executive functioning: overview, assessment, and research issues for
non-neuropsychologists. Ann. Behav. Med. 37 (2), 106-116. https://doi.org/
10.1007/s12160-009-9097-4.

Summers, P.M., Hanlon, C.A., 2017. BrainRuler-a free, open-access tool for calculating
scalp to cortex distance. Brain Stimul. 10 (5), 1009-1010. https://doi.org/10.1016/
j.brs.2017.03.003.

Takai, N., Yamaguchi, M., Aragaki, T., Eto, K., Uchihashi, K., Nishikawa, Y., 2004. Effect
of psychological stress on the salivary cortisol and amylase levels in healthy young
adults. Arch. Oral Biol. 49 (12), 963-968. https://doi.org/10.1016/j.
archoralbio.2004.06.007.

Thayer, J.F., 2006. On the importance of inhibition: central and peripheral
manifestations of nonlinear inhibitory processes in neural systems. Dose-Response 4
(1). https://doi.org/10.2203/dose-response.004.01.002 dose-response.0, (Thayer).

Thayer, J.F., Ahs, F., Fredrikson, M., Sollers, J.J., Wager, T.D., 2012. A meta-analysis of
heart rate variability and neuroimaging studies: implications for heart rate
variability as a marker of stress and health. Neurosci. Biobehav. Rev. 36 (2),
747-756. https://doi.org/10.1016/j.neubiorev.2011.11.009.

To, W.T., De Ridder, D., Hart, J., Vanneste, S., 2018. Changing brain networks through
non-invasive neuromodulation. Front. Hum. Neurosci. 12, 128. https://doi.org/
10.3389/fnhum.2018.00128.

Tombaugh, T., 2006. A comprehensive review of the paced auditory serial addition test
(PASAT). Arch. Clin. Neuropsychol. 21 (1), 53-76. https://doi.org/10.1016/j.
acn.2005.07.006.

Tsatsoulis, A., Fountoulakis, S., 2006. The protective role of exercise on stress system
dysregulation and comorbidities. Ann. N. Y. Acad. Sci. 1083 (1), 196-213. https://
doi.org/10.1196/annals.1367.020.

Tucker-Drob, E.M., Grotzinger, A.D., Briley, D.A., Engelhardt, L.E., Mann, F.D.,
Patterson, M., Kirschbaum, C., Adam, E.K., Church, J.A., Tackett, J.L., Harden, K.P.,
2017. Genetic influences on hormonal markers of chronic hypothalamic-pituitary-
adrenal function in human hair. Psychol. Med. 47 (8), 1-13. https://doi.org/
10.1017/50033291716003068.

Ugar, C., Ongger, T., Yildiz, S., 2021. Effects of late-night eating of easily—or
slowly—digestible meals on sleep, hypothalamo-pituitary-adrenal axis, and
autonomic nervous system in healthy young males. Stress Health 37 (4), 640-649.
https://doi.org/10.1002/smi.3025.

Uchoa, E.T., Aguilera, G., Herman, J.P., Fiedler, J.L., Deak, T., de Sousa, M.B.C., 2014.
Novel aspects of glucocorticoid actions. J. Neuroendocrinol. 26 (9), 557-572.
https://doi.org/10.1111/jne.12157.

Uddin, L.Q., 2021. Cognitive and behavioural flexibility: neural mechanisms and clinical
considerations. Nat. Rev. Neurosci. 22 (3), 167-179. https://doi.org/10.1038/
s41583-021-00428-w.

Ulrich-Lai, Y.M., Herman, J.P., 2009. Neural regulation of endocrine and autonomic
stress responses. Nat. Rev. Neurosci. 10 (6), 397-409. https://doi.org/10.1038/
nrn2647.

Vaisvaser, S., Lin, T., Admon, R., Podlipsky, 1., Greenman, Y., Stern, N., Fruchter, E.,
Wald, 1., Pine, D.S., Tarrasch, R., Bar-Haim, Y., Hendler, T., 2013. Neural traces of
stress: cortisol related sustained enhancement of amygdala-hippocampal functional
connectivity. Front. Hum. Neurosci. 313. https://doi.org/10.3389/
FNHUM.2013.00313/BIBTEX, O(JUN).

Valero-Cabré, A., Amengual, J.L., Stengel, C., Pascual-Leone, A., Coubard, O.A., 2017.
Transcranial magnetic stimulation in basic and clinical neuroscience: a
comprehensive review of fundamental principles and novel insights. Neurosci.
Biobehav. Rev. 83, 381-404. https://doi.org/10.1016/j.neubiorev.2017.10.006.

van der Mee, D.J., Duivestein, Q., Gevonden, M.J., Westerink, J.H.D.M., de Geus, E.J.C.,
2020. The short Sing-a-Song Stress Test: a practical and valid test of autonomic
responses induced by social-evaluative stress. Auton. Neurosci. 224, 102612 https://
doi.org/10.1016/j.autneu.2019.102612.

van Marle, H.J.F., Hermans, E.J., Qin, S., Fernandez, G., 2009. From specificity to
sensitivity: how acute stress affects amygdala processing of biologically salient
stimuli. Biol. Psychiatr. 66 (7), 649-655. https://doi.org/10.1016/].
biopsych.2009.05.014.

van Oort, J., Tendolkar, 1., Hermans, E.J., Mulders, P.C., Beckmann, C.F., Schene, A.H.,
Fernandez, G., van Eijndhoven, P.F., 2017. How the brain connects in response to
acute stress: a review at the human brain systems level. Neurosci. Biobehav. Rev. 83,
281-297. https://doi.org/10.1016/j.neubiorev.2017.10.015.

25

Neurobiology of Stress 22 (2023) 100515

van Stegeren, A.H., Roozendaal, B., Kindt, M., Wolf, O.T., Joéls, M., 2010. Interacting
noradrenergic and corticosteroid systems shift human brain activation patterns
during encoding. Neurobiol. Learn. Mem. 93 (1), 56-65. https://doi.org/10.1016/].
nlm.2009.08.004.

van Stegeren, A.H., Wolf, O.T., Kindt, M., 2008. Salivary alpha amylase and cortisol
responses to different stress tasks: impact of sex. Int. J. Psychophysiol. 69 (1), 33-40.
https://doi.org/10.1016/j.ijpsycho.2008.02.008.

Vila-Rodriguez, F., Frangou, S., 2021. Individualized functional targeting for rTMS: a
powerful idea whose time has come? Hum. Brain Mapp. 42 (13), 4079-4080.
https://doi.org/10.1002/hbm.25543.

Villain, H., Benkahoul, A., Birmes, P., Ferry, B., Roullet, P., 2018. Influence of early stress
on memory reconsolidation: implications for post-traumatic stress disorder
treatment. PLoS One 13 (1), e0191563. https://doi.org/10.1371/journal.
pone.0191563.

Villain, H., Benkahoul, A., Drougard, A., Lafragette, M., Muzotte, E., Pech, S., Bui, E.,
Brunet, A., Birmes, P., Roullet, P., 2016. Effects of propranolol, a -noradrenergic
antagonist, on memory consolidation and reconsolidation in mice. Front. Behav.
Neurosci. 10, 49. https://doi.org/10.3389/fnbeh.2016.00049.

Vitale, J.A., Bonato, M., La Torre, A., Banfi, G., 2019. Heart rate variability in sport
performance: do time of day and chronotype play a role? J. Clin. Med. 8 (5) https://
doi.org/10.3390/jcm8050723.

Vyas, S., Rodrigues, A.J., Silva, J.M., Tronche, F., Almeida, O.F.X., Sousa, N.,
Sotiropoulos, 1., 2016. Chronic stress and glucocorticoids: from neuronal plasticity to
neurodegeneration. Neural Plast. 2016, 6391686 https://doi.org/10.1155/2016/
6391686.

Wager, T.D., Davidson, M.L., Hughes, B.L., Lindquist, M.A., Ochsner, K.N., 2008. Neural
mechanisms of emotion regulation: evidence for two independent prefrontal-
subcortical pathways. Neuron 59 (6), 1037. https://doi.org/10.1016/J.
NEURON.2008.09.006.

Wager, T.D., Sylvester, C.-Y.C., Lacey, S.C., Nee, D.E., Franklin, M., Jonides, J., 2005.
Common and unique components of response inhibition revealed by fMRI.
Neuroimage 27 (2), 323-340. https://doi.org/10.1016/j.neuroimage.2005.01.054.

Wager, T.D., Waugh, C.E., Lindquist, M., Noll, D.C., Fredrickson, B.L., Taylor, S.F., 2009.
Brain mediators of cardiovascular responses to social threat. Neuroimage 47 (3),
821-835. https://doi.org/10.1016/j.neuroimage.2009.05.043.

Wandel, L., Pulopulos, M.M., Labanauskas, V., Witte, S., Vanderhasselt, M., Baeken, C.,
2020. Individual resting-state frontocingular functional connectivity predicts the
intermittent theta burst stimulation response to stress in healthy female volunteers.
Hum. Brain Mapp. 41 (18), 5301-5312. https://doi.org/10.1002/hbm.25193.

Wang, J., Korczykowski, M., Rao, H., Fan, Y., Pluta, J., Gur, R.C., McEwen, B.S., Detre, J.
A., 2007. Gender difference in neural response to psychological stress. Soc. Cognit.
Affect Neurosci. 2 (3), 227-239. https://doi.org/10.1093/scan/nsm018.

Wang, Y., Chen, J., Yue, Z., 2017. Positive emotion facilitates cognitive flexibility: an
fMRI study. Front. Psychol. 8 (OCT), 1832. https://doi.org/10.3389/
fpsyg.2017.01832.

Williams, K.D., Cheung, C.K.T., Choi, W., 2000. Cyberostracism: effects of being ignored
over the internet. J. Pers. Soc. Psychol. 79 (5), 748-762.

Williams, K.D., Jarvis, B., 2006. Cyberball: a program for use in research on interpersonal
ostracism and acceptance. Behav. Res. Methods 38 (1), 174-180. https://doi.org/
10.3758/BF03192765, 2006 38:1.

Williams, P.G., Suchy, Y., Rau, H.K., 2009. Individual differences in executive
functioning: implications for stress regulation. Ann. Behav. Med. 37 (Issue 2),
126-140. https://doi.org/10.1007/s12160-009-9100-0. Springer.

Williamson, T.J., Thomas, K.S., Eisenberger, N.I., Stanton, A.L., 2018. Effects of social
exclusion on cardiovascular and affective reactivity to a socially evaluative stressor.
Int. J. Behav. Med. 25 (4), 410-420. https://doi.org/10.1007/s12529-018-9720-5.

Wirtz, P.H., Elsenbruch, S., Emini, L., Riidisiili, K., Groessbauer, S., Ehlert, U., 2007.
Perfectionism and the cortisol response to psychosocial stress in men. Psychosom.
Med. 69 (3), 249-255. https://doi.org/10.1097/PSY.0b013e318042589%.

Wirz, L., Bogdanov, M., Schwabe, L., 2018. Habits under stress: mechanistic insights
across different types of learning. Current Opinion in Behavioral Sciences 20, 9-16.
https://doi.org/10.1016/j.cobeha.2017.08.009.

Woodcock, E.A., Greenwald, M.K., Khatib, D., Diwadkar, V.A., Stanley, J.A., 2019.
Pharmacological stress impairs working memory performance and attenuates
dorsolateral prefrontal cortex glutamate modulation. Neuroimage 186, 437-445.
https://doi.org/10.1016/j.neuroimage.2018.11.017.

Woon, F.L., Farrer, T.J., Braman, C.R., Mabey, J.K., Hedges, D.W., 2017. A meta-analysis
of the relationship between symptom severity of Posttraumatic Stress Disorder and
executive function. Cognit. Neuropsychiatry 22 (1), 1-16. https://doi.org/10.1080/
13546805.2016.1255603.

Wright, C.E., O’Donnell, K., Brydon, L., Wardle, J., Steptoe, A., 2007. Family history of
cardiovascular disease is associated with cardiovascular responses to stress in
healthy young men and women. Int. J. Psychophysiol. 63 (3), 275-282. https://doi.
0rg/10.1016/j.ijpsycho.2006.11.005.

Wu, T., Snieder, H., de Geus, E., 2010. Genetic influences on cardiovascular stress
reactivity. Neurosci. Biobehav. Rev. 35 (1), 58-68. https://doi.org/10.1016/j.
neubiorev.2009.12.001.

Xin, Y., Wu, J., Yao, Z., Guan, Q., Aleman, A., Luo, Y., 2017. The relationship between
personality and the response to acute psychological stress. Sci. Rep. 7 (1), 16906
https://doi.org/10.1038/s41598-017-17053-2.

Xu, Y., Day, T.A., Buller, K.M., 1999. The central amygdala modulates
hypothalamic-pituitary-adrenal axis responses to systemic interleukin-1f
administration. Neuroscience 94 (1), 175-183. https://doi.org/10.1016/50306-
4522(99)00311-5.

Yamamoto, K., Elias, G.J.B., Beyn, M.E., Zemmar, A., Loh, A., Sarica, C., Germann, J.,
Parmar, R., Wong, E.H.Y., Boutet, A., Kalia, S., Hodaie, M., Lozano, A.M., 2021.


https://doi.org/10.1016/j.psyneuen.2012.04.012
https://doi.org/10.1016/j.psyneuen.2012.04.012
https://doi.org/10.1016/j.paid.2007.11.010
https://doi.org/10.1016/j.paid.2007.11.010
https://doi.org/10.1073/pnas.0800005105
https://doi.org/10.1073/pnas.0800005105
https://doi.org/10.1152/jn.00067.2005
https://doi.org/10.1007/BF02895115
https://doi.org/10.1007/BF02895115
https://doi.org/10.1007/s12160-009-9097-4
https://doi.org/10.1007/s12160-009-9097-4
https://doi.org/10.1016/j.brs.2017.03.003
https://doi.org/10.1016/j.brs.2017.03.003
https://doi.org/10.1016/j.archoralbio.2004.06.007
https://doi.org/10.1016/j.archoralbio.2004.06.007
https://doi.org/10.2203/dose-response.004.01.002
https://doi.org/10.1016/j.neubiorev.2011.11.009
https://doi.org/10.3389/fnhum.2018.00128
https://doi.org/10.3389/fnhum.2018.00128
https://doi.org/10.1016/j.acn.2005.07.006
https://doi.org/10.1016/j.acn.2005.07.006
https://doi.org/10.1196/annals.1367.020
https://doi.org/10.1196/annals.1367.020
https://doi.org/10.1017/S0033291716003068
https://doi.org/10.1017/S0033291716003068
https://doi.org/10.1002/smi.3025
https://doi.org/10.1111/jne.12157
https://doi.org/10.1038/s41583-021-00428-w
https://doi.org/10.1038/s41583-021-00428-w
https://doi.org/10.1038/nrn2647
https://doi.org/10.1038/nrn2647
https://doi.org/10.3389/FNHUM.2013.00313/BIBTEX
https://doi.org/10.3389/FNHUM.2013.00313/BIBTEX
https://doi.org/10.1016/j.neubiorev.2017.10.006
https://doi.org/10.1016/j.autneu.2019.102612
https://doi.org/10.1016/j.autneu.2019.102612
https://doi.org/10.1016/j.biopsych.2009.05.014
https://doi.org/10.1016/j.biopsych.2009.05.014
https://doi.org/10.1016/j.neubiorev.2017.10.015
https://doi.org/10.1016/j.nlm.2009.08.004
https://doi.org/10.1016/j.nlm.2009.08.004
https://doi.org/10.1016/j.ijpsycho.2008.02.008
https://doi.org/10.1002/hbm.25543
https://doi.org/10.1371/journal.pone.0191563
https://doi.org/10.1371/journal.pone.0191563
https://doi.org/10.3389/fnbeh.2016.00049
https://doi.org/10.3390/jcm8050723
https://doi.org/10.3390/jcm8050723
https://doi.org/10.1155/2016/6391686
https://doi.org/10.1155/2016/6391686
https://doi.org/10.1016/J.NEURON.2008.09.006
https://doi.org/10.1016/J.NEURON.2008.09.006
https://doi.org/10.1016/j.neuroimage.2005.01.054
https://doi.org/10.1016/j.neuroimage.2009.05.043
https://doi.org/10.1002/hbm.25193
https://doi.org/10.1093/scan/nsm018
https://doi.org/10.3389/fpsyg.2017.01832
https://doi.org/10.3389/fpsyg.2017.01832
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref351
http://refhub.elsevier.com/S2352-2895(23)00003-6/sref351
https://doi.org/10.3758/BF03192765
https://doi.org/10.3758/BF03192765
https://doi.org/10.1007/s12160-009-9100-0
https://doi.org/10.1007/s12529-018-9720-5
https://doi.org/10.1097/PSY.0b013e318042589e
https://doi.org/10.1016/j.cobeha.2017.08.009
https://doi.org/10.1016/j.neuroimage.2018.11.017
https://doi.org/10.1080/13546805.2016.1255603
https://doi.org/10.1080/13546805.2016.1255603
https://doi.org/10.1016/j.ijpsycho.2006.11.005
https://doi.org/10.1016/j.ijpsycho.2006.11.005
https://doi.org/10.1016/j.neubiorev.2009.12.001
https://doi.org/10.1016/j.neubiorev.2009.12.001
https://doi.org/10.1038/s41598-017-17053-2
https://doi.org/10.1016/S0306-4522(99)00311-5
https://doi.org/10.1016/S0306-4522(99)00311-5

T.E.H. Moses et al.

Neuromodulation for pain: a comprehensive survey and systematic review of clinical
trials and connectomic analysis of brain targets. Stereotact. Funct. Neurosurg. 1-12
https://doi.org/10.1159/000517873.

Young, K., Sandman, C., Craske, M., 2019. Positive and negative emotion regulation in
adolescence: links to anxiety and depression. Brain Sci. 9 (4), 76. https://doi.org/
10.3390/brainsci9040076.

Yuen, E.Y., Liu, W., Karatsoreos, I.N., Feng, J., McEwen, B.S., Yan, Z., 2009. Acute stress
enhances glutamatergic transmission in prefrontal cortex and facilitates working
memory. Proc. Natl. Acad. Sci. USA 106 (33), 14075-14079. https://doi.org/
10.1073/pnas.0906791106.

Zadro, L., Williams, K.D., Richardson, R., 2004. How low can you go? Ostracism by a
computer is sufficient to lower self-reported levels of belonging, control, self-esteem,
and meaningful existence. J. Exp. Soc. Psychol. 40 (4), 560-567. https://doi.org/
10.1016/J.JESP.2003.11.006.

Zald, D.H., 2003. The human amygdala and the emotional evaluation of sensory stimuli.
Brain Res. Rev. 41 (1), 88-123. https://doi.org/10.1016/50165-0173(02)00248-5.

Zapater-Fajari, M., Crespo-Sanmiguel, I., Pulopulos, M.M., Hidalgo, V., Salvador, A.,
2021. Resilience and psychobiological response to stress in older people: the
mediating role of coping strategies. Front. Aging Neurosci. 13 https://doi.org/
10.3389/fnagi.2021.632141.

26

Neurobiology of Stress 22 (2023) 100515

Zhang, R., Geng, X., Lee, T.M.C., 2017. Large-scale functional neural network correlates
of response inhibition: an fMRI meta-analysis. Brain Struct. Funct. 222 (9),
3973-3990. https://doi.org/10.1007/500429-017-1443-x.

Zhang, X., Ge, T.T., Yin, G., Cui, R., Zhao, G., Yang, W., 2018. Stress-induced functional
alterations in amygdala: implications for neuropsychiatric diseases. Front. Neurosci.
12 (Issue MAY), 367. https://doi.org/10.3389/fnins.2018.00367. Frontiers Media S.
A.

Ziemssen, T., Siepmann, T., 2019. The investigation of the cardiovascular and sudomotor
autonomic nervous system—a review. Front. Neurol. 10 (FEB), 53. https://doi.org/
10.3389/fneur.2019.00053.

Zoller, C., Maroof, P., Weik, U., Deinzer, R., 2010. No effect of social exclusion on
salivary cortisol secretion in women in a randomized controlled study.
Psychoneuroendocrinology 35 (9), 1294-1298. https://doi.org/10.1016/J.
PSYNEUEN.2010.02.019.

Zuckerman, M., 1999. Diathesis-stress models. In: Vulnerability to Psychopathology: A
Biosocial Model. American Psychological Association, pp. 3-23. https://doi.org/
10.1037/10316-001.

Zwolinski, J., 2008. Biopsychosocial responses to social rejection in targets of relational
aggression. Biol. Psychol. 79 (2), 260-267. https://doi.org/10.1016/j.
biopsycho.2008.06.006.


https://doi.org/10.1159/000517873
https://doi.org/10.3390/brainsci9040076
https://doi.org/10.3390/brainsci9040076
https://doi.org/10.1073/pnas.0906791106
https://doi.org/10.1073/pnas.0906791106
https://doi.org/10.1016/J.JESP.2003.11.006
https://doi.org/10.1016/J.JESP.2003.11.006
https://doi.org/10.1016/S0165-0173(02)00248-5
https://doi.org/10.3389/fnagi.2021.632141
https://doi.org/10.3389/fnagi.2021.632141
https://doi.org/10.1007/s00429-017-1443-x
https://doi.org/10.3389/fnins.2018.00367
https://doi.org/10.3389/fneur.2019.00053
https://doi.org/10.3389/fneur.2019.00053
https://doi.org/10.1016/J.PSYNEUEN.2010.02.019
https://doi.org/10.1016/J.PSYNEUEN.2010.02.019
https://doi.org/10.1037/10316-001
https://doi.org/10.1037/10316-001
https://doi.org/10.1016/j.biopsycho.2008.06.006
https://doi.org/10.1016/j.biopsycho.2008.06.006

	Effects of neuromodulation on cognitive and emotional responses to psychosocial stressors in healthy humans
	1 Stress regulation
	1.1 Overview
	1.2 Acute stress in humans
	1.2.1 Neural regulation of acute stress response
	1.2.2 Importance of managing responses to stressors


	2 Effects of acute stressors
	2.1 Types of experimental stress
	2.2 Effects of stressors on
	2.2.1 Neural activity
	2.2.2 Cognitive functioning: executive function
	2.2.3 Emotional reactivity
	2.2.3.1 Mechanisms of emotional responses
	2.2.3.2 Emotional regulation


	2.3 Independent factors affecting stress response

	3 Effects of neuromodulation
	3.1 Non-invasive brain stimulation (NIBS)
	3.2 Neuromodulation and acute stressors
	3.2.1 Executive functioning
	3.2.2 Emotional reactivity

	3.3 Independent factors affecting neuromodulation response

	4 Future directions in research on neuromodulation & stress
	4.1 State of current research
	4.2 Promising neural circuits and targets
	4.3 Individual differences
	4.4 Relevance to psychopathology
	4.5 Intervention development

	5 Conclusions
	Role of funding source
	Contributors
	Declaration of competing interest
	Acknowledgements
	References


