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Abstract This chapter reviews the literature on the impact of stress and exercise on
fear extinction. Given that key brain regions of the fear circuitry (e.g., hippocampus,
amygdala and frontal cortex) can be modulated by stress hormones, it is important to
investigate how stress influences this process. Laboratory-based studies performed
in healthy adults have yielded mixed results, which are most likely attributable to
various methodological factors. Among these factors, inter-individual differences
modulating the stress response and timing of stressor administration with respect to
the task may contribute to this heterogeneity. Given that fear is a core manifestation
of various psychopathologies and that exposure-based therapy relies on fear extinc-
tion principles, several studies have attempted to assess the role of stress hormones
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on exposure-based therapy in patients suffering from post-traumatic stress disorder
or anxiety disorders. These studies tend to suggest a beneficial impact of stress
hormones (through either natural endogenous variations or synthetic administration)
on exposure-based therapy as assessed mostly by subjective fear measures. Similar
to stress, exercise can have an impact on many physiological and biological systems
in humans. Of note, exercise modulates biomarkers such as brain-derived
neurotrophic factor (BDNF) and anandamide (EAE) that act on brain regions
implicated in the fear circuitry, supporting the importance of studying the impact
of exercise on fear extinction. Overall, the results converge and indicate that fear
extinction (tested in the laboratory or via exposure-based therapy in clinical
populations) can be enhanced with exercise. Further research is needed to under-
stand the mechanisms by which stress and exercise modulate fear learning and
extinction processes, as well as to maximize the applicability to clinical contexts.

Keywords Exposure-based therapy - Extinction recall - Fear conditioning - Fear
extinction - Laboratory-based experiments - Physical exercise - Sex differences -
Stress

In this chapter, we will discuss the literature regarding the impact of stress and
exercise on fear extinction. Several experimental and clinical studies have already
addressed these issues. However, before diving into the heart of the matter, it is
important to understand the mechanisms underlying the stress response and the
context in which the various experimental and clinical studies have been conducted.

1 The Stress Response: Mechanisms and Brain Regions

The stress response is essential for human survival. Stress is a psychobiological
response that is triggered when the brain perceives a stimulus as a threat (Mason
1975; Selye 1950). Physiologically, this leads to an important cascade involving
several brain regions and the synthesis and release of several hormones. The stress
response unfolds via two different hormonal cascades (see Fig. 1): (1) activation of
the sympathetic-adrenal-medullary (SAM) axis (Sapolsky et al. 2000), which occurs
rapidly and leads to adaptive physiological responses to a stressor and (2) activation
of the hypothalamic-pituitary-adrenal (HPA) axis (Sapolsky et al. 2000), a much
slower process that persists longer across time. When an individual perceives a threat
in their environment, the SAM axis commences with a distress signal sent from the
amygdala and hypothalamus that activate the sympathetic nervous system, leading to
the secretion of adrenaline (A) and noradrenaline (NA) by the adrenal medulla
(Cannon 1915). The secretion of these catecholamines is followed by the activation
of multiple brain regions such as the hippocampus, amygdala, and cingulate, insular,
and frontal cortices (Reznikoff et al. 1986). It is important to note that these regions
are also implicated in fear circuitry and are characterized by their abundance of
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adrenaline receptors (Reznikoff et al. 1986). The activation of the SAM axis in
response to a stressor results in the following biological changes: increased blood
pressure, heart rate, and respiration (Cannon and Lissdk 1939; Selye 1950). The
second cascade begins with the activation of the hypothalamus. This brain structure
secretes corticotropin-releasing hormone (CRH), which leads to the activation of the
pituitary gland. The latter secretes adrenocorticotropic hormone (ACTH), which is
then released into the bloodstream. ACTH activates the cortex of the adrenal glands,
resulting in the production of glucocorticoids (GCs), where cortisol is the principal
GC in humans (for reviews, see Gunnar and Vazquez 2015; Heim et al. 1997; Lopez
et al. 1999). GCs can cross the blood—brain barrier and thereafter bind to cortico-
steroid receptors in the hypothalamus, amygdala, hippocampus, pituitary, and pre-
frontal cortex (Joéls and Baram 2009; Lupien et al. 2009; Mcewen et al. 1968).
These brain regions play an important role in various cognitive processes, notably
memory consolidation and retrieval. In general, it has been shown that stress pro-
motes memory consolidation (Beckner et al. 2006; Cahill et al. 2003; for reviews,
see de Quervain et al. 2017; Marin et al. 2019; Schwabe et al. 2012), notably for
emotional information (Maheu et al. 2004; Payne et al. 2007; for a review, see Marin
et al. 2019), but impairs memory retrieval (Buchanan et al. 2006; Buchanan and
Tranel 2008; de Quervain et al. 1998; Tollenaar et al. 2009; for reviews, see Het et al.
2005; Marin et al. 2019). Rich in stress hormone receptors, these regions are also
implicated in the fear circuitry (for a review, see Shin and Liberzon 2010). The
binding of GCs to corticosteroid receptors leads to a decrease in the production of
CRH and ACTH, allowing for a gradual cessation of the stress response (de Kloet
et al. 2008; McEwen et al. 2016). As noted, several regions are involved in both the
stress and fear response. Thus, stress seems to have a considerable influence on brain
regions involved in fear processes. Furthermore, as noted and discussed in subse-
quent chapters in this book, dysregulation of this stress response has a significant
impact on the brain circuits involved in emotion regulation and in turn is heavily
intertwined with the etiology of certain psychopathologies.

2 Different Ways to Induce Stress in a Laboratory Setting

To investigate the effects of stress and its mechanisms in the laboratory, researchers
can induce stress in participants in a variety of ways (see Fig. 2). First, the physi-
ological aspects of a stress response can be targeted via the administration of
synthetic hormones. For example, yohimbine (a compound that increases catechol-
amine concentrations; Powers et al. 2009; Smits et al. 2014) can be used to target the
SAM axis, whereas synthetic GCs (e.g., hydrocortisone; Merz et al. 2014; Tabbert
et al. 2010; de Quervain et al. 2011) can be used specifically for the HPA axis.
Second, stress can be induced in participants using a physical stressor such as the
Cold Pressor Test (CPT; Hines and Brown 1936). The CPT requires participants to
submerge one of their hands in ice water for a variable short period of time. This test
induces an aversive sensation that generates a stress response (Bentz et al. 2013). A
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third way to induce stress is via exposure to a psychosocial stressor such as the Trier
Social Stress Test (TSST; Kirschbaum et al. 1993). The TSST consists of an oral
presentation and mental arithmetic task (total of 10 min), all while the participants
believe they are being filmed and evaluated by a committee of experts (Kirschbaum
et al. 1993). Finally, a stressor consisting of both a physical and psychosocial
component (e.g., Socially Evaluated Cold Pressor Test; SECPT; Schwabe et al.
2008) can be used to induce a stress response. Although this method is quite similar
to the CPT, participants undergoing the SECPT are filmed while their hand is
submerged in ice water. For the social component of this task, participants are told
that their reactions are being observed by an experimenter (Meir Drexler et al. 2017).
Importantly, the latter stressor type and psychosocial stressor types involve an
important psychological and anticipation component (i.e., judgment from others)
that can foster negative mood (Kirschbaum et al. 1993; Schwabe et al. 2008). In
contrast, the administration of synthetic stress hormones does not involve these
components. Moreover, the CPT and SECPT also induce physical pain in partici-
pants (Hines and Brown 1936; Schwabe et al. 2008). Therefore, pain is an important
confound in these studies. For this reason, it can be difficult to generalize the effects
found in CPT studies to those involving painless stressors (Antov et al. 2013).
Finally, a portion of the aforementioned methods used to induce stress act on the
SAM axis (Hines and Brown 1936; Smits et al. 2014), others on the HPA axis
(de Quervain et al. 2011; Merz et al. 2014; Tabbert et al. 2010), whereas other
methods can act on both axes (Hines and Brown 1936; Kirschbaum et al. 1993;
Schwabe et al. 2008).

3 Impact of Stress on Fear Extinction

3.1 Impact of Stress-Related Synthetic Hormones in Men

As mentioned above, many stress-related synthetic hormones can be used to evoke a
stress response in experimental settings. Several studies utilizing the administration
of hydrocortisone before fear extinction have produced varying findings (Merz et al.
2014, 2018). Merz et al. (2014) first showed an alteration in extinction, with higher
differential skin conductance responses (SCR) and lower differential activation of
key fear circuitry regions (amygdala, nucleus accumbens, and medial prefrontal
cortex), especially during the late extinction phase. Another study reported that
hydrocortisone administration had an enhancing effect on fear extinction, as
evidenced at the beginning of extinction learning by reduced SCR, lower activation
of the amygdala-hippocampal complex, and enhanced functional connectivity
between the vmPFC and anterior parahippocampal gyrus (Merz et al. 2018). Fur-
thermore, when the latter study tested extinction recall 1 week later, the cortisol
group still exhibited greater hippocampal-vmPFC connectivity to the extinguished
cue and lower activation of the insular cortex to the non-extinguished cue compared
to the placebo group.
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Importantly, the main difference between these two studies lies in the delay
between conditioning and extinction. In the first study, fear conditioning and
extinction occurred on the same day and hydrocortisone was administered immedi-
ately after fear conditioning (45 min before fear extinction; Merz et al. 2014). In the
second study, fear extinction occurred 24 h after fear conditioning. The delay
between conditioning and extinction phases could modulate the direction of the
effect that cortisol has on fear extinction. Based on the consolidation hypothesis,
stress hormones (such as cortisol and NA) act on the amygdala during memory
consolidation processes (for a review, see McGaugh 2000). That said, hydrocorti-
sone administration immediately after the conditioning phase (and thus, during the
consolidation of fear memory) may enhance fear memory consolidation and lead to
higher resistance to extinction learning. With this, the enhancing effect of stress on
extinction learning may require a consolidation period between conditioning and
extinction learning (i.e., absence of any experimental manipulation; Merz et al.
2018). However, the time window needed to assess this effect is not known yet.
Another hypothesis could be that when both threat- and safety-related information
are presented on the same day (and thus, both memories are modifiable), cortisol
may promote the consolidation of threat-related information by default, making the
fear memory stronger and preventing any enhancing effect on fear extinction. This
would explain findings on the enhancing effects of cortisol on extinction learning
(safety learning) only when fear conditioning (threat learning) was already consol-
idated (occurring 24 h before).

3.2 Impact of Stress-Related Synthetic Hormones in Women

Most of the studies involving stress and fear extinction were performed solely in men
(Merz et al. 2014, 2018). However, Tabbert et al. (2010) investigated the phenom-
enon in women taking oral contraceptives using hydrocortisone administration
45 min before conditioning and immediately followed by fear extinction. During
conditioning (CS+ vs. CS— contrast), the cortisol group exhibited greater activation
in the left ACC and left hippocampus, as well as trends in the left insula, right ACC,
and right thalamus responses compared to the placebo group. The cortisol group also
showed higher SCR during the entire extinction learning process (but not during
conditioning) compared to the placebo group and this, irrespective of CS type.
Interestingly, a group difference was found in the CS+ vs CS— contrast during
extinction in the following regions: right hippocampus and right thalamus, with
trends in the bilateral amygdala, right ACC, and right insula. This difference was
driven by higher activation in these brain regions for the cortisol group toward the
CS— compared to the CS+. According to previous research, this neural differenti-
ation (greater activation to CS— than the CS+) in the hippocampus and amygdala is
known to be involved in fear extinction learning (Knight et al. 2004; Phelps et al.
2004). Indeed, Phelps et al. (2004) reported a positive correlation between the neural
differentiation in the amygdala and success in fear extinction (as indexed with SCR).
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Therefore, increases in cortisol levels may enhance neural differentiation between
the two stimuli and this could contribute to the enhancement of extinction learning
(Tabbert et al. 2010). Greater responses to the CS— (compared to the CS+) during
extinction have also been observed in other studies using fear-potentiated startle
responses (FPS; Norrholm et al. 2006, 2008). To make sense of these results, the
authors suggested either a generalization effect between the CSs at the beginning of
extinction learning (Norrholm et al. 2006) or the anticipation of an additional
conditioning phase involving reversed CS-US contingency (Norrholm et al. 2008).
Given that few studies have been conducted in women and the small sample size of
oral contraceptive users in the study by Tabbert et al. (2010), more studies are
needed to understand the mechanisms by which synthetic stress hormones impact
fear extinction in women.

3.3 Impact of SAM Axis Modulation

Finally, few studies in humans have explored the impact of catecholamines (partic-
ularly A and NA) on fear extinction. In a study conducted by Bos et al. (2012),
participants received either propranolol (a f-adrenergic receptor antagonist) or a
placebo pill before extinction learning (day 2), which was performed 24 h after fear
conditioning (day 1). Their results showed that propranolol administration led to
impaired extinction learning (as assessed by subjective ratings of US expectancy)
that persisted during the test of extinction recall and reinstatement phase. As no
impact of propranolol administration was observed on the SCR and FPS during
extinction, the authors of the study concluded that the effects of propranolol on fear
extinction seem to be limited to a cognitive level, as physiological measures of fear
were unaffected. In another study, Lonsdorf et al. (2014) administered either
reboxetine (a selective NA reuptake inhibitor that increases NA levels in the frontal
cortex and hippocampus in an animal model; Hajos et al. 2004) or a placebo pill to
men immediately after extinction learning (occurring 24 h after the fear conditioning
phase). Based on fear ratings and SCR, results showed no impact of reboxetine
administration on the consolidation of fear extinction learning. However, following
reinstatement (1 week after extinction learning), the reboxetine group exhibited
greater activation in the amygdala and posterior hippocampus, but lower activation
in the vmPFC and anterior hippocampus relative to the placebo group. These results
suggest that reboxetine-treated participants had greater activation in brain regions
known to promote fear expression compared to placebo participants (who displayed
greater activation in regions known to promote fear inhibition). Taken together, the
results of these studies suggest that enhancement or blockade of NA may not be a
promising avenue to facilitate fear extinction, at least at the physiological and neural
levels.
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3.4 Impact of Physical Stressors

Beyond the use of pharmacological protocols, researchers have also administered
different types of stressors (physical and psychological) to study the effects of stress
hormones on fear learning and extinction mechanisms. To assess the effects of the
first hormonal cascade (SAM axis) on fear extinction, Antov et al. (2013, 2015)
exposed male participants to either the CPT or a control condition (warm water)
before fear conditioning (which occurred only 18 min before extinction learning;
Antov et al. 2013) or immediately after fear conditioning, but right before fear
extinction (Antov et al. 2015). In both studies, although the CPT group showed
increased activity of the SAM axis, salivary cortisol concentrations remained stable
(while they decreased in the control group). For this reason, we cannot rule out the
possibility that the task also influenced HPA axis activity. During both the early and
late phases of fear extinction learning in the first study, the CPT group exhibited a
greater fear response to the CS+ compared to the CS— (when differentiation between
CS+ and CS— should be minimal or absent). Again, exposure to a stressor before the
conditioning phase seemed to enhance fear extinction resistance by promoting the
consolidation of the fear memory (Antov et al. 2013). In the second study, no Group
x Time interaction for the differential SCR during extinction was found. This
suggests that no reduction of fear was observed in the latter. Of note, however,
separate analyses for each group revealed a significant fear reduction in the CPT
group during extinction (a result that was not found in the control group). In the latter
study only, extinction recall was tested 24 h after extinction learning and led to a
significantly better extinction retention index in the CPT group compared to con-
trols. This points to a delayed beneficial effect of stress on extinction (Antov et al.
2015).

Finally, Bentz et al. (2013) exposed participants to a conditioning phase (day 1)
and administered CPT (or a control condition) 20 min before fear extinction learning
(day 2). On day 3, extinction memory recall was tested. When relying on the
subjective measure of US expectancy, the authors observed a successful fear acqui-
sition, but no apparent extinction of fear for both groups. However, at the beginning
of days 2 and 3, men exposed to the CPT showed lower US expectancy than the
control group. This suggests that stress induces lower explicit fear memory. This
effect was not found in women. The authors noted that the observed sex differences
may be due to lower cortisol responses in women in the CPT group compared to men
in the same group (Bentz et al. 2013).

These three studies reached different conclusions while using diverse measures of
fear (neural, SCR, subjective US expectancy) and sex distributions. Moreover, these
studies utilized various methodologies regarding the timing of CPT administration
and had certain limitations (e.g., non-successful conditioning and/or extinction in the
control group). It is also important to remember that these three studies reported a
potential impact of the CPT on the HPA axis, which ultimately prevented the
researchers from isolating the effects of the SAM axis on fear extinction processes.
Taken together, these differences and limitations across studies rendered it difficult
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to draw definitive conclusions about the effects of physical stressors on extinction
learning.

3.5 [Impact of Psychosocial and Combined Stressors

The studies summarized thus far have had mixed results. Studies employing psy-
chological stressors are no exception regarding the impact of stress on fear extinction
(Antov and Stockhorst 2014; Jackson et al. 2006; Simon-Kutscher et al. 2019). In
these studies, participants were exposed to a variant of the TSST or control condition
before the conditioning phase, which was immediately followed by extinction
learning. However, only Antov and Stockhorst (2014) tested extinction memory
recall.

To begin, Simon-Kutscher et al. (2019) reported a resistance effect of stress on
fear extinction as seen by no reduction of SCR to the CS+ during extinction. The
authors argue that the results obtained during extinction learning may be explained
by an increased fear memory during acquisition due to TSST exposure, which could
have promoted extinction resistance in that group. Given that cortisol levels were
similar for both groups (i.e., stressed and controls) during extinction (but that SCR
differed), cortisol may have promoted fear memory and in turn led to deficits in
extinction through enhanced extinction resistance mechanisms. Similarly, Jackson
et al. (2006) reported larger SCR to the CS+ during fear acquisition in stressed men
only, where this effect was maintained during early and late trials of extinction
learning. However, Antov and Stockhorst (2014) failed to find an impact of psycho-
social stress on fear extinction learning in both men and women. In their study, the
effects of stress were found during extinction recall as a function of participants’
estradiol profiles. Specifically, stressed women in the early follicular phase of their
menstrual cycle (low estradiol levels) showed greater fear recovery than their
non-stressed counterparts. The opposite was found in mid-cycle women (high
estradiol levels). Thus, although extinction retention in women seems to be modu-
lated by stress when administered before fear conditioning, this effect varies
according to estradiol levels. As the other studies did not test extinction recall, no
study so far has replicated the results obtained by Antov and Stockhorst (2014).

Finally, only one study in the literature utilized the SECPT (Schwabe et al. 2008)
to explore the impact of stress on fear extinction (Riggenbach et al. 2019). Here,
stress was induced before the fear conditioning phase, 24 h before extinction
learning, and 48 h before extinction memory testing. Despite a lack of evidence
found for an effect of stress on extinction learning assessed by FPS, results showed
that the reduction of threat expectancy for the CS+ was slower in stressed partici-
pants compared to controls. These findings reflect a resistance effect of fear extinc-
tion after exposure to the SECPT. In addition, extinction recall showed that stressed
participants expressed greater FPS for both the CS+ and CS—. The authors also
reported that cortisol responses to the SECPT were positively correlated with CS
discrimination during extinction learning and recall. Again, stress exposure before
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fear conditioning seems to promote fear memory and alter fear extinction processes
(Riggenbach et al. 2019).

As summarized above, the literature contains mixed findings regarding the impact
of stress on fear extinction in a laboratory setting, such that stress can alter, enhance,
or have no impact on fear extinction (for a summary of the studies conducted in
laboratory settings discussed in this chapter, see Fig. 3). First, individual differences
(e.g., personality traits, sex, and early life events) may influence how a person
responds to stress on neuroendocrine, emotional, and physiological levels
(Bangasser and Wicks 2017; Childs et al. 2014; Meaney et al. 1993; Orem et al.
2019). These inter-individual differences may contribute to the mixed findings
regarding the impact of stress on fear extinction. Second, beyond the fact that
these differences can also be partially explained by statistical power, stressor
types, or population characteristics (such as sex), many studies have noted the
importance of considering when the stressor is presented and the delay between
conditioning and extinction phases (timing; Henckens et al. 2010, 2011, 2012; Meir
Drexler et al. 2019). To have a better understanding of the effect of stress on fear
extinction, it would be relevant to isolate each phase of the fear conditioning
protocol by separating the phases by at least 24 h. This would reduce the chances
of contamination between phases or the stressor acting on multiple phases. Together,
this would allow researchers to isolate the effects of stress on the different phases and
ultimately reach clearer conclusions.

4 Impact of Stress Hormones on Exposure Therapy

As mentioned in the opening of this chapter, studies examining the impact of stress
hormones on fear extinction can be conducted in clinical settings. Several of these
studies use the synthetic hormone administration techniques explained above to
modulate stress hormone levels in patients and assess their impact on exposure-
based therapy.

4.1 In Populations with Anxiety Disorders

Studies have exposed individuals with phobic disorder to exposure-based therapy
sessions. In these studies, half of the participants were administered cortisol or
yohimbine (to evaluate the influence of the HPA or SAM axis, respectively) 1 h
before each session, whereas the remainder of the samples received a placebo. Three
studies reported a greater decrease in subjective fear levels or phobic symptoms in
the cortisol group over the course of exposure therapy compared to the placebo
group (Soravia et al. 2006; de Quervain et al. 2011; Smits et al. 2014). For the SAM
axis, a similar significant reduction in phobic fear in both groups
(placebo vs. yohimbine) was found after therapy (Powers et al. 2009). Importantly,
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all studies showed a long-lasting effect of stress on exposure therapy as seen by
lower fear levels at the last session and follow-ups (2-week and 1-month). With this,
as the effect of stress remained at the follow-up session (where no drugs were
administrated), it seems that modulation of the stress systems not only acts by
blocking fear memory retrieval during therapy but most likely facilitates the con-
solidation of the safety-memory trace formed during exposure-based therapy
(Soravia et al. 2006; Powers et al. 2009).

Collectively, these results converge to suggest an enhancing role of synthetic
stress hormones (that act on either the SAM or HPA axes) in exposure-based therapy
in phobic individuals. Importantly, one of these studies showed that endogenous
cortisol released during exposure therapy by participants in the placebo group
negatively correlated with fear ratings, suggesting that even endogenous cortisol
may contribute to reduced fear symptoms in individuals suffering from specific
phobia (Soravia et al. 2006). Similarly, higher endogenous cortisol elevation during
exposure therapy also led to greater symptom improvement, as measured by sub-
jective ratings, in individuals suffering from agoraphobia or panic disorder (Meuret
et al. 2015).

Most of these effects are based on self-reports. Although de Quervain et al. (2011)
also found beneficial effects of cortisol administration on physiological fear levels,
more studies are needed to confirm whether the positive effects of synthetic and
endogenous stress hormones on self-reported fear translate to physiological fear
levels.

4.2 In Populations with Post-Traumatic Stress Disorder
(PTSD)

To the best of our knowledge, only two studies explored the combination of stress
hormone administration with exposure-based therapy in PTSD patients. A case study
in two veterans with PTSD showed that the veteran who received a combination of
hydrocortisone and exposure therapy exhibited a greater and faster decline in PTSD
symptoms compared to the veteran who was given a placebo (Yehuda et al. 2010).
Due to their intriguing findings, the research group conducted the same experiment
in 24 veterans with PTSD. Half of the sample received hydrocortisone before
exposure therapy, whereas the other half was given a placebo. As they were able
to replicate the findings of their original study, hydrocortisone may enhance reten-
tion during exposure-based therapy and in consequence lead to a greater reduction in
PTSD symptoms (Yehuda et al. 2015).

In addition, another study showed that higher endogenous cortisol levels may be
an important biomarker for treatment responsiveness in populations with PTSD (van
Gelderen et al. 2020). Here, salivary cortisol levels were measured before and after
each therapy session, as well as in the afternoon following each session. Results
showed that responders to treatment had higher pre- and post-session salivary
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cortisol levels relative to non-responders, which predicted greater improvements in
PTSD symptoms. As cortisol levels in the hours following the treatment session did
not differ between the responders and non-responders, the authors suggested that the
beneficial effects of cortisol on exposure-based therapy are not attributable to higher
basal cortisol levels, but rather to a higher anticipatory response before the therapy
session (van Gelderen et al. 2020). Thus, endogenous cortisol responses to the
therapy may have beneficial treatment outcomes.

In sum, the literature reviewed in this chapter suggests that fear extinction
processes can be influenced by both exogenous and endogenous stress hormone
modulation. The direction of the effects depends on various methodological factors.
Overall, conclusions resulting from studies using laboratory-based protocols are
mixed. However, stress hormone administration and endogenous stress hormone
levels both seem to facilitate exposure-based therapy in clinical populations (for a
review, see McGuire et al. 2014). This highlights the need for further well-controlled
experimental studies to identify the mechanisms that promote such an effect.

As with stress, exercise can have an impact on numerous physiological and
biological systems in humans (Cotman and Berchtold 2002; Nowakowski Sims
2015; for a review, see Tanner et al. 2018). Thus, it is relevant to explore the
modulatory effects of exercise on fear extinction in both experimental and clinical
settings.

5 The Influence of Physical Exercise

Exercise is known to improve physical health, sleep, mood, energy levels, and
emotions, among others (Nowakowski Sims 2015). Exercise may also prevent,
promote, and maintain good mental health (Saxena et al. 2005) and lead to various
immediate physical changes including faster heart rate and respiration. Moreover, it
has been shown that exercise can alter neurochemical processes, such as modulation
of brain-derived neurotrophic factor (BDNF) levels (Cotman and Berchtold 2002)
and anandamide (AEA; Crombie et al. 2018, 2019). On the one hand, BDNF is
essential for the development and differentiation of neurons in several brain regions
(for a review, see Notaras and van den Buuse 2020) that form the fear circuitry,
including the hippocampus (Cotman and Berchtold 2002; Greenwood et al. 2009;
Neeper et al. 1995), amygdala (Greenwood et al. 2009), and prefrontal cortex (Aksu
et al. 2012; for a review, see Notaras and van den Buuse 2020). In addition, BDNF
plays a role in adaptive plasticity, where the latter is important for learning, memory,
and fear processes (for a review, see Notaras and van den Buuse 2020). Interestingly,
animal studies have also reported that a lower natural BDNF concentration was
associated with greater difficulty in extinguishing fear, whereas an increase in BDNF
concentration appeared to prevent extinction failure (Peters et al. 2010). On the other
hand, AEA is one of the important endocannabinoid (eCB) system biomarkers
(Katona and Freund 2012) that modulate fear and extinction processes. This bio-
marker acts on the amygdala, hippocampus, and frontal cortex, among others
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(Katona and Freund 2012; Lafenétre et al. 2007; Lutz et al. 2015). Again, these three
brain regions are highly important in fear extinction mechanisms (for a review, see
Shin and Liberzon 2010). Therefore, given that exercise modulates biomarkers that
are involved in both neural plasticity and fear-related circuitry, researchers have
investigated the impact of exercise on fear extinction.

5.1 Impact of Exercise on Fear Extinction

The few human studies that have investigated this topic were initiated following
results obtained from animal research. In general, animal studies have reported that
aerobic exercise (e.g., running or walking) may enhance fear extinction when
exercise is done after fear extinction learning, but not before (Jacquart et al. 2017;
Roquet and Monfils 2018). The human literature has built on these findings to assess
the impact of exercise on fear extinction.

In an experimental study, Keyan and Bryant (2019) exposed healthy young adults
to a fear conditioning protocol and thereafter, randomly assigned them to either an
exercise or control condition immediately after the fear extinction phase. Results
showed that participants in the exercise group exhibited lower FPS to the CS+ than
the control group during extinction recall, suggesting an enhancing effect of exercise
on fear extinction processes. These effects may be due to the modulation of BDNF
levels, although the latter was not quantified in this study. However, it is well-
documented that the influence of BDNF could be modulated by genetic factors, such
as the Val66Met polymorphism (Egan et al. 2003). For this reason, the authors tested
whether the effect of exercise on fear extinction memory was moderated by this
polymorphism. Although fear recovery and exercise condition were not associated
with the Val homozygote carriers, the Met allele carriers showed greater fear
recovery 24 h after fear extinction learning in the exercise group. The authors
suggest that these individuals may have experienced higher exercise-induced stress
without the beneficial effects of BDNF, therefore compromising fear extinction
(Keyan and Bryant 2019). Due to the limited number of studies exploring this
question, this remains speculative and requires further experimental studies to test
this hypothesis.

Further, Crombie et al. (2021a, b) explored the impact of exercise on fear
extinction in samples of women with PTSD. In their study, they sought to establish
the nature of the influence of exercise on fear extinction (Crombie et al. 2021b) and
better understand the underlying mechanisms (Crombie et al. 2021a). Although this
study was conducted in a clinical sample, the researchers used a laboratory protocol
in which the feared stimulus was unrelated to the participants’ PTSD (Crombie et al.
2021a, b). Participants were randomly assigned to either the exercise or control
condition immediately after the extinction learning phase (which occurred 24 h after
conditioning). To assess AEA and BDNF concentrations, a subset of the participants
provided blood samples before and after the exercise/control condition (Crombie
et al. 2021a).
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First, compared to the control group, the exercise group reported less threat
expectancy to both CS+ and CS— after reinstatement. As no effect of exercise was
identified during the initial fear recall test, researchers proposed that the potentiating
effect of exercise on fear extinction consolidation may only be observed when later
confronted with the feared stimulus. As such, greater extinction consolidation would
protect the individual from fear reinstatement (Crombie et al. 2021b). Second,
compared to the control condition, the exercise group showed a statistical trend
toward increased AEA concentrations after the exercise protocol (Crombie et al.
2021a). Moreover, a trend revealed that the increases in AEA were negatively
associated with lower threat expectancy after reinstatement. Compared to controls,
participants in the exercise condition also showed the same negative association
between BDNF concentrations and threat expectancy after reinstatement. Therefore,
exercise may improve the consolidation of fear extinction learning in women with
PTSD, where this effect seems to be mediated by AEA and BDNF concentrations
(Crombie et al. 2021a).

6 Impact of Physical Exercise in Clinical Samples

As they rely on fear extinction mechanisms, a few studies have begun to explore the
impact of exercise on exposure therapies that are commonly used in the treatment of
PTSD and anxiety disorders (Jacquart et al. 2017; Mclnerney et al. 2021; Powers
et al. 2015).

Powers et al. (2015) conducted the first pilot study in individuals diagnosed with
PTSD to investigate the effect of BDNF concentrations on the influence of exercise
on exposure therapy. While participants in the exercise condition exhibited higher
BDNF concentrations and fewer PTSD symptoms at the end of the last session than
participants in the control condition (Powers et al. 2015), two similar studies using
virtual reality exposure therapy with participants with acrophobia did not observe an
effect of exercise on therapy outcomes (Jacquart et al. 2017; McInerney et al. 2021).
First, one noted that their divergent results could be explained by the nature of the
participants’ diagnoses in each study (PTSD vs. acrophobia) and the small sample
used in the pilot study (Jacquart et al. 2017). Second, though only the participants in
the exercise condition demonstrated a high heart rate during therapy, both groups
demonstrated considerable fear reduction following exposure therapy, with no added
value of exercise in the study conducted by Mclnerney et al. (2021). From this, the
authors inferred that virtual reality exposure therapy alone may be sufficient to treat
height phobias and that increased physical arousal through exercise appeared to have
no additional effect.

In summary, this chapter aimed to explore the influence of stress and exercise on
fear extinction. First, we highlighted the mixed nature of the literature regarding the
effect of stress on fear extinction in experimental settings, where stress can reduce,
enhance, or have no effect on fear extinction learning and recall. One major
consideration for future studies pertains to the timing at which the modulation of
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the stress systems occurs with regard to the various phases of the protocol (i.e.,
conditioning, extinction). The limited number of studies targeting this question,
individual differences in stress responses, different methods, diverse study
populations, and small sample sizes may also account for some of these diverging
results in the studies conducted thus far. Therefore, further studies are required to
better understand how stress mechanisms impact extinction learning, consolidation,
and retention. However, the studies performed in clinical populations tend to suggest
a beneficial impact of stress hormone administration, and to some degree endoge-
nous stress hormone levels, on exposure therapy assessed principally by subjective
measures. More studies using physiological fear responses and neuroimaging tech-
niques are still needed. Second, human studies investigating the impact of exercise
on fear extinction (or exposure therapies) remain scarce. Though, overall results
indicate an effect of exercise on enhancing fear extinction consolidation. These
positive results were obtained in both experimental and clinical settings. In light of
the limitations reported in the literature, future research is required to better under-
stand the mechanisms underlying the impact of exercise on fear extinction. Impor-
tant considerations for future studies include recruiting larger samples, targeting
varying populations, examining genetic predispositions, considering the timing of
exercise, measuring physiological fear responses, and using neuroimaging tech-
niques. Overall, the modest literature suggests beneficial effects of both exercise
and stress hormone modulation on exposure-based therapy in clinical populations.
More fundamental and translational research is however necessary to tackle the
mechanisms by which these effects occur and maximize its utility in clinical settings.

References

Aksu I, Baykara B, Ozbal S, Cetin F, Sisman AR, Dayi A, Gencoglu C, Tas A, Biiyiik E, Gonenc-
Arda S, Uysal N (2012) Maternal treadmill exercise during pregnancy decreases anxiety and
increases prefrontal cortex VEGF and BDNF levels of rat pups in early and late periods of life.
Neurosci Lett 516(2):221-225. https://doi.org/10.1016/j.neulet.2012.03.091

Antov MI, Stockhorst U (2014) Stress exposure prior to fear acquisition interacts with estradiol
status to alter recall of fear extinction in humans. Psychoneuroendocrinology 49:106—118.
https://doi.org/10.1016/j.psyneuen.2014.06.022

Antov MI, Wolk C, Stockhorst U (2013) Differential impact of the first and second wave of a stress
response on subsequent fear conditioning in healthy men. Biol Psychol 94(2):456—468. https://
doi.org/10.1016/j.biopsycho.2013.08.007

Antov MI, Melicherova U, Stockhorst U (2015) Cold pressor test improves fear extinction in
healthy men. Psychoneuroendocrinology 54:54-59. https://doi.org/10.1016/j.psyneuen.2015.
01.009

Bangasser DA, Wicks B (2017) Sex-specific mechanisms for responding to stress. J Neurosci Res
95(1-2):75-82. https://doi.org/10.1002/jnr.23812

Beckner VE, Tucker DM, Delville Y, Mohr DC (2006) Stress facilitates consolidation of verbal
memory for a film but does not affect retrieval. Behav Neurosci 120(3):518-527. https://doi.org/
10.1037/0735-7044.120.3.518

Bentz D, Michael T, Wilhelm FH, Hartmann FR, Kunz S, von Rohr IRR, de Quervain DJ-F (2013)
Influence of stress on fear memory processes in an aversive differential conditioning paradigm


https://doi.org/10.1016/j.neulet.2012.03.091
https://doi.org/10.1016/j.psyneuen.2014.06.022
https://doi.org/10.1016/j.biopsycho.2013.08.007
https://doi.org/10.1016/j.biopsycho.2013.08.007
https://doi.org/10.1016/j.psyneuen.2015.01.009
https://doi.org/10.1016/j.psyneuen.2015.01.009
https://doi.org/10.1002/jnr.23812
https://doi.org/10.1037/0735-7044.120.3.518
https://doi.org/10.1037/0735-7044.120.3.518

J. Provencher et al.

in humans. Psychoneuroendocrinology 38(7):1186—1197. https://doi.org/10.1016/j.psyneuen.
2012.12.018

Bos MGN, Beckers T, Kindt M (2012) The effects of noradrenergic blockade on extinction in
humans. Biol Psychol 89(3):598-605. https://doi.org/10.1016/j.biopsycho.2012.01.007

Buchanan TW, Tranel D (2008) Stress and emotional memory retrieval: effects of sex and cortisol
response. Neurobiol Learn Mem 89(2):134—-141. https://doi.org/10.1016/j.nlm.2007.07.003

Buchanan TW, Tranel D, Adolphs R (2006) Impaired memory retrieval correlates with individual
differences in cortisol response but not autonomic response. Learn Mem 13(3):382-387. https://
doi.org/10.1101/lm.206306

Cahill L, Gorski L, Le K (2003) Enhanced human memory consolidation with post-learning stress:
interaction with the degree of arousal at encoding. Learn Mem 10(4):270-274. https://doi.org/
10.1101/Im.62403

Cannon WB (1915) Bodily changes in pain, hunger, fear and rage. An account of recent researches
into the function of emotional excitement. ] Am Med Assoc LXIV(23):1933. https://doi.org/10.
1001/jama.1915.02570490049033

Cannon WB, Lissék K (1939) Evidence for adrenaline in adrenergic neurones. Am J Physiol-Leg
Cont 125(4):765-777. https://doi.org/10.1152/ajplegacy.1939.125.4.765

Childs E, White TL, de Wit H (2014) Personality traits modulate emotional and physiological
responses to stress. Behav Pharmacol 25(5 and 6):493-502. https://doi.org/10.1097/FBP.
0000000000000064

Cotman CW, Berchtold NC (2002) Exercise: a behavioral intervention to enhance brain health and
plasticity. Trends Neurosci 25(6):7

Crombie KM, Brellenthin AG, Hillard CJ, Koltyn KF (2018) Psychobiological responses to aerobic
exercise in individuals with posttraumatic stress disorder: psychobiological responses to exer-
cise in PTSD. J Trauma Stress 31(1):134—145. https://doi.org/10.1002/jts.22253

Crombie KM, Leitzelar BN, Brellenthin AG, Hillard CJ, Koltyn KF (2019) Loss of exercise- and
stress-induced increases in circulating 2-arachidonoylglycerol concentrations in adults with
chronic PTSD. Biol Psychol 145:1-7. https://doi.org/10.1016/j.biopsycho.2019.04.002

Crombie KM, Sartin-Tarm A, Sellnow K, Ahrenholtz R, Lee S, Matalamaki M, Almassi NE,
Hillard CJ, Koltyn KF, Adams TG, Cisler JM (2021a) Exercise-induced increases in ananda-
mide and BDNF during extinction consolidation contribute to reduced threat following rein-
statement: preliminary evidence from a randomized controlled trial. Psychoneuroendocrinology
132:105355. https://doi.org/10.1016/j.psyneuen.2021.105355

Crombie KM, Sartin-Tarm A, Sellnow K, Ahrenholtz R, Lee S, Matalamaki M, Adams TG, Cisler
JM (2021b) Aerobic exercise and consolidation of fear extinction learning among women with
posttraumatic stress disorder. Behav Res Ther 142:103867. https://doi.org/10.1016/j.brat.2021.
103867

de Kloet ER, Karst H, Joéls M (2008) Corticosteroid hormones in the central stress response: quick-
and-slow. Front Neuroendocrinol 29(2):268-272. https://doi.org/10.1016/j.yfrne.2007.10.002

de Quervain DJ-F, Roozendaal B, McGaugh JL (1998) Stress and glucocorticoids impair retrieval
of long-term spatial memory. Nature 394(6695):787-790. https://doi.org/10.1038/29542

de Quervain DJ-F, Bentz D, Michael T, Bolt OC, Wiederhold BK, Margraf J, Wilhelm FH (2011)
Glucocorticoids enhance extinction-based psychotherapy. Proc Natl Acad Sci 108(16):
6621-6625. https://doi.org/10.1073/pnas. 1018214108

de Quervain D, Schwabe L, Roozendaal B (2017) Stress, glucocorticoids and memory: implications
for treating fear-related disorders. Nat Rev Neurosci 18(1):7—19. https://doi.org/10.1038/nrn.
2016.155

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, Zaitsev E, Gold B,
Goldman D, Dean M, Lu B, Weinberger DR (2003) The BDNF val66met polymorphism affects
activity-dependent secretion of BDNF and human memory and hippocampal function. Cell
112(2):257-269. https://doi.org/10.1016/S0092-8674(03)00035-7


https://doi.org/10.1016/j.psyneuen.2012.12.018
https://doi.org/10.1016/j.psyneuen.2012.12.018
https://doi.org/10.1016/j.biopsycho.2012.01.007
https://doi.org/10.1016/j.nlm.2007.07.003
https://doi.org/10.1101/lm.206306
https://doi.org/10.1101/lm.206306
https://doi.org/10.1101/lm.62403
https://doi.org/10.1101/lm.62403
https://doi.org/10.1001/jama.1915.02570490049033
https://doi.org/10.1001/jama.1915.02570490049033
https://doi.org/10.1152/ajplegacy.1939.125.4.765
https://doi.org/10.1097/FBP.0000000000000064
https://doi.org/10.1097/FBP.0000000000000064
https://doi.org/10.1002/jts.22253
https://doi.org/10.1016/j.biopsycho.2019.04.002
https://doi.org/10.1016/j.psyneuen.2021.105355
https://doi.org/10.1016/j.brat.2021.103867
https://doi.org/10.1016/j.brat.2021.103867
https://doi.org/10.1016/j.yfrne.2007.10.002
https://doi.org/10.1038/29542
https://doi.org/10.1073/pnas.1018214108
https://doi.org/10.1038/nrn.2016.155
https://doi.org/10.1038/nrn.2016.155
https://doi.org/10.1016/S0092-8674(03)00035-7

Impact of Stress and Exercise on Fear Extinction

Greenwood BN, Strong PV, Foley TE, Fleshner M (2009) A behavioral analysis of the impact of
voluntary physical activity on hippocampus-dependent contextual conditioning. Hippocampus
19(10):988-1001. https://doi.org/10.1002/hipo.20534

Gunnar MR, Vazquez D (2015) Stress neurobiology and developmental psychopathology. In:
Cicchetti D, Cohen DJ (eds) Developmental psychopathology. Wiley, pp 533-577. https://
doi.org/10.1002/9780470939390.ch13

Hajos M, Fleishaker JC, Filipiak-Reisner JK, Brown MT, Wong EHF (2004) The selective
norepinephrine reuptake inhibitor antidepressant reboxetine: pharmacological and clinical pro-
file. CNS Drug Rev 10(1):23—44. https://doi.org/10.1111/j.1527-3458.2004.tb00002.x

Heim C, Owens MJ, Plotsky PM, Nemeroff CB (1997) The role of early adverse life events in the
etiology of depression and posttraumatic stress disorder: focus on corticotropin-releasing factor.
Ann N'Y Acad Sci 821(1 Psychobiology):194—207. https://doi.org/10.1111/j.1749-6632.1997.
tb48279.x

Henckens MJAG, van Wingen GA, Joéls M, Fernandez G (2010) Time-dependent effects of
corticosteroids on human amygdala processing. J Neurosci 30(38):12725-12732. https://doi.
org/10.1523/JNEUROSCIL.3112-10.2010

Henckens MJAG, van Wingen GA, Joéls M, Fernandez G (2011) Time-dependent corticosteroid
modulation of prefrontal working memory processing. Proc Natl Acad Sci U S A 108(14):
5801-5806. https://doi.org/10.1073/pnas. 1019128108

Henckens MJAG, van Wingen GA, Joéls M, Fernandez G (2012) Time-dependent effects of
cortisol on selective attention and emotional interference: a functional MRI study. Front Integr
Neurosci 6:66. https://doi.org/10.3389/fnint.2012.00066

Het S, Ramlow G, Wolf O (2005) A meta-analytic review of the effects of acute cortisol admin-
istration on human memory. Psychoneuroendocrinology 30(8):771-784. https://doi.org/10.
1016/j.psyneuen.2005.03.005

Hines EA, Brown GE (1936) The cold pressor test for measuring the reactibility of the blood
pressure: data concerning 571 normal and hypertensive subjects. Am Heart J 11(1):1-9. https:/
doi.org/10.1016/S0002-8703(36)90370-8

Jackson ED, Payne JD, Nadel L, Jacobs WJ (2006) Stress differentially modulates fear conditioning
in healthy men and women. Biol Psychiatry 59(6):516-522. https://doi.org/10.1016/j.biopsych.
2005.08.002

Jacquart J, Roquet RF, Papini S, Powers MB, Rosenfield D, Smits JAJ, Monfils M-H (2017) Effects
of acute exercise on fear extinction in rats and exposure therapy in humans: null findings from
five experiments. J Anxiety Disord 50:76-86. https://doi.org/10.1016/j.janxdis.2017.05.010

Jo€ls M, Baram TZ (2009) The neuro-symphony of stress. Nat Rev Neurosci 10(6):459—-466.
https://doi.org/10.1038/nrn2632

Katona I, Freund TF (2012) Multiple functions of endocannabinoid signaling in the brain. Annu
Rev Neurosci 35(1):529-558. https://doi.org/10.1146/annurev-neuro-062111-150420

Keyan D, Bryant RA (2019) Acute exercise-induced enhancement of fear inhibition is moderated
by BDNF Val66Met polymorphism. Transl Psychiatry 9(1):131. https://doi.org/10.1038/
s41398-019-0464-z

Kirschbaum C, Pirke K-M, Hellhammer DH (1993) The “Trier Social Stress Test” — a tool for
investigating psychobiological stress responses in a laboratory setting. Neuropsychobiology 28:
76-81

Knight DC, Smith CN, Cheng DT, Stein EA, Helmstetter FJ (2004) Amygdala and hippocampal
activity during acquisition and extinction of human fear conditioning. Cogn Affect Behav
Neurosci 4(3):317-325. https://doi.org/10.3758/CABN.4.3.317

Lafenétre P, Chaouloff F, Marsicano G (2007) The endocannabinoid system in the processing of
anxiety and fear and how CB1 receptors may modulate fear extinction. Pharmacol Res 56(5):
367-381. https://doi.org/10.1016/j.phrs.2007.09.006

Lonsdorf TB, Haaker J, Fadai T, Kalisch R (2014) No evidence for enhanced extinction memory
consolidation through noradrenergic reuptake inhibition — delayed memory test and


https://doi.org/10.1002/hipo.20534
https://doi.org/10.1002/9780470939390.ch13
https://doi.org/10.1002/9780470939390.ch13
https://doi.org/10.1111/j.1527-3458.2004.tb00002.x
https://doi.org/10.1111/j.1749-6632.1997.tb48279.x
https://doi.org/10.1111/j.1749-6632.1997.tb48279.x
https://doi.org/10.1523/JNEUROSCI.3112-10.2010
https://doi.org/10.1523/JNEUROSCI.3112-10.2010
https://doi.org/10.1073/pnas.1019128108
https://doi.org/10.3389/fnint.2012.00066
https://doi.org/10.1016/j.psyneuen.2005.03.005
https://doi.org/10.1016/j.psyneuen.2005.03.005
https://doi.org/10.1016/S0002-8703(36)90370-8
https://doi.org/10.1016/S0002-8703(36)90370-8
https://doi.org/10.1016/j.biopsych.2005.08.002
https://doi.org/10.1016/j.biopsych.2005.08.002
https://doi.org/10.1016/j.janxdis.2017.05.010
https://doi.org/10.1038/nrn2632
https://doi.org/10.1146/annurev-neuro-062111-150420
https://doi.org/10.1038/s41398-019-0464-z
https://doi.org/10.1038/s41398-019-0464-z
https://doi.org/10.3758/CABN.4.3.317
https://doi.org/10.1016/j.phrs.2007.09.006

J. Provencher et al.

reinstatement in human fMRI. Psychopharmacology 231(9):1949-1962. https://doi.org/10.
1007/s00213-013-3338-8

Lépez JF, Akil H, Watson SJ (1999) Neural circuits mediating stress. Biol Psychiatry 46(11):
1461-1471. https://doi.org/10.1016/S0006-3223(99)00266-8

Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009) Effects of stress throughout the lifespan on
the brain, behaviour and cognition. Nat Rev Neurosci 10(6):434—445. https://doi.org/10.1038/
nrn2639

Lutz B, Marsicano G, Maldonado R, Hillard CJ (2015) The endocannabinoid system in guarding
against fear, anxiety and stress. Nat Rev Neurosci 16(12):705-718. https://doi.org/10.1038/
nrn4036

Maheu FS, Joober R, Beaulieu S, Lupien SJ (2004) Differential effects of adrenergic and cortico-
steroid hormonal systems on human short- and long-term declarative memory for emotionally
arousing material. Behav Neurosci 118(2):420-428. https://doi.org/10.1037/0735-7044.118.
2.420

Marin M-F, Raymond C, Lupien SJ (2019) Memory and stress. In: Stress: physiology, biochem-
istry, and pathology. Elsevier, pp 69-78. https://doi.org/10.1016/B978-0-12-813146-6.00006-0

Mason JW (1975) A historical view of the stress field. J Hum Stress 1(1):6—12. https://doi.org/10.
1080/0097840X.1975.9940399

Mcewen BS, Weiss JM, Schwartz LS (1968) Selective retention of corticosterone by limbic
structures in rat brain. Nature 220(5170):911-912. https://doi.org/10.1038/220911a0

McEwen BS, Nasca C, Gray JD (2016) Stress effects on neuronal structure: hippocampus,
amygdala, and prefrontal cortex. Neuropsychopharmacology 41(1):3-23. https://doi.org/10.
1038/npp.2015.171

McGaugh JL (2000) Memory — a century of consolidation. Science 287(5451):248-251. https://doi.
org/10.1126/science.287.5451.248

McGuire JF, Lewin AB, Storch EA (2014) Enhancing exposure therapy for anxiety disorders,
obsessive-compulsive disorder and post-traumatic stress disorder. Expert Rev Neurother 14(8):
893-910. https://doi.org/10.1586/14737175.2014.934677

Mclnerney J, Brown P, Bird JC, Nickless A, Brown G, Freeman D (2021) Does raising heart rate
prior to a behavioural test enhance learning in cognitive therapy for anxiety? An experimental
test for the treatment of fear of heights using virtual reality. Behav Res Ther 144:103928. https:/
doi.org/10.1016/j.brat.2021.103928

Meaney MJ, Bhatnagar S, Larocque S, McCORMICK C, Shanks N, Sharma S, Smythe J, Viau V,
Plotsky PM (1993) Individual differences in the hypothalamic-pituitary-adrenal stress response
and the hypothalamic CRF system. Ann N Y Acad Sci 697(1 Corticotropin):70-85. https://doi.
org/10.1111/j.1749-6632.1993.tb49924..x

Meir Drexler S, Hamacher-Dang TC, Wolf OT (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

Meir Drexler S, Merz CJ, Jentsch VL, Wolf OT (2019) How stress and glucocorticoids timing-
dependently affect extinction and relapse. Neurosci Biobehav Rev 98:145-153. https://doi.org/
10.1016/j.neubiorev.2018.12.029

Merz CJ, Hermann A, Stark R, Wolf OT (2014) Cortisol modifies extinction learning of recently
acquired fear in men. Soc Cogn Affect Neurosci 9(9):1426—1434. https://doi.org/10.1093/scan/
nst137

Merz CJ, Hamacher-Dang TC, Stark R, Wolf OT, Hermann A (2018) Neural underpinnings of
cortisol effects on fear extinction. Neuropsychopharmacology 43(2):384-392. https://doi.org/
10.1038/npp.2017.227

Meuret AE, Trueba AF, Abelson JL, Liberzon I, Auchus R, Bhaskara L, Ritz T, Rosenfield D
(2015) High cortisol awakening response and cortisol levels moderate exposure-based psycho-
therapy success. Psychoneuroendocrinology 51:331-340. https://doi.org/10.1016/j.psyneuen.
2014.10.008


https://doi.org/10.1007/s00213-013-3338-8
https://doi.org/10.1007/s00213-013-3338-8
https://doi.org/10.1016/S0006-3223(99)00266-8
https://doi.org/10.1038/nrn2639
https://doi.org/10.1038/nrn2639
https://doi.org/10.1038/nrn4036
https://doi.org/10.1038/nrn4036
https://doi.org/10.1037/0735-7044.118.2.420
https://doi.org/10.1037/0735-7044.118.2.420
https://doi.org/10.1016/B978-0-12-813146-6.00006-0
https://doi.org/10.1080/0097840X.1975.9940399
https://doi.org/10.1080/0097840X.1975.9940399
https://doi.org/10.1038/220911a0
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1126/science.287.5451.248
https://doi.org/10.1126/science.287.5451.248
https://doi.org/10.1586/14737175.2014.934677
https://doi.org/10.1016/j.brat.2021.103928
https://doi.org/10.1016/j.brat.2021.103928
https://doi.org/10.1111/j.1749-6632.1993.tb49924.x
https://doi.org/10.1111/j.1749-6632.1993.tb49924.x
https://doi.org/10.1016/j.nlm.2017.04.002
https://doi.org/10.1016/j.neubiorev.2018.12.029
https://doi.org/10.1016/j.neubiorev.2018.12.029
https://doi.org/10.1093/scan/nst137
https://doi.org/10.1093/scan/nst137
https://doi.org/10.1038/npp.2017.227
https://doi.org/10.1038/npp.2017.227
https://doi.org/10.1016/j.psyneuen.2014.10.008
https://doi.org/10.1016/j.psyneuen.2014.10.008

Impact of Stress and Exercise on Fear Extinction

Neeper S, Gomez-Pinilla F, Choi J, Cotman CW (1995) Exercise and brain neurotrophins. Nature
373:109

Norrholm SD, Jovanovic T, Vervliet B, Myers KM, Davis M, Rothbaum BO, Duncan EJ (2006)
Conditioned fear extinction and reinstatement in a human fear-potentiated startle paradigm.
Learn Mem 13(6):681-685. https://doi.org/10.1101/Im.393906

Norrholm SD, Vervliet B, Jovanovic T, Boshoven W, Myers KM, Davis M, Rothbaum B, Duncan
EJ (2008) Timing of extinction relative to acquisition: a parametric analysis of fear extinction in
humans. Behav Neurosci 122(5):1016—1030. https://doi.org/10.1037/a0012604

Notaras M, van den Buuse M (2020) Neurobiology of BDNF in fear memory, sensitivity to stress,
and stress-related disorders. Mol Psychiatry 25(10):2251-2274. https://doi.org/10.1038/
s41380-019-0639-2

Nowakowski Sims E (2015) Group exercise as an adjunct treatment for trauma. J Trauma Treat s2.
https://doi.org/10.4172/2167-1222.S2-014

Orem TR, Wheelock MD, Goodman AM, Harnett NG, Wood KH, Gossett EW, Granger DA,
Mrug S, Knight DC (2019) Amygdala and prefrontal cortex activity varies with individual
differences in the emotional response to psychosocial stress. Behav Neurosci 133(2):203-211.
https://doi.org/10.1037/bne0000305

Payne JD, Jackson ED, Hoscheidt S, Ryan L, Jacobs WJ, Nadel L (2007) Stress administered prior
to encoding impairs neutral but enhances emotional long-term episodic memories. Learn Mem
14(12):861-868. https://doi.org/10.1101/Im.743507

Peters J, Dieppa-Perea LM, Melendez LM, Quirk GJ (2010) Induction of fear extinction with
hippocampal-infralimbic BDNF. Science 328(5983):1288-1290. https://doi.org/10.1126/
science.1186909

Phelps EA, Delgado MR, Nearing KI, LeDoux JE (2004) Extinction learning in humans: role of the
amygdala and vmPFC. Neuron 43(6):897-905. https://doi.org/10.1016/j.neuron.2004.08.042

Powers MB, Smits JAJ, Otto MW, Sanders C, Emmelkamp PMG (2009) Facilitation of fear
extinction in phobic participants with a novel cognitive enhancer: a randomized placebo
controlled trial of yohimbine augmentation. J Anxiety Disord 23(3):350-356. https://doi.org/
10.1016/j.janxdis.2009.01.001

Powers MB, Medina JL, Burns S, Kauffman BY, Monfils M, Asmundson GJG, Diamond A,
Mclntyre C, Smits JAJ (2015) Exercise augmentation of exposure therapy for PTSD: rationale
and pilot efficacy data. Cogn Behav Ther 44(4):314-327. https://doi.org/10.1080/16506073.
2015.1012740

Reznikoff GA, Manaker S, Rhodes CH, Winokur A, Rainbow TC (1986) Localization and
quantification of beta-adrenergic receptors in human brain. Neurology 36(8):1067-1067.
https://doi.org/10.1212/WNL.36.8.1067

Riggenbach MR, Weiser JN, Mosley BE, Hipskind JJ, Wireman LE, Hess KL, Duffy TJ, Handel
JK, Kaschalk MG, Reneau KE, Rorabaugh BR, Norrholm SD, Jovanovic T, Zoladz PR (2019)
Immediate pre-learning stress enhances baseline startle response and fear acquisition in a fear-
potentiated startle paradigm. Behav Brain Res 371:111980. https://doi.org/10.1016/j.bbr.2019.
111980

Roquet RF, Monfils M-H (2018) Does exercise augment operant and Pavlovian extinction: a meta-
analysis. J Psychiatr Res 96:73-93. https://doi.org/10.1016/j.jpsychires.2017.09.018

Sapolsky RM, Romero LM, Munck AU (2000) How do glucocorticoids influence stress responses?
Integrating permissive, suppressive, stimulatory, and preparative actions*. Endocr Rev 21(1):
55-89. https://doi.org/10.1210/edrv.21.1.0389

Saxena S, Van Ommeren M, Tang KC, Armstrong TP (2005) Mental health benefits of physical
activity. J Ment Health 14(5):445-451. https://doi.org/10.1080/09638230500270776

Schwabe L, Haddad L, Schachinger H (2008) HPA axis activation by a socially evaluated cold-
pressor test. Psychoneuroendocrinology 33(6):890-895. https://doi.org/10.1016/j.psyneuen.
2008.03.001


https://doi.org/10.1101/lm.393906
https://doi.org/10.1037/a0012604
https://doi.org/10.1038/s41380-019-0639-2
https://doi.org/10.1038/s41380-019-0639-2
https://doi.org/10.4172/2167-1222.S2-014
https://doi.org/10.1037/bne0000305
https://doi.org/10.1101/lm.743507
https://doi.org/10.1126/science.1186909
https://doi.org/10.1126/science.1186909
https://doi.org/10.1016/j.neuron.2004.08.042
https://doi.org/10.1016/j.janxdis.2009.01.001
https://doi.org/10.1016/j.janxdis.2009.01.001
https://doi.org/10.1080/16506073.2015.1012740
https://doi.org/10.1080/16506073.2015.1012740
https://doi.org/10.1212/WNL.36.8.1067
https://doi.org/10.1016/j.bbr.2019.111980
https://doi.org/10.1016/j.bbr.2019.111980
https://doi.org/10.1016/j.jpsychires.2017.09.018
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1080/09638230500270776
https://doi.org/10.1016/j.psyneuen.2008.03.001
https://doi.org/10.1016/j.psyneuen.2008.03.001

J. Provencher et al.

Schwabe L, Joéls M, Roozendaal B, Wolf OT, Oitzl MS (2012) Stress effects on memory: an update
and integration. Neurosci Biobehav Rev 36(7):1740-1749. https://doi.org/10.1016/j.neubiorev.
2011.07.002

Selye H (1950) Stress and the general adaptation syndrome. BMJ 1(4667):1383—-1392. https://doi.
org/10.1136/bm;j.1.4667.1383

Shin LM, Liberzon I (2010) The neurocircuitry of fear, stress, and anxiety disorders.
Neuropsychopharmacology 35(1):169—191. https://doi.org/10.1038/npp.2009.83

Simon-Kutscher K, Wanke N, Hiller C, Schwabe L (2019) Fear without context: acute stress
modulates the balance of cue-dependent and contextual fear learning. Psychol Sci 30(8):
1123-1135. https://doi.org/10.1177/0956797619852027

Smits JAJ, Rosenfield D, Davis ML, Julian K, Handelsman PR, Otto MW, Tuerk P, Shiekh M,
Rosenfield B, Hofmann SG, Powers MB (2014) Yohimbine enhancement of exposure therapy
for social anxiety disorder: a randomized controlled trial. Biol Psychiatry 75(11):840-846.
https://doi.org/10.1016/j.biopsych.2013.10.008

Soravia LM, Heinrichs M, Aerni A, Maroni C, Schelling G, Ehlert U, Roozendaal B, de Quervain
DJ-F (2006) Glucocorticoids reduce phobic fear in humans. Proc Natl Acad Sci U S A 103(14):
5585-5590. https://doi.org/10.1073/pnas.0509184103

Tabbert K, Merz CJ, Klucken T, Schweckendiek J, Vaitl D, Wolf OT, Stark R (2010) Cortisol
enhances neural differentiation during fear acquisition and extinction in contingency aware
young women. Neurobiol Learn Mem 94(3):392-401. https://doi.org/10.1016/j.nlm.2010.
08.006

Tanner MK, Hake HS, Bouchet CA, Greenwood BN (2018) Running from fear: exercise modula-
tion of fear extinction. Neurobiol Learn Mem 151:28-34. https://doi.org/10.1016/j.nlm.2018.
03.021

Tollenaar MS, Elzinga BM, Spinhoven P, Everaerd W (2009) Immediate and prolonged effects of
cortisol, but not propranolol, on memory retrieval in healthy young men. Neurobiol Learn Mem
91(1):23-31. https://doi.org/10.1016/j.nlm.2008.08.002

van Gelderen MJ, Nijdam MJ, de Vries F, Meijer OC, Vermetten E (2020) Exposure-related cortisol
predicts outcome of psychotherapy in veterans with treatment-resistant posttraumatic stress
disorder. J Psychiatr Res 130:387-393. https://doi.org/10.1016/j.jpsychires.2020.08.011

Yehuda R, Bierer LM, Pratchett L, Malowney M (2010) Glucocorticoid augmentation of prolonged
exposure therapy: rationale and case report. Eur J Psychotraumatol 1(1):5643. https://doi.org/
10.3402/ejpt.v1i0.5643

Yehuda R, Bierer LM, Pratchett LC, Lehrner A, Koch EC, Van Manen JA, Flory JD, Makotkine I,
Hildebrandt T (2015) Cortisol augmentation of a psychological treatment for warfighters with
posttraumatic stress disorder: randomized trial showing improved treatment retention and
outcome. Psychoneuroendocrinology 51:589-597. https://doi.org/10.1016/j.psyneuen.2014.
08.004


https://doi.org/10.1016/j.neubiorev.2011.07.002
https://doi.org/10.1016/j.neubiorev.2011.07.002
https://doi.org/10.1136/bmj.1.4667.1383
https://doi.org/10.1136/bmj.1.4667.1383
https://doi.org/10.1038/npp.2009.83
https://doi.org/10.1177/0956797619852027
https://doi.org/10.1016/j.biopsych.2013.10.008
https://doi.org/10.1073/pnas.0509184103
https://doi.org/10.1016/j.nlm.2010.08.006
https://doi.org/10.1016/j.nlm.2010.08.006
https://doi.org/10.1016/j.nlm.2018.03.021
https://doi.org/10.1016/j.nlm.2018.03.021
https://doi.org/10.1016/j.nlm.2008.08.002
https://doi.org/10.1016/j.jpsychires.2020.08.011
https://doi.org/10.3402/ejpt.v1i0.5643
https://doi.org/10.3402/ejpt.v1i0.5643
https://doi.org/10.1016/j.psyneuen.2014.08.004
https://doi.org/10.1016/j.psyneuen.2014.08.004

	Impact of Stress and Exercise on Fear Extinction
	1 The Stress Response: Mechanisms and Brain Regions
	2 Different Ways to Induce Stress in a Laboratory Setting
	3 Impact of Stress on Fear Extinction
	3.1 Impact of Stress-Related Synthetic Hormones in Men
	3.2 Impact of Stress-Related Synthetic Hormones in Women
	3.3 Impact of SAM Axis Modulation
	3.4 Impact of Physical Stressors
	3.5 Impact of Psychosocial and Combined Stressors

	4 Impact of Stress Hormones on Exposure Therapy
	4.1 In Populations with Anxiety Disorders
	4.2 In Populations with Post-Traumatic Stress Disorder (PTSD)

	5 The Influence of Physical Exercise
	5.1 Impact of Exercise on Fear Extinction

	6 Impact of Physical Exercise in Clinical Samples
	References


