Behaviour Research and Therapy 129 (2020) 103615

BEHAVIOUR
RESEARCH AND

Contents lists available at ScienceDirect
THERAPY

Behaviour Research and Therapy

journal homepage: www.elsevier.com/locate/brat

A review on how stress modulates fear conditioning: Let's not forget the role = M)

Check for

of sex and sex hormones

a,d,e

Clémence Peyrot™™', Alexandra Brouillard™“', Simon Morand-Beaulieu™®*,
Marie-France Marin™"%"

@ Research Center, Institut universitaire en santé mentale de Montréal, 7331 Hochelaga Street, Montreal, Quebec, Canada, HIN 3J4

Y Department of Psychiatry and Addictology, Université de Montréal, 2900 Edouard-Montpetit Boulevard, Montreal, Quebec, Canada, H3T 1J4
© Department of Psychology, Université du Québec @ Montréal, 100 Sherbrooke Street W, Montreal, Quebec, Canada, H2X 2P3

dDepcmmemt of Neuroscience, Université de Montréal, 2960 de la Tour Rd, Montreal, Quebec, Canada, H3T 1J4

€ Currently with the Child Study Center, Yale University School of Medicine, 230 S Frontage Rd, New Haven, CT, 06519, USA

ARTICLE INFO ABSTRACT

Keywords: Stress and fear are two fields of research that have evolved simultaneously. It was not until the eighties that these

Stress domains converged in order to better characterize the impact of stress on fear memory formation. Here, we

Stress hormones reviewed the effects of stress occurring before fear acquisition on the main phases of fear conditioning protocols

Fear conditioning (acquisition training, extinction training, extinction retention test), with a specific focus on sex and sex hor-

:Z ﬁﬁ:zz:s mones. We also paid close attention to methodological aspects in order to better understand and characterize
discrepant findings across studies. In men, stress appears to potentiate fear acquisition at a physiological level
but induces lower activations of fear-related brain regions. In women, results are inconsistent. Although some
studies have shown that stress lowers physiological fear responses and heightens brain activations in women
during fear acquisition, many studies report no significant effects. Irrespective of sex, pre-acquisition stress
seems to induce fear extinction learning resistance. Overall, few studies have taken into account sex hormones,
despite their impact on both the fear and stress brain networks. As methodological variability makes it complex
to draw strong conclusions, several methodological aspects are discussed with the aim of orienting future re-
search.

1. Introduction

As part of this special edition on fear conditioning, this review aims
to understand how stress exposure or modulation of stress hormones
before a fear conditioning protocol may affect fear learning, extinction
learning and extinction retention, as a function of sex and sex hor-
mones. The first section will offer a historical perspective of the fields of
stress, fear, and sex. We will also describe the clinical relevance to
further studying these three topics together. We will then review the
studies that have assessed the impact of pre-acquisition stress on the
various phases of the fear conditioning protocol. We will finally con-
clude with a discussion pertaining to methodological differences and
some suggestions and guidelines for future studies in the field.

1.1. Fear mechanisms

1.1.1. History of fear research

The concept of conditioning was inadvertently discovered by Ivan
Pavlov at the end of the 19th century. After pairing food (an appetitive
stimulus) with a neutral stimulus (such as the sound of a metronome),
Pavlov discovered that the single presentation of the neutral stimulus
was enough to induce salivation in dogs. He called this process condi-
tioned reflex (Pavlov, 1927), which is now well-known as classical or
Pavlovian conditioning.

In parallel, in 1920, John B. Watson and Rosalie Rayner designed an
experimental protocol to study fear responses in infants (Watson &
Rayner, 2000). In their famous Little Albert experiment, they exposed a
toddler to several pairings between a white rat and a loud noise. Con-
sequently, Little Albert developed a generalized fear to all rats’ features,
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such as white fur (Watson & Rayner, 2000). This study added an
emotional component to classical conditioning and contributed to de-
velop the field of fear conditioning research.

1.1.2. Studying fear processes in the laboratory

Over the years, experimental paradigms were developed to study
the physiological, psychological, and neuronal processes involved in
fear conditioning in humans. In this type of experimental paradigm,
participants are usually first exposed to a habituation phase in order to
allow them to become acquainted with the neutral innocuous stimuli
(NS) used in the experiment (e.g., geometric figure, picture, colored
light, noise). During the fear acquisition phase, an aversive uncondi-
tioned stimulus (US; e.g., electric shock, loud noise, airblast to the
larynx) is linked to one NS (Craske, Hermans, & Vansteenwegen, 2006;
Lipp, 2006). As the US induces an unconditioned response, several
pairings between the NS and the US generate an associative learning.
The NS itself is then enough to generate a conditioned fear response and
is thereafter referred to as a conditioned stimulus (CS) or threat cue
(LeDoux, 2014; Lonsdorf et al., 2017). The associative fear acquisition
corresponds to an emotional memory process, which will then undergo
memory consolidation and could later be recalled (Kandel, Dudai, &
Mayford, 2014; Sangha, Diehl, Bergstrom, & Drew, 2019). In fear
conditioning paradigms, two CSs are usually presented, one CS is re-
inforced by a US (CS+), whereas the other is not (CS-; safety cue).
Depending on the methodology used, the CS+ presentations can be
completely reinforced (100% of the trials) or partially (not all CS
+ trials are followed by the US) (Lonsdorf et al., 2017).

Fear acquisition training is often followed by fear extinction
training, where the same CSs are presented without any association
with the US. As a result, participants learn that the CS+ no longer
predicts the aversive stimulus and a decrease in fear responses to the CS
+ is observed as extinction learning occurs. As it was the case for fear
acquisition, the fear extinction process creates a new memory trace,
which implies that both the fear memory and the extinction memory
traces coexist and compete for expression (Myers & Davis, 2002, 2007).
Several hours later, or a day after, an extinction retention test (ex-
tinction recall) could take place in order to evaluate fear extinction
memory consolidation (for reviews see: Bouton, 2004; Milad & Quirk,
2012; Myers & Davis, 2007).

1.1.3. Measuring fear responses

In the laboratory, fear can be assessed through physiological, psy-
chological, and neural measures. Physiological measures such as skin
conductance (SC) and fear-potentiated startle reflex (FPS) are regularly
used to record variations of the sympathetic nervous system activity in
response to threat stimuli (Fridlund & Cacioppo, 1986; Grings, 1960;
Lonsdorf et al., 2017). Other measures such as heart rate (HR) and
pupillary dilatation are also employed, but less frequently (Lonsdorf
et al., 2017). A differential score is often used to measure physiological
fear acquisition. This method consists of subtracting the CS- responses
from the CS+ responses, which allows to quantify the amplitude of
discrimination between threat and safety cues (Lonsdorf et al., 2017).

Fear could also be assessed by psychological measures. Indeed,
subjective responses allow to evaluate cognitive process, such as US
expectancy and contingency learning, and/or affective processes, such
as valence or arousal ratings (Boddez et al., 2013; Lipp, 2006; Lonsdorf
et al., 2017). Regarding cognitive processes, US expectancy is defined
as the expectancy to receive an US after a CS presentation, whereas
contingency awareness allows to determine if the participant can ex-
plicitly tell which CS is paired with a US and which one is not (Boddez
et al., 2013; Craske et al., 2006; Lipp, 2006; Lonsdorf et al., 2017).
Regarding affective responses, valence is usually evaluated by asking
the participant to rate the stimulus as unpleasant/negative, neutral, or
pleasant/positive, whereas arousal is usually measured on a continuous
scale, from low to high arousal (Lipp, 2006; Lonsdorf et al., 2017).

Neural measures can also be collected with functional magnetic
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resonance imaging (fMRI), which offers an insight into the brain
structures involved in fear learning processes. Over the years, a wealth
of fMRI investigations have allowed identifying key regions implicated
in fear acquisition and its regulation, which is now referred to as the
fear circuitry: the amygdala, the hippocampus, the dorsal anterior
cingulate cortex (dACC), the ventromedial prefrontal cortex (vinPFC),
and the insular cortex (for reviews see: McGaugh, 2004; Milad & Quirk,
2012; Milad, Rauch, Pitman, & Quirk, 2006; Pitman et al., 2012; Quirk
& Mueller, 2008; Sangha et al., 2019; Shin & Liberzon, 2010). The
amygdala is involved in fear acquisition, fear extinction, and extinction
memory and is interconnected with other regions of the fear circuitry.
The hippocampus plays a key role in processing relevant contextual
information, whereas the dACC and insular cortex are involved in fear
acquisition. The vmPFC is a crucial brain structure involved in fear
extinction learning and retention (Milad, Rosenbaum, & Simon, 2014;
Tovote, Fadok, & Luthi, 2015).

1.2. Stress mechanisms

1.2.1. Characterization of the stress response

Alongside the early days of fear conditioning, endocrinology re-
search also started to blossom by the end of the 19th century, which has
led to the concept of stress as we know it nowadays. Claude Bernard
was the first to describe the importance to maintain the body's inner
balance (Bernard, 1865), which was later conceptualized as home-
ostasis. A few decades later, Walter Cannon showed that a threat to the
homeostasis generates the secretion of catecholamines (adrenaline and
noradrenaline) by the adrenal medulla (Cannon, 1915). These re-
sponses also lead to physiological adaptations such as an increase of
blood pressure, heart rate, and respiration (Cannon & Lissak, 1939;
Selye, 1950). It also activates brain structures, in particular the hip-
pocampus, the amygdala, as well as the cingulate, insular, and frontal
cortices, which are fear-related regions that all express a high density of
adrenaline receptors called B-adrenoreceptors (Reznikoff, Manaker,
Rhodes, Winokur, & Rainbow, 1986; Roozendaal, 2000, 2003;
Roozendaal & McGaugh, 2011). This physiological response char-
acterized by the activation of the sympathetic-adrenal-medullary
(SAM) axis corresponds to the first wave of a stress response (Sapolsky,
Romero, & Munck, 2000).

Afterwards, Hans Selye further detailed bodily reactions when fa-
cing a stressful situation. Using the term ‘stress’ in humans for the first
time, he described the hormonal cascade generating the liberation of
glucocorticoids (GCs) (Selye, 1950). In the sixties, researchers dis-
covered that stress hormones could cross the blood-brain-barrier and
bind to receptors. Indeed, corticosteroids receptors were found on a
vast number of brain regions, particularly located in the hypothalamus
and in limbic structures such as the amygdala and the hippocampus, as
well as in the prefrontal cortex (Joels & Baram, 2009; Lupien, McEwen,
Gunnar, & Heim, 2009; McEwen, Weiss, & Schwartz, 1968), which are
also involved in the fear network. GCs secretion results from the acti-
vation of the hypothalamic-pituitary-adrenal (HPA) axis, which corre-
sponds to the second wave of a stress response (Miller, 2018; Sapolsky
et al., 2000). It takes its origin in the hypothalamus, which produces
and releases the corticotropin-releasing hormone (CRH). CRH stimu-
lates the secretion of the adrenocorticotropic hormone (ACTH) from the
pituitary gland. ACTH is then released in the systemic blood circulation
and stimulates the adrenal cortex glands, which in turn secrete GCs (the
most common GCs in humans being cortisol) (for reviews see: Gunnar &
Vazquez, 2006; Heim, Owens, Plotsky, & Nemeroff, 1997; Lopez, Akil,
& Watson, 1999).

By binding to their receptors, GCs have various effects through non-
genomic and genomic mechanisms. Rapidly activated, non-genomic
effects of cortisol involve changes in intracellular communication, but
not pertaining to genes. On the other hand, genomic effects are pro-
duced after a certain amount of time (approximately 1 h), when cortisol
induces a specific gene expression. Both of these mechanisms allow to
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Fig. 1. Schematic representation of endogenous
sex hormone levels in naturally cycling women
and women using oral contraceptives. Menstrual
cycle variations of naturally cycling (NC) women are
illustrated by full lines, where estradiol levels (red
line) are low in the early follicular phase and increase
just before ovulation time, around midcycle. In the
luteal phase, estradiol levels remain moderately high
and then decrease before the onset of a new cycle.
Progesterone levels (blue line) are low in the folli-
cular phase and begin to rise after ovulation. They
peak in the mid-luteal phase to finally decline to low
concentrations before the onset of a new cycle.
Hormonal milieu of women using oral contraceptives
(OQ) is represented by dashed lines, where both en-
dogenous estradiol (red line) and progesterone (blue
line) levels remain low and stable. Illustrations of the
estradiol (E) and progesterone (P) ratio (gray boxes)
highlight how the E/P ratio could fluctuate across

1 Follicular phase 14 Luteal phase

induce molecular changes such as neurogenesis, epigenetic and struc-
tural plasticity, which contribute to the reduction of the stress response
as well as to the formation of the stress-related memory trace (de Kloet,
Karst, & Joels, 2008; McEwen, Nasca, & Gray, 2016).

For a long time, stress was only defined by its biological stress re-
sponse. It was only in 1975 that John W. Mason brought to light the
psychological aspects of stress (Mason, 1975). He showed that factors
such as uncontrollability, unpredictability, novelty, and/or threat to
one's ego are necessary to induce a stress response (Dickerson &
Kemeny, 2004; Mason, 1968, 1975).

1.2.2. Inducing stress in the laboratory

Past research has set the bases for the stress field, which has greatly
flourished throughout the years. A stress response is now defined as a
threat perception activating psychobiological reactions (Joels & Baram,
2009). Knowing the different components of stress, several strategies
can be implemented to induce it at an experimental level. Participants
can be exposed to a physical stressor, such as the Cold Pressor Test
(CPT; Hines & Brown, 1936), a psychosocial stressor, such as the Trier
Social Stress Test (TSST; Kirschbaum, Pirke, & Hellhammer, 1993) or a
physical stressor with a psychological component, such as the Socially
Evaluated Cold Pressor Test (SECPT; Schwabe, Haddad, & Schachinger,
2008). These methods induce an increase of endogenous levels of stress
hormones, thereby activating both the SAM and the HPA axes. To
mimic some physiological aspects of a stress response, synthetic hor-
mones could be used to specifically target one axis (for example, yo-
himbine for the SAM axis or hydrocortisone for the HPA axis).

1.3. How sex modulates stress and fear

1.3.1. Sex differences

Sex has been shown to be an important modulator of both fear and
stress processes (Maeng & Milad, 2015; Ramikie & Ressler, 2018; Sze &
Brunton, 2019). In line with this review's topics of interest, both fields
seem to be influenced independently by sex. Indeed, men and women
differ from each other with regards to their reactivity to stress (Bale &
Epperson, 2015; Kinner, Het, & Wolf, 2014; Oyola & Handa, 2017). The
type of stressor used in stress studies has also been shown to influence
the differences between men and women. For instance, women show
greater reactivity to social rejection, while men react more to
achievement challenges (Stroud, Salovey, & Epel, 2002). However, re-
sults pertaining to sex differences in fear conditioning have been in-
consistent, but some evidence suggests that men generally exhibit
larger fear responses to both CS+ and CS- than women during fear

28 menstrual cycle phases. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

acquisition training, fear extinction training, and extinction retention
test (Cover, Maeng, Lebron-Milad, & Milad, 2014; Day & Stevenson,
2019; Lebron-Milad et al., 2012; Milad, Goldstein, et al., 2006).

However, it is crucial to take into account the fact that women have
sex hormone variations due to their menstrual cycle, and that this re-
current cyclicity is not present in men. Thus, it is very likely that the
variability induced by pooling hormonally different women into a
single group considerably decreases the statistical power to detect sex
differences. That being said, we will dwell on a more precise way to
look at sex differences, where sex hormones will be examined as a
potential moderator of stress and fear.

1.3.2. The importance of sex hormones

Sex hormones, most importantly estradiol, progesterone, and tes-
tosterone, are produced by both men and women, but at different le-
vels. These steroid hormones not only have an organizational role in the
developing brain of boys and girls (Blakemore, Burnett, & Dahl, 2010;
Sinclair, Purves-Tyson, Allen, & Weickert, 2014), but they are also
important in the modulation of physiological and cognitive processes
(for reviews see: Hamson, Roes, & Galea, 2016; Kimura, 1996; Luine,
2008). Comparable to the HPA axis, the hypothalamic-pituitary-go-
nadal (HPG) axis is a specific neuroendocrine system that controls the
secretion of sex hormones (Atwood et al., 2005). Its mechanism in-
volves the hypothalamus, which produces gonadotropin-releasing hor-
mone (GnRH). GnRH binds to the anterior pituitary and leads to the
secretion of follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH). These two hormones are responsible for the stimulation of
gonads (ovaries in females and testes in males) and to a lesser extent the
adrenal cortex, in order to produce sex hormones such as estrogens
(estradiol), progestins (progesterone), and androgens (testosterone)
(Handa & Weiser, 2014; Merz & Wolf, 2017).

While men's hormonal milieu remains relatively stable through
time, women's sex hormones are fluctuating through their menstrual
cycle (see Fig. 1). Premenopausal naturally cycling women have an
average cycle length of 28 days, where day 1 corresponds to the first
menstruation day. In the follicular phase, which corresponds to the first
half of the cycle, low levels of endogenous estradiol and progesterone
are circulating, with a surge of estradiol before ovulation. Ovulation
occurs at midcycle and is followed by the luteal phase, the second half
of the cycle. While estradiol declines to moderate levels, progesterone
levels rise and peak at mid luteal phase. In the last days of the cycle,
both hormones drop to their lowest levels. In women taking hormonal
oral contraceptives (OC), their menstrual cycle is inhibited through the
intake of low doses of exogenous hormones. Most OC formulas combine
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synthetic estradiol (ethinylestradiol) and progesterone (e.g., levono-
gestrel), which prevent ovulation by chronically maintaining low levels
of endogenous sex hormones (Golobof & Kiley, 2016). Interestingly, a
large number of gonadal receptors are located in many fear- and stress-
related structures such as the amygdala, the hippocampus, the anterior
cingulate cortex, and the prefrontal cortex (Cover et al., 2014; Goldstein
et al., 2001; Maeng & Milad, 2015).

Given that sex hormone levels differ between men and women, but
also between women depending on their menstrual cycle phase or the
use of OC, it became essential not only to recruit men and women, but
also to distinguish hormonal phases of the menstrual cycle in order to
homogenize subgroups and refine analyses.

The impact of sex hormones on the stress system has been largely
documented in the literature. It is known that the HPA and the HPG
axes interact together, which enforces the relevance of studying the
interaction of both systems. Animal evidence shows a bidirectional
influence of HPA and HPG axes (Toufexis, Rivarola, Lara, & Viau,
2014), but interestingly, very few human studies examined the impact
of sex hormones on the HPA axis, and vice-versa. Among them, it has
been shown that estradiol administration enhances HPA axis activity by
increasing levels of ACTH and cortisol in healthy men after a psycho-
social stress (Kirschbaum et al., 1996). When comparing hormonal
profiles instead of dichotomous sex, Kirschbaum, Kudielka, Gaab,
Schommer, & Hellhammer (1999) found that both women in the luteal
phase and men had greater cortisol reactivity in response to a psy-
chosocial stressor relative to women in the follicular phase and OC
users (for reviews see: Kirschbaum et al., 1999; Kirschbaum, Wust, &
Hellhammer, 1992; Merz, 2017). Enhanced cortisol response in luteal
women, relative to follicular women or those using OC, has been
documented several times (for a review see Kajantie & Phillips, 2006).
Moreover, women taking OC have been shown to exhibit a blunted
salivary cortisol response after a stress induction. This effect may be
due to higher expression of the cortisol binding globulin (an important
cortisol's transport protein) in OC women than in naturally cycling
women (Fujimoto, Villanueva, Hopper, Moscinski, & Rebar, 1986;
Kirschbaum et al., 1999; Moore, Kawagoe, Davajan, Mishell, &
Nakamura, 1978; Reynolds et al., 2013). Altogether, these findings
highlight the importance of using precise methodological designs in
order to assess the mechanisms by which sex hormones impact stress
reactivity.

In fear conditioning, human studies focusing on sex hormones are
quite limited (Garcia, Walker, & Zoellner, 2018). Although the impact
of sex hormones on fear conditioning is less studied, it appears that
gonadal hormones modulate neuronal activity of regions involved in
the fear circuitry. In fact, compared to OC users, low-estradiol women,
and men, women with high levels of estradiol exhibit higher activation
in several fear-related brain structures such as the insular cortex, the
amygdala, and the cingulate cortex during fear acquisition training
(Hwang et al., 2015).

Therefore, studies investigating the relationship between stress and
sex hormones and those investigating the impact of sex hormones on
fear conditioning tend to suggest that higher estradiol levels are asso-
ciated with greater cortisol reactivity (Kirschbaum et al., 1992, 1999;
Merz, 2017) and with higher activation of fear-promoting regions
during fear learning (Hwang et al., 2015).

1.4. Clinical relevance of studying stress, fear, and sex

Studying the impact of stress on fear memory is also relevant for
various psychopathologies, notably post-traumatic stress disorder
(PTSD). In fact, exposure to a traumatic event (e.g., sexual or physical
abuse, a serious car accident) induces a massive secretion of stress
hormones, which modulates the brain regions involved in the fear cir-
cuitry. This undoubtedly has an impact on the fear learning processes.
The formation of traumatic memories involves fear conditioning pro-
cesses, as a strong association between the sensory cues (NS) and the
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traumatic event occurs (Lissek & van Meurs, 2015). After experiencing a
traumatic event, certain individuals will develop a pathological fear,
which could contribute to the development of various psychopatholo-
gies, such as PTSD (de Quervain, Schwabe, & Roozendaal, 2017; Shin &
Liberzon, 2010). Importantly, the traumatic fear memory trace, formed
under very stressful conditions, is sometimes resistant to extinction. In
fact, exposure-based therapy, which is the gold standard therapy for
fear-based disorders such as PTSD, relies on extinction learning prin-
ciples (Maples-Keller et al., 2019; McLean & Foa, 2011; Rauch,
Eftekhari, & Ruzek, 2012). Although its efficacy has been proven, some
patients remain symptomatic and others relapse after a certain time
(Bradley, Greene, Russ, Dutra, & Westen, 2005; Najavits, 2015;
Steenkamp, Litz, Hoge, & Marmar, 2015). In the laboratory, patients
suffering from PTSD express difficulties to regulate fear, with higher
fear expression in acquisition training and deficits in fear extinction
(learning and retention) (Jovanovic, Kazama, Bachevalier, & Davis,
2012; Lissek & van Meurs, 2015; Milad et al., 2008).

As we have outlined here, the impact of stress during a traumatic
event on fear acquisition and consolidation is still not well defined. A
better understanding of the genesis of traumatic memory is thus crucial
to improve treatments and to specifically address the deficits in fear
extinction observed in PTSD patients. Moreover, women are twice more
likely than men to develop PTSD (Kornfield, Hantsoo, & Epperson,
2018; Ramikie & Ressler, 2018), a statistic that highlights the im-
portance of taking into account sex differences when investigating the
impact of stress on fear.

1.5. The current review: a focus on the interaction between stress, fear and
sex

We reviewed the literature on stress, fear and sex separately and we
will now focus our attention on the interaction between these three
fields of research. In contrast to prior reviews on the impact of acute
stress on conditioned fear (Raio & Phelps, 2015), or stress and sex
hormones effects on emotional memory (Merz & Wolf, 2017), the cur-
rent review has a specific focus on how sex and sex hormones modulate
the impact of pre-acquisition stress on fear conditioning in humans. Our
objectives are to review the impact of pre-acquisition stress on 1) fear
acquisition, 2) fear extinction, and 3) extinction retention, as function
of sex differences and sex hormone profiles. Finally, we pay a particular
attention to the methodological differences that could explain dis-
crepancies between studies and provide methodological recommenda-
tions for future studies.

2. The impact of pre-acquisition stress on fear learning
2.1. Stress and fear acquisition in men

In men, the effects of stress on fear acquisition have been studied
with a wide variety of paradigms and measures. The first study in-
vestigating this question showed that psychosocial stress exposure
60 min before fear acquisition induced an increase of the skin con-
ductance responses (SCR) to the CS+ but not to the CS- in men
(Jackson, Payne, Nadel, & Jacobs, 2006). They also reported a positive
correlation between changes in cortisol levels induced by the stressor
and SCR differential, suggesting that higher stress responses promoted
better discrimination between the CS+ and the CS- at a physiological
level. In a recent study from Simon-Kutscher, Wanke, Hiller, and
Schwabe (2019), it was found that psychosocial stress exposure 17 min
before fear learning disrupted context-dependent fear acquisition, as
assessed by SCRs. However, null results regarding the impact of pre-
acquisition stress have also been reported in men. For instance, ad-
ministering a psychosocial stressor 20 or 24 min before fear acquisition
training did not modulate fear acquisition in men, as assessed by SCRs
(Antov & Stockhorst, 2014; Antov, Wolk, & Stockhorst, 2013). The
study by Antov et al. (2013) also reported the mere opposite of Jackson
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et al. (2006) (i.e., a negative correlation between changes in cortisol
levels induced by a psychosocial stress and CS+ /CS- differentiation).
Nevertheless, Antov et al. (2013) and Jackson et al. (2006) both used
the same method to operationalize cortisol changes, by using the dif-
ference between the peak in cortisol levels obtained after the stress
exposure and the baseline levels. Both of these studies therefore used a
change in cortisol levels, rather than absolute levels. One important
difference between these two studies however is the timing of the
psychosocial stressor with regards to the conditioning procedure. In
fact, in the study by Jackson and collaborators (2006), participants
were stressed 1 h before fear learning, while in the study by Antov et al.
(2013), there was a 24-min interval between the end of the psychoso-
cial stressor and the beginning of the fear learning procedure (see
Table 1). Because cortisol rapidly activates non-genomic effects and
produces genomic effects after approximately 1 h, the timing of the
psychosocial stressor with regards to the fear acquisition training is an
important factor to consider. It is therefore possible that the results
observed in the study by Jackson et al. (2006) reflect genomic effects,
whereas the results obtained by Antov et al. (2013) rather reflect non-
genomic effects.

When interpreting the discrepant findings between these two stu-
dies, one must also keep mind that only 12 participants from the study
of Antov et al. (2013) were involved in the stress condition, and that the
reported correlation only reached trend level. Finally, Merz, Wolf, et al.
(2013) found that psychosocial stress exposure reduced SCRs to the CS
+ in men. Here, participants were stressed 25 min before fear acqui-
sition, suggesting that cortisol levels peaked during fear acquisition
training.

Physical stressors, such as the CPT or SECPT, were not extensively
used to assess the impact of stress on fear conditioning in men. On the
one hand, Antov et al. (2013) reported that a physical stressor (CPT)
6 min before fear learning had no impact on SCR differentials during
fear acquisition, but they found that changes in diastolic and systolic
blood pressure induced by the stressor were positively correlated with
SCR differentials. On the other hand, Riggenbach et al. (2019) found
that the SECPT immediately before fear acquisition training enhanced
fear FPS responses to the CS+, but they did not find a relationship
between heart rate and FPS differentials. They also reported that
stressed men had lower US expectancy ratings for the CS+ and higher
US expectancy ratings for the CS- than non-stressed men.

Regarding endogenous cortisol levels, Zorawski, Cook, Kuhn, &
LaBar (2005) showed that men with high cortisol levels had greater SCR
differential relative to their counterparts with low endogenous cortisol
levels. They also found a positive association between endogenous
cortisol levels and SCR differential in men. This association between
endogenous cortisol levels and SCR differential was however not re-
plicated by Merz et al. (2013).

Negative results regarding the impact of hydrocortisone adminis-
tration on fear acquisition has been reported in men, as assessed by
SCRs (Cornelisse, van Ast, Joels, & Kindt, 2014; Merz et al., 2010,
2012), FPS (Cornelisse et al.,, 2014), or US expectancy ratings
(Cornelisse et al., 2014). Stark et al. (2006) even reported that it in-
duced a decrease in SCRs to the CS+ in men. van Ast, Vervliet, and
Kindt (2012) found a trend in the same direction. These effects are
however in contradiction to those of some studies described above,
where stress exposure or endogenous cortisol levels were associated
with larger SCR differentials.

In the aforementioned studies, the timing of the fear acquisition
training relative to the end of the stressor/cortisol administration
ranged from 6 to 240 min (see Table 1). Such methodological variations
may explain this discrepancy observed between studies, as stress may
trigger genomic effects in some studies but not others. Also, the fact that
negative results were obtained with hydrocortisone administration
suggests that the psychological aspect associated with a stressor might
be responsible for the enhancing effect of stress on fear responses in
men.

Behaviour Research and Therapy 129 (2020) 103615

At the neural level, hydrocortisone administration 15 or 45 min
prior to fear acquisition training in men reduced the differential acti-
vation (CS+ vs. CS- contrast) in the insular cortex (Merz et al., 2010),
the hippocampus, the anterior parahippocampal gyrus (Merz et al.,
2012), the anterior cingulate cortex (ACC), the lateral orbitofrontal
cortex, and the medial prefrontal cortex (Stark et al., 2006). Psycho-
social stress exposure 25 min before fear acquisition training had si-
milar effects, with reduction of the differential activation in the nucleus
accumbens during early acquisition, and in the amygdala and the ACC
during late acquisition, in comparison with the control group (Merz,
Wolf, et al., 2013). However, basal cortisol levels were positively cor-
related with differential activation in the amygdala (Merz, Stark, et al.,
2013). This points towards an inverted-U shape relationship between
cortisol levels and amygdala activation during fear learning in men,
where basal cortisol levels are associated to better fear acquisition (i.e.,
greater differentiation between CS+ and CS-, as measured by amygdala
activation) but increases in cortisol levels past a certain point could lead
to disrupted fear acquisition (i.e., lower differential amygdala activa-
tion).

All in all, some evidence suggests that the physiological correlates of
fear could be enhanced by stress exposure in men. At the neural level,
hydrocortisone administration seems to have the opposite effect, with a
reduced differential activation of brain regions during the CS+ vs. CS-
contrast.

2.2. Stress and fear acquisition in women

In women, multiple studies reported that sex did not modulate the
impact of stress on fear acquisition. For instance, psychosocial stress
exposure 60 min before fear learning was found to have no impact on
fear acquisition in women, as assessed by SCRs (Jackson et al., 2006).
However, as mentioned previously, women tend to differ from men
with regard to their physiological reactivity to stress (Bale & Epperson,
2015; Kinner et al., 2014; Kirschbaum et al., 1992; Oyola & Handa,
2017). In the study by Jackson and colleagues, women reported similar
augmentation of subjective stress levels than men, but exhibited no
significant increase of cortisol levels in response to the psychosocial
stressor (Jackson et al., 2006). The fact that women did not respond as
much as men at the endocrine level might account for the lack of sig-
nificant effect of stress on fear acquisition. Also, findings from Simon-
Kutscher et al. (2019), which suggested that a psychosocial stress ex-
posure 17 min before fear acquisition training disrupted context-de-
pendent fear acquisition, came from a mixed sample of men and
women. In that study, the authors specifically tested whether sex
modulated the impact of stress on fear acquisition, which was not the
case. This suggests that the impact of stress on context-dependent fear
learning seems to be similar for both sexes.

To our knowledge, only one study investigated the impact of a
physical stressor on fear acquisition in women. Similar to their findings
in men, Riggenbach et al. (2019) found that physical stress exposure
enhanced FPS responses to the CS+ in women, as it was the case in
men. However, while stressed men had lower US expectancy ratings for
the CS+, physical stress exposure had no impact on US expectancy
ratings in women. Yet, this study administered a stressor immediately
before fear acquisition training, which suggests that cortisol did not
have time to reach its peak levels at the beginning of the fear protocol.
Because stress increased baseline startle responses, this suggests that
the SAM axis activation provoked physiological alterations and could
potentially have driven the effects found later during the fear acquisi-
tion training. Additional biological measures such as salivary alpha-
amylase (sAA) concentrations, which represent a proxy measure of the
SAM axis activation (Strahler, Skoluda, Kappert, & Nater, 2017), could
allow a clearer interpretation of these findings.

Furthermore, the correlation found by Zorawski et al. (2005) be-
tween endogenous cortisol levels and SCR differential was found in
men, but not in women. Merz et al. (2010) found that hydrocortisone
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administration 45 min before fear acquisition training reduced SCR
differentials in women. Here again, the sample of women assigned to
the hydrocortisone condition was quite small (n = 10).

This being said, these studies were conducted without taking into
account the variations of sex hormone levels pertaining to the men-
strual cycle. Furthermore, they did not assess the specific impact that
OC intake can have on stress and fear levels. To circumvent this issue,
some studies have formed experimental groups by taking into account
the menstrual cycle and/or OC intake, allowing a better characteriza-
tion of the impact of stress on fear conditioning in women.

2.2.1. Stress and fear acquisition in women taking oral contraceptives

Contrary to what many studies reported in men, psychosocial stress
exposure (Merz, Wolf, et al., 2013) or hydrocortisone administration
(Merz et al., 2012; Stark et al., 2006; Tabbert et al., 2010; van Ast et al.,
2012) had no impact on SCRs to the CS+ in OC women when induced
15-45 min prior fear acquisition training (see Table 1). It also had no
impact on US expectancy ratings in OC women (van Ast et al., 2012).
Yet, this study reported that hydrocortisone administration impaired
the contextualization of fear expression in OC women, which led to
increased fear generalization, as assessed by FPS responses. Another
study found that endogenous cortisol levels were negatively correlated
with SCR differentials in OC women (Merz, Stark, et al., 2013), which is
the opposite of what was reported in men (Zorawski et al., 2005).

At the neural level, basal cortisol levels (Merz, Stark, et al., 2013),
psychosocial stress exposure (Merz, Wolf, et al., 2013), and hydro-
cortisone administration (Merz et al., 2010; Tabbert et al., 2010) per-
formed 25-45 min before fear acquisition training were all associated
with enhanced differential activation in many brain structures, such as
the amygdala, insula, nucleus accumbens, anterior cingulate gyrus,
hippocampus, anterior parahippocampal gyrus, lateral orbitofrontal
cortex, and medial prefrontal cortex.

2.2.2. Stress and fear acquisition in naturally cycling women

Very few studies have assessed how the different phases of the
menstrual cycle modulate the impact of stress or stress hormones on
fear acquisition. Antov and Stockhorst (2014) reported that men, early
follicular women, and mid-cycle women all showed similar SCRs during
fear acquisition following psychosocial stress exposure. In the same
vein, Merz et al. (2012) reported similar SCRs during fear acquisition
following hydrocortisone administration in men, follicular women, lu-
teal women, and OC women. This last result appears to contradict the
ones described earlier in section 1.3.2, where women with low sex
hormone levels, such as those in the follicular phase or taking OC, tend
to react relatively the same way to fear and stress procedures and dis-
tinguish themselves from women with high gonadal hormone levels and
men (Hwang et al., 2015; Kirschbaum et al., 1999). A possible ex-
planation for this divergence is the lack of sex hormone discrimination
between the two naturally cycling women groups in the study of Merz
et al. (2012). All expected between-group differences were confirmed
regarding salivary progesterone and testosterone levels (as depicted in
Fig. 2). However, follicular and luteal women did not statistically differ
with regard to their salivary estradiol levels, which is unexpected. This
suggests that both naturally cycling women groups were not as distinct
as expected at an endocrine level. Yet, it is the first study that has ex-
amined the relationship between stress and fear learning in various sex
hormone profiles. Therefore, the influence of gonadal hormones on the
relationship between stress hormones and fear learning remains un-
clear. Overall, the fact that OC users stand out from naturally cycling
women (either in their follicular or their luteal phase) suggests that
most of gonadal influence on stress may not come from endogenous sex
hormone concentrations (otherwise follicular and OC women would
have displayed similar fear responses under stress given that their en-
dogenous levels of sex hormones are both very low). In other words, it
seems that the effects of stress on fear acquisition observed in the OC
group might be better explained by the use of synthetic hormones

10
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contained in OC and/or by the fact of having chronically low levels of
endogenous sex hormones.

3. The impact of pre-acquisition stress on fear extinction
3.1. Stress and fear extinction in men

Researchers have also investigated the long-lasting effects of stress
on fear learning (i.e., if memory modulation can still be observed when
stress hormone levels are back to baseline).

Regarding the impact of a pre-acquisition psychosocial stressor on
fear extinction in men, Antov and Stockhorst (2014) reported that it
had no impact on fear extinction (conducted immediately after fear
acquisition), as assessed by SCRs. On the other hand, Jackson et al.
(2006) found that it enhanced SCRs to the CS+ during fear extinction
training. This discrepancy could be due to higher statistical power in
the study by Jackson et al. (2006), where the sample was twice as large
as the one in Antov and Stockhorst's (2014) study. Similarly, Simon-
Kutscher et al. (2019) found that psychosocial stress exposure 17 min
before fear acquisition induced an extinction resistance, where SCRs for
the CS+ did not decrease in stressed participants as opposed to the
control group. However, stress had no impact on US expectancy and sex
did not modulate the impact of stress on extinction learning, which
suggests that these results are comparable for both men and women.

As for basal cortisol levels, Zorawski et al. (2005) found that en-
dogenous levels were unrelated to SCRs during extinction training
conducted 24 h after the fear acquisition training, irrespective of par-
ticipants’ sex.

In men, while it had no impact on fear acquisition, hydrocortisone
administration 4 h prior to fear acquisition training induced an ex-
tinction resistance as measured by FPS (Cornelisse et al., 2014). This
fear extinction resistance may be explained by the genomic pathway of
cortisol: gene-related mechanisms may have contributed to a stronger
consolidation of the fear acquisition memory, which then contributed
to undermine extinction learning. A similar extinction resistance pro-
cess, as measured by SCRs, was found following the activation of SAM
axis through a physical stressor (Antov et al., 2013). In that study, fear
acquisition and fear extinction trainings took place six and 14 min after
the physical stressor, respectively. However, the control group did not
exhibit the expected decrease in fear levels throughout extinction
learning, making it difficult to conclude that is was indeed the long-
term effects of stress that impaired the fear extinction process.
Riggenbach et al. (2019) found that SECPT administered immediately
before fear acquisition had no impact on FPS responses during fear
extinction training conducted 24 h later. However, stressed participants
showed a slower reduction of US expectancy ratings for the CS+ during
extinction learning relative to the control group. FPS differentials were
positively correlated with cortisol changes in response to the stressor. In
their study, sex did not modulate the impact of stress on extinction
learning, suggesting that these results should be similar for both men
and women.

Taken together, these studies suggest an impact of pre-acquisition
stress extinction resistance in men. Importantly, altough the timing and
the method used to increase cortisol levels seem to have different effects
on fear acquisition, this does not seem to be the case with fear extinc-
tion. In fact, effects were found with different timings of stressor/hy-
drocortisone administration and various methods. However, no study to
our knowledge evaluated the impact of a pre-acquisition stress or hy-
drocortisone administration on the neural correlates of fear extinction
in men.

3.2. Stress and fear extinction in women
In women, results are somewhat less clear. As stated previously,

some studies reported that stress could induce an extinction resistance
that was not modulated by participants' sex (Riggenbach et al., 2019;
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Fig. 2. Summary of findings related to stress and
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Simon-Kutscher et al., 2019). However, and opposed to their findings in
men, Jackson et al. (2006) reported that 60 min pre-acquisition stress
reduced women's SCR differential during early extinction training,
which was conducted 24 h after fear acquisition training.

In OC women, 45 min pre-acquisition hydrocortisone administra-
tion induced higher SCRs for both the CS+ and CS- during fear ex-
tinction training (conducted immediately after fear acquisition)
(Tabbert et al., 2010). Compared to a placebo, the hydrocortisone
group exhibited lower activation in the amygdala and the hippocampus
to the CS+ relative to the CS-. By comparing different stages of the
menstrual cycle, Antov and Stockhorst (2014) reported that similar to
men, there was no impact of 20 min pre-acquisition psychosocial stress
exposure on fear extinction learning for both follicular and mid-cycle
women. Therefore, evidence for a role of pre-acquisition stress or stress
hormone administration on extinction learning resistance is scarcer in
women than in men.

4. The impact of pre-acquisition stress on extinction retention

Very few studies have assessed the impact of pre-acquisition stress
on extinction memory. Riggenbach et al. (2019) reported that SECPT
exposure immediately before fear acquisition training enhanced FPS
responses to the CS+ during the extinction retention test and that FPS
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differentials were positively correlated to cortisol changes in response
to the stressor. Moreover, sex did not modulate the impact of stress on
extinction retention. However, when taking the menstrual cycle into
account, Antov and Stockhorst (2014) found that stress exposure
20 min before fear acquisition training enhanced SCR differentials
during extinction retention test in early follicular women, while it had
the opposite effect in mid-cycle women. The latter results suggest that
estradiol levels play an important role in modulating the effects of
stress, applied before fear acquisition, on extinction memory. Yet, the
literature on this matter remains scarce and such results merit re-
plication.

5. Discussion and future directions

Of all studies evaluating the impact of pre-acquisition stress on fear
conditioning, most of them revealed an enhancing effect of stress on
physiological reactivity (e.g., skin conductance responses) and a de-
creased activation of the neural fear network in men during fear ac-
quisition training. In women, findings are less consistent. Few studies
were conducted in naturally cycling women, making it difficult to draw
conclusions. However, there is more converging evidence in OC users,
where stress seems to act by increasing activations in the brain regions
of the fear network (see Table 1 for a summary of each study). The
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opposite pattern was found in men, which highlights the need to take
into consideration the contribution of sex hormones, and in this parti-
cular case, the use of synthetic hormones.

At a structural level, OC use has been linked to differences in various
brain structures, such as larger prefrontal and temporal cortices, para-
hippocampal and fusiform gyri (Pletzer et al.,, 2010; Pletzer,
Kronbichler, & Kerschbaum, 2015), and lower cortical thickness in or-
bitofrontal and cingulate cortices (Petersen, Touroutoglou, Andreano, &
Cahill, 2015). The duration of OC use also seems to be an important
factor, as longer duration of use has been associated with larger hip-
pocampus and basal ganglia (Pletzer, Harris, & Hidalgo-Lopez, 2019).
This suggests that OC intake impacts women's brain anatomy, parti-
cularly in regions important for emotional and memory processes. Al-
together, these alterations may alter one's vulnerability to the devel-
opment of various pathologies. It has in fact been proposed that OC
intake (which acts by lowering endogenous sex hormone levels) might
make women more vulnerable to develop psychopathologies such as
PTSD and anxiety disorders (Glover et al., 2012; Glover, Jovanovic, &
Norrholm, 2015; Kornfield et al., 2018). At a pre-clinical level, it has
been shown that inhibition of sex hormone levels, notably estradiol's,
impairs extinction memory consolidation (Graham & Milad, 2013,
2014; Milad et al., 2010; White & Graham, 2016). Given the important
parallel between fear extinction learning and exposure-based therapy in
clinical populations (see section 1.4), these data suggest that extinction
memories are less likely to be consolidated in women with natural or
OC-induced low estradiol concentrations (Graham & Milad, 2013;
Milad et al., 2010; White & Graham, 2016). Importantly, this result has
also been found in a clinical sample. Indeed, women suffering from
spider phobia who were using hormonal contraceptives (OC, implant,
intra-uterine device) exhibited less improvement in response to an ex-
posure therapy than their naturally cycling counterparts, echoing def-
icits in fear extinction (Graham, Li, Black, & Ost, 2018). Although
various mechanisms such as reduction of dendritic spine density, and
down-regulation of genomic and non-genomic effects have been pro-
posed (Glover et al., 2015; Graham & Milad, 2013), more research is
needed to fully understand whether and how OC could affect women's
mental health.

The findings reviewed here also showed that pre-acquisition stress
could induce extinction learning resistance. Interestingly, this suggests
that the fear memory trace acquired under elevated stress hormones
levels might hamper the subsequent formation of the extinction
learning trace. This finding seems to hold in both men and women,
although sex hormone profiles have not been investigated with regards
to this question (see Table 1 and Fig. 2). As for extinction retention, the
impact of pre-acquisition stress remains scarcely studied. Pre-acquisi-
tion stress seems to lead to enhanced fear responses during the ex-
tinction retention test for men and women, but sex hormones also ap-
pear to be modulating this relationship. Indeed, high estradiol levels
were shown to facilitate extinction retention performance in naturally
cycling women who were exposed to a stressor, while the opposite
pattern was found relative to low estradiol levels.

All in all, fear conditioning protocols have been proposed as valid
experimental models to mimic the formation of the fear or traumatic
memory association, an inherent part of psychopathologies such as
PTSD and anxiety (Briscione, Jovanovic, & Norrholm, 2014; Pitman,
1989; Pitman et al., 2012; Southwick et al., 1999). It is nonetheless
important to highlight that this model is not perfectly suited to examine
these disorders. Indeed, this type of protocol uses a CS-US association to
mimic the conditioned fear acquired from a traumatic experience.
Clearly, the intensity of a traumatic event could not be compared to the
aversive stimuli used in the laboratory. The various fear associations
that could be formed during a traumatic event are likely complex and
therefore, one could argue that the laboratory models are overly sim-
plified (for a discussion, see Beckers, Krypotos, Boddez, Effting, &
Kindt, 2013). Moreover, PTSD criteria A of the DSM-V requires the
occurrence of a highly stressful event (American Psychiatric
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Association, 2013), which in fact corresponds to an US. In experimental
models, the stressor is temporally conducted before the associative
learning in order to obtain elevated stress hormone levels at the time of
learning the fear association. As it surely does not mimic the exact same
mechanism as in PTSD, fear conditioning protocols nonetheless allow to
study the effects of stress on fear memory processes. By stressing par-
ticipants before fear acquisition training, cortisol levels are still
heightened at the time of the associative learning (Merz & Wolf, 2017;
Schwabe, Joels, Roozendaal, Wolf, & Oitzl, 2012). This still allows to
investigate the modulatory effects of stress on fear learning in a la-
boratory setting, even if it is exerted rather differently than in reality.

Additionally, the utility of using experimental fear protocols is
clinically relevant (Duits et al.,, 2015; Graham & Milad, 2011;
Rothbaum & Davis, 2003). While translational value has been shown
between an experimental fear protocol and the clinical treatment of
exposure (Scheveneels, Boddez, Vervliet, & Hermans, 2016), predictive
validity of fear patterns in mental health patients remains to be largely
investigated (Duits et al., 2015; Scheveneels et al., 2016). Interestingly,
some studies have shown a promising value of using stress- and fear-
related biomarkers in the aftermath of trauma in order to predict PTSD
development. Indeed, both higher heart rate and skin conductance re-
sponses in the aftermath of trauma have been associated with sub-
sequent PTSD diagnosis (Bryant, Harvey, Guthrie, & Moulds, 2000;
Hinrichs et al., 2019; Shalev et al., 2000). Laboratory- and therapy-
based extinction performance have also been used to help determine
treatment prognosis (Forcadell et al., 2017; Post et al., 2017). While
these examples plead towards a predictive value of either the fear or
stress system on psychopathology development and treatment response,
no studies to our knowledge have evaluated the joint influence of these
two systems (i.e., how fear is learned under elevated levels of stress) on
predicting therapeutic outcomes. Evaluating how stress impacts fear
learning and its subsequent extinction in a laboratory setting might help
in identifying therapy responsiveness profiles.

In short, despite its limitations, the use of the fear conditioning
protocol remains a highly relevant model to examine neurobiological
and behavioral components of fear and stress pathologies, notably in
humans. This model offers a great range of adaptations and can be a
useful tool for investigating various populations. However, many in-
consistencies are reported in the literature of stress, fear, and sex hor-
mones. For studies integrating these three research domains, we here
review specific recommendations from each field in order to promote
state-of-the-art research on stress, fear, and sex differences and sex
hormone profiles.

5.1. Stress-related recommendations

Methodologies used to study the impact of stress vary largely from
one study to another, making it difficult to draw general conclusions.
Many factors may account for these discrepancies, such as the temporal
period between stress exposure and fear learning, the type of stressor
used, and the targeted stress wave.

The time between stress exposure and fear learning is crucial, given
that GCs have effects through non-genomic (rapid pathway of actions)
and genomic mechanisms (slower pathway of gene-mediated actions)
(Joels, Pu, Wiegert, Oitzl, & Krugers, 2006; Schwabe et al., 2012). This
raises the importance of considering the time lapse between stress ex-
posure or stress hormone modulation and fear acquisition in order to
identify which mechanisms are at play and modulate fear learning.

Furthermore, different stress protocols have been used in fear con-
ditioning studies, providing distinct information. A physical stressor is
generally used in order to activate the first stress wave, allowing to
study the effect of the SAM axis activation on fear responses (Antov
et al., 2013). However, such procedure does not consider the cognitive
load of stress, which usually accompanies a stress reaction. In fact,
psychosocial stressors lead to the activation of both stress waves and
also adds a psychological burden (Antov & Stockhorst, 2014; Antov
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et al., 2013; Jackson et al., 2006; Merz, Wolf, et al., 2013), which could
in turn have an influence on the emotional and cognitive processes at
play. That being said, this type of stressor makes it difficult to isolate
the contribution of each stress system (HPA and SAM axes) on memory
processes. Pharmacological protocols were found to be helpful when
one wants to isolate some specific components. Not only pharmacolo-
gical protocols could be applied alone (e.g., hydrocortisone adminis-
tration), they could also be relevant in the context of stress exposure
(e.g., administrating a beta-blocker to decrease SAM activation and
study the impact of reactive cortisol along with the cognitive load in-
duced by the stressor). Note that these various methods aim to assess
the impact of reactive cortisol (in response to a stressor) on fear. Al-
though the majority of studies reviewed in this manuscript considered
reactive cortisol, it is also possible to assess the impact of endogenous
cortisol (basal levels under non-stressful conditions) on fear condi-
tioned responses (Merz et al., 2013a; Zorawski et al., 2005).

Additionally, cortisol levels have been shown to modulate memory
performance, following an inverted-U shaped relationship, where
memory performance (y axis) varies according to cortisol levels (x axis)
(Lupien, Maheu, Tu, Fiocco, & Schramek, 2007). Both very low and
very high levels of cortisol have been shown to be deleterious for
memory performance, whereas moderate cortisol levels provide op-
timal memory performance (Lupien et al., 2007). In this manuscript,
the reviewed evidence suggests that during fear acquisition, high en-
dogenous cortisol levels (basal levels) in men increase fear brain re-
sponses, while these responses decrease following high doses of exo-
genous cortisol (Merz, Stark, et al., 2013; Merz, Wolf, et al., 2013).
Obviously, endogenous cortisol levels are considerably lower than
cortisol levels reached with an exogenous administration protocol (i.e.,
hydrocortisone). Higher endogenous cortisol levels may therefore in-
crease activations of certain brain regions from moderate to optimal
levels, while exogenous cortisol administration may decrease brain
activations, as it induces a shift on the right end of the inverted-U
shaped curve. One must also keep in mind the different doses used with
such pharmacological protocols, which could sometimes represent su-
praphysiological doses (Cornelisse et al., 2014; Merz et al., 2012, 2010;
Stark et al., 2006; Tabbert et al., 2010; van Ast et al., 2012). Taken
together, these data suggest that fear-related brain activations may
follow a similar relationship with cortisol variations than memory
performance does. In the future, it would be interesting to pharmaco-
logically decrease or increase cortisol levels to understand the impact of
cortisol variations on the fear network activation.

5.2. Fear-related recommendations

Studies investigating fear conditioning largely used SCR and fMRI as
their indices of fear, although other studies have also extended their
investigation by including more indicators, such as FPS, US expectancy,
and brain imaging. Combining multiple systems, such as physiology,
psychology, and brain imaging clearly represents a strength, as com-
bined data could provide a better comprehension of fear outcomes.
Knowing the disparity between self-reports and biology concerning
emotional stimuli (Polackova Solcova & Lacev, 2017; White & Graham,
2016), examining subjective fear responses can add an extra layer of
informative data. At this moment, it is sometimes difficult to reconcile
some of the discrepant results. A more systematic investigation of
multiple indices of fear could definitely be beneficial for the field in the
long-term as it would facilitate the comparison between studies and will
undoubtedly allow to have a better comprehension of the field with the
necessary nuances.

These methods all provide information about responses to the
fearful and safety cues. Two main methods are used to analyze these
responses. Some studies look at both CSs independently, while others
use differential scores (subtracting the response to the CS- from the CS
+ response). A large differential score can be interpreted as a successful
fear learning, reflecting higher reactivity to the threat-signaling cue.
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However, using this differential analytic approach can sometimes
hinder some effects. Indeed, a low differential score during fear ac-
quisition training could suggest an unsuccessful fear acquisition where
fear responses are low to both the CS+ and the CS-, but it can also be
explained by fear generalization, where fear responses are high and
similar to all stimuli. At a clinical level, fear generalization is often
observed in populations who have difficulty in discriminating what is
threatening than what is safe (Duits et al., 2015). Looking at both cue
types (CS+ and CS-) can therefore facilitate the interpretation of the
fear conditioning data. Thereby, if one favors the differential analytic
approach, it could still be relevant to present the data of the CS+ and
the CS- separately in order to have a better grasp of these nuances.

Finally, many protocols have been designed for different purposes.
While most studies use contingency understanding as an inclusion cri-
terion (Hamm & Vaitl, 1996; Hamm & Weike, 2005; Lovibond &
Shanks, 2002; Tabbert et al., 2011), contingency unaware samples are
sometimes used to investigate implicit fear learning (Merz et al., 2010,
2012). This method allows the examination of fear activations in the
brain by using supraliminal stimuli procedure, where distractors are
displayed during fear acquisition training to prevent the declarative
learning. Thereby, the distraction task used to hamper the CS-US re-
lationship could be a focus of attention for participants during fear
acquisition training. This could ultimately blur the results at both the
physiological and neural levels. In other words, data obtained could not
only be due to the fear conditioning protocol, but also to the additional
cognitive task used in this type of procedure. As discussed by Mertens
and Engelhard (2019), numerous factors are important when con-
sidering the validity of unaware fear conditioning results, notably in-
dividual differences (in cognition and perception), the interference
task, and the awareness measure. Other studies have used different
types of fear conditioning paradigm as well. For instance, an instructed
fear conditioning protocol was adopted by Merz et al. (2013), where all
participants were explicitly told the contingency (e.g., this geometrical
shape will be followed by an electric shock). While it was done to ob-
tain a contingency aware sample, some studies did not specify any
contingency inclusion criterion (Antov & Stockhorst, 2014; Stark et al.,
2006). Thus, it appears essential to consider the instructions provided
to the participants, due to their potential influence on the outcomes of
interest (Lonsdorf et al., 2017) and to also take into account the criteria
(e.g., contingency awareness) used to include or exclude participants.
For an extensive review on the subject see Lonsdorf et al. (2017).

5.3. Recommendations for sex hormone assessment

So far, only few studies have considered the interaction between
stress and sex hormones in the context of fear conditioning. The phases
of the menstrual cycle have been less investigated in that context (see
Fig. 2), therefore knowledge regarding gonadal profiles is rather lim-
ited. This calls for further investigation of stress impact on fear as a
function of women's hormonal milieu. That being said, recruiting
women on the basis of a particular phase of the menstrual cycle is
clearly a challenge. Moreover, the definition of menstrual cycle phases
often varies from one research study to another. As gonadal levels
fluctuate within the two main phases of the menstrual cycle, re-
searchers must pay particular attention to what they want to assess.
Indeed, the early follicular phase, ranging from day 1-8 according to
different studies (Antov & Stockhorst, 2014; Kirschbaum et al., 1999;
Merz et al., 2012; Wharton et al., 2008), is frequently used to examine
the impact of low levels of estradiol and progesterone. On the other
hand, the (mid)luteal phase, characterized by higher levels of proges-
terone and estradiol, varies from around day 20-26 (Kirschbaum et al.,
1999; Merz et al., 2012; Mordecai, Rubin, & Maki, 2008). To investigate
the effect of estradiol changes only, the early follicular should be
compared to the mid-cycle phase (high levels of estradiol and low levels
of progesterone; which occurs around ovulation time, from day 11-16;
Antov & Stockhorst, 2014). Targeting with more precision a specific
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phase would definitely contribute to disentangle the contribution of sex
hormones when studying the impact of stress on fear. However, only
relying on the women's self-report to target a specific period within the
menstrual cycle might induce some bias. When possible, both self-re-
port data and sex hormone concentrations should be considered when
studying naturally cycling women, where sex hormone levels could be
used to support the self-report data.

In addition, comparing three to four sex hormone subgroups in ei-
ther stress or control conditions can be an issue for feasibility and/or
statistical power. The reported non-significant and inconsistent results
do indeed reflect this reality, where many studies using SCR had less
than 20 participants per group (Merz, Stark, et al., 2013; Merz et al.,
2010; Stark et al., 2006; Tabbert et al., 2010). Knowing the high be-
tween-subject variability in physiological experiments, subgroup mul-
tiplication implies a substantially greater sample size in order to over-
come underpowered analyses (Ney et al., 2018). Importantly, this could
prevent statistical errors that are more likely to occur when statistical
power is low (Gelman & Carlin, 2014).

In this vein, studies where large samples are hard to recruit could
focus on sex hormone profiles treated as a continuous variable. Beyond
small sample sizes, this method can overcome other limitations asso-
ciated with the grouping approach such as miscategorization (e.g., a
woman with rising estradiol levels that is classified in early follicular).
Additionally, looking at the estradiol (E)/progesterone (P) ratio could
also represent an interesting approach to analyze women subgroups,
reflecting a more standardized perspective (Hernandez-Lopez, Garcia-
Granados, Chavira-Ramirez, & Mondragon-Ceballos, 2017). When using
this ratio, the relative weight of each hormone is taken into account.
Unlike using self-reports, it can provide a more objective manner to
classify women through cycle phase categories (e.g., follicular = low E/
low P, ovulation = high E/low P, luteal = moderate E/high P). When
considering it as a continuous measure, the ratio provides useful in-
formation by quantifying the (im)balance between these two hormones,
notably at ovulation versus luteal phase where the E/P ratio becomes
totally inversed (see Fig. 1). For example, a woman at day 8 and day 20
of her menstrual cycle might have similar estradiol concentrations but
will display different progesterone levels. The E/P ratio could reduce
interindividual variability and provide a more complete measure,
giving information about the dynamic between the two hormones.

5.4. Future perspectives: A drift towards clinical data

Most studies examined the question on how stress impacts fear
conditioning in healthy participants, generally with the intention of
understanding mechanisms behind the etiology of certain psycho-
pathologies such as PTSD. However, few studies were conducted in
clinical populations. Due to the frequent associations between dysre-
gulations of the stress system and various mental health disorders
(Adam et al., 2017; Agorastos, Pervanidou, Chrousos, & Kolaitis, 2018;
Berger et al.,, 2016; Staufenbiel, Penninx, Spijker, Elzinga, & van
Rossum, 2013), exploring stress mechanisms in fear conditioning
among clinical samples is valuable, and could further inform on the
maintenance of some symptoms that characterize these psychopathol-
ogies.

So far, the impact of acute stress on fear has rarely been studied in
populations with dysregulated stress levels such as PTSD, major de-
pressive disorder (MDD) and anxiety disorders (Dunlop & Wong, 2019;
Faravelli et al., 2012; Stetler & Miller, 2011; Steudte-Schmiedgen,
Kirschbaum, Alexander, & Stalder, 2016). Among the few studies, it has
been shown that cortisol suppression leads to reduced physiological
fear responses in PTSD patients (Jovanovic et al., 2011). Kuehl and
collaborators (2020) recently investigated the effects of yohimbine-in-
duced SAM axis activation on fear responses in MDD patients with or
without childhood adversity. While yohimbine increased fear re-
sponses, no effect of MDD was found. However, the activation of the
SAM axis worsened CS differentiation in individuals without a history
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of adverse childhood experiences. The opposite pattern was found (at a
trend level) in individuals with a history of adverse childhood experi-
ences. Taken together, these data call for the importance of considering
the population type when assessing the impact of stress exposure and
stress hormones on fear memory formation and consolidation. More
studies are therefore needed in order to better characterize the effects of
stress on the etiology, severity, and maintenance of fear- and stress-
related psychopathologies.

6. Conclusion

Stress is an inherent component in the formation of traumatic fear
memories. Fear conditioning protocols allow to evaluate the acquisition
and extinction of fear. By combining them with a stress exposure pro-
tocol, they offer the possibility to investigate how stress can impact
emotional memory. Given that fear- and stress-related pathologies are
marked by considerable sex differences, this review hence described the
effects of pre-acquisition stress on fear conditioning, by considering the
contribution of sex and sex hormone levels. In men, stress hormones
seem to enhance physiological threat differentiation, while reducing
fear network activation. In women, considering sex hormone profiles
allows to draw a clearer picture of how the stress and fear networks
interact. In women taking oral contraceptives, cortisol appears to in-
crease activation in several fear-related brain regions. As for naturally
cycling women, few data are available regarding their gonadal hor-
mone levels and many inconsistencies are reported. This review also
unveiled extinction impairments induced by pre-acquisition stress, a
finding that seems to hold irrespective of sex.

We focused on result disparity and tried to understand which as-
pects might be underlying it. Results appear not only to be influenced
by sex hormone grouping, but also by methodological differences per-
taining to both fear conditioning and stress protocols. Importantly,
other factors have been identified in the literature as key modulators of
the main concepts reviewed here (stress, fear, and sex differences)
(Lonsdorf & Merz, 2017). As an example, ethnicity (Asnaani, Richey,
Dimaite, Hinton, & Hofmann, 2010; Lewis-Fernandez et al., 2010;
Martinez, Franco-Chaves, Milad, & Quirk, 2014), education
(Rosenbaum et al.,, 2015), and some personality traits (Indovina,
Robbins, Nunez-Elizalde, Dunn, & Bishop, 2011; Otto et al., 2007;
Rauch et al., 2005) have been shown to influence conditioned fear.
While some of these factors are often considered in the study recruit-
ment to balance groups or statistically account for them (e.g., age,
ethnicity), others might be less often examined and may distribute
unevenly between the groups studied. For example, sex differences
have been reported in anxiety-like traits. Women endorse more neu-
roticism (De Bolle et al., 2015; Lynn & Martin, 1997), and have a
greater tendency to ruminate (Johnson & Whisman, 2013). As such,
isolating the contribution of each factor could be a challenge. Future
studies should therefore pay particular attention to such variables and
to factor them in their analyses when needed.

In sum, this review provided an overview of the various studies
assessing the impact of stress on fear learning as a function of sex dif-
ferences and sex hormones. The interaction between these three do-
mains is complex and could be influenced by several methodological
factors. Paying attention to these factors will hopefully allow a better
understanding of the question and will make significant contributions
in clinical settings.
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