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A B S T R A C T

Women are at least twice as susceptible to developing post-traumatic stress disorder (PTSD) compared to men.
Although most research seeking to explain this discrepancy has focussed on the role of oestradiol during fear
extinction learning, the role of progesterone has been overlooked, despite relatively consistent findings being
reported concerning the role of progesterone during consolidation of emotional and intrusive memories. In this
review article, we outline literature supporting the role of progesterone on memory formation, with particular
emphasis on potential memory-enhancing properties of progesterone when subjects are placed under stress. It is
possible that progesterone directly and indirectly exerts memory-enhancing effects at the time of trauma, which
is an effect that may not be necessarily captured during non-stressful paradigms. We propose a model whereby
progesterone’s steroidogenic relationship to cortisol and brain-derived neurotrophic factor in combination with
elevated oestradiol may enhance emotional memory consolidation during trauma and therefore present a spe-
cific vulnerability to PTSD formation in women, particularly during the mid-luteal phase of the menstrual cycle.

1. Background

Post-traumatic stress disorder (PTSD) is a psychiatric condition that
may develop following exposure to a traumatic experience, and is
characterised by re-experiencing trauma, avoidance of trauma re-
minders, hyperarousal, and negative cognition and mood. A core fea-
ture of the PTSD profile is the repeated reliving of traumatic memories.
Impaired retrieval of explicit memories of trauma and distressing,
spontaneous recollections of trauma, known as intrusive memories, are
among the most common and troubling symptoms in PTSD (American
Psychiatric Association, 2013; Brewin, 2011). Intrusive memories in
PTSD are usually distressing and involuntary in nature, are difficult for
patients to voluntarily recall with specificity and contribute to the on-
going state of hyper-arousal that is also characteristic of PTSD (Brewin
et al., 2010; Ehlers, 2010; Kleim et al., 2008). Intrusive memories are
thought to develop during memory consolidation, which is the stage of
memory retention where a brief representation in the brain of an event
is enhanced and stabilised through multiple neural and hormonal
functions for the purpose of long-term preservation (McGaugh, 2000).
Inadequate contextualisation and integration of traumatic experiences
into autobiographical memory during the consolidation process is a key
part of a leading theory of how disjointed memories result in

fragmented intrusions characteristic of distressing aspects of the trauma
(Brewin et al., 2010; Conway and Pleydell-Pearce, 2000; Ehlers and
Clark, 2000). Excessive activation of various hormones due to the ex-
treme stress of trauma exposure is proposed to contribute to an overly
strong memory trace of traumatic experiences (Brewin et al., 2010;
Pitman, 1989; Pitman and Delahanty, 2005; Pitman et al., 2012).

Women are twice as likely to be diagnosed with PTSD than men
(McLean et al., 2011; Silove et al., 2017; Wittchen et al., 2011), a dif-
ference that remains significant even after differences in trauma types
experienced by each sex is accounted for (Blanco et al., 2018; Olff et al.,
2007; Tolin and Foa, 2006). Specifically, women with a history of
trauma exposure, including those with PTSD, reported more intrusive
memories than men; while the non-trauma-exposed controls did not
show such sex difference (Hsu et al., 2018). Unfortunately, much of our
understanding of the role of sex hormones in PTSD, and psycho-
pathology more generally, lags behind our broader understanding of
psychopathology despite gender differences being a pressing issue for
many conditions (Gogos et al., 2019; Kokras and Dalla, 2014; Sun et al.,
2016). In PTSD, some human research has investigated the role of
ovarian sex hormones – primarily oestradiol – in the consolidation of
fear extinction memories, which is thought to be a key mechanism in-
volved in the development of PTSD following trauma (for reviews see
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Glover et al., 2015; Lebron-Milad and Milad, 2012; Li and Graham,
2017; Ney et al., 2018). Specifically, several studies in healthy controls
have found that low oestradiol levels are associated with impaired fear
extinction recall (Glover et al., 2012; Graham and Milad, 2013; Milad
et al., 2010; White and Graham, 2016; Zeidan et al., 2011). Oestradiol
levels are therefore believed by some authors to represent a significant
treatment target for PTSD (Glover et al., 2012, 2015). However, these
findings are not consistent with findings in women with PTSD, sug-
gesting that more research is needed to understand the effect of hor-
mones (Pineles et al., 2016). Further, there is no current evidence for a
low-oestradiol phenotype underlying PTSD in clinical populations.

The low-oestradiol narrative is also largely contained to the role of
oestradiol in the months and years after the trauma has occurred. In the
current review, we discuss evidence that both progesterone and oes-
tradiol are associated with learning and memory, and postulate that
higher levels of these hormones at the time of trauma, rather than lower
hormonal levels following trauma, may explain the heightened pre-
valence of trauma-related disorders in women. We discuss in depth
that, despite a large literature examining the relationship between
progesterone and memory more generally (Barros et al., 2015; Luine
and Frankfurt, 2013), limited attention has been paid to the role of
progesterone in underlying PTSD mechanisms. We therefore pay par-
ticular attention to the molecular mechanisms underlying the re-
lationship between progesterone, stress hormones, and emotional
memory, and provide a novel interpretation for how high female sex
hormones – particularly progesterone – at the time of trauma may be a
risk factor for PTSD due to the potential for progesterone to elevate
stress hormones. This is discussed with reference to existing evidence
concerning the relationship between progesterone, oestradiol, and the
prevalence of intrusive memories.

2. Cortisol, emotional memories and intrusive memories

Memories with an emotional charge are selectively enhanced over
neutral memories through neural and hormonal interactions (McGaugh,
2000). This is a consequence of inhibition of γ-aminobutyric acid
(GABA)ergic terminals by stress-induced adrenergic and glucocorticoid
signalling in the basolateral amygdala (BLA), the centre of emotional
salience, which enhances the consolidation of emotional experiences
through afferent projections to the hippocampus and nucleus ac-
cumbens (McGaugh, 2004; Roozendaal et al., 2009a, 2009b;
Roozendaal and McGaugh, 2011). This is a well-established mechanism
whose key principles have been demonstrated in many animal studies.
For instance, administration of a glucocorticoid receptor agonist into
the BLA, but not the adjacently positioned central nucleus of the
amygdala, enhanced memory retention in rats, whereas glucocorticoid
antagonism of the BLA, but not the central nucleus, impaired memory
retention (Roozendaal and McGaugh, 1997). Similarly, it has been
shown in animal studies that memory-enhancement occurs in interac-
tions between the prefrontal cortex and BLA, with enhancement of
emotional memories through corticotrophin-releasing factor as well as
corticosterone relying on glucocorticoid receptor integrity (Roozendaal
et al., 2009a, 2009b; Roozendaal et al., 2008).

Human studies have confirmed that stress-induced (Bryant et al.,
2013; Chou et al., 2014; Nicholson et al., 2014) or exogenously ad-
ministered cortisol (Rombold et al., 2016), in conjunction with other
stress hormones, positively predicts the number of reported intrusions
following exposure to emotional or traumatic stimuli, which is con-
sistent with preclinical memory literature (Roozendaal and McGaugh,
2011). Further, carriers of high-risk FKBP5 genotypes, associated with
maladaptive cortisol basal and stress-induced reactivity, reported more
intrusive memories of emotional images and had higher salivary alpha
amylase (a biomarker for norepinephrine) at baseline than low-risk
FKBP5 carriers (Cheung and Bryant, 2015).

Although there are several approaches to describing the nature of
intrusions, biological development of intrusive memories is generally

theorised to be a product of over-consolidation of emotional memories
due to excessive glucocorticoid and adrenergic hormone release at the
time of trauma (Brewin et al., 2010; Pitman, 1989; Pitman et al., 2012).
In the dual representation theory of intrusions (Brewin et al., 2010), for
instance, it is stated that intrusive memories are a break-down of the
integration of perceptual and bottom-up processing of memory with
contextual, or autobiographical, memory. Break-down of this integra-
tion of these two categories of memory components is due to loss of
hippocampal volume in PTSD, which is negatively affected due to the
extreme stress of trauma (Shin et al., 2006). Recent research has
identified that stress-responsive genes (eg. COMT) associated with
hippocampal reduction following trauma (Hayes et al., 2017), and
genes involved in glucocorticoid sensitivity (eg. FKBP5) increase the
risk of developing PTSD in those exposed to trauma (Cheung and
Bryant, 2015; Mehta et al., 2011). Similarly, considerable research
suggests that influx of stress hormones at the time of trauma results in
enhanced encoding of situational stimuli that becomes associated with
an overly-consolidated trauma memory trace (Pitman and Delahanty,
2005; Pitman et al., 2012). These memories may be experienced as
intrusive, given their ties with situational reminders that may be di-
rectly or indirectly related to the traumatic experience.

3. Progesterone and steroid hormones

Progesterone and its neuroactive metabolites are involved in
memory through many different mechanisms that are only beginning to
be understood (Barros et al., 2015). Progesterone is a steroid hormone,
along with the other sex hormones (eg. oestradiol and testosterone),
which also are classified in the same category as glucocorticoids, such
as corticosterone and cortisol (Miller and Auchus, 2011; Payne and
Hales, 2004). However, as noted previously, there is some confusion
over the terminology ‘steroid hormone’ and the steroidogenic pathway
more generally (Schumacher et al., 2014). All steroid hormones are
synthesised through hydroxylation of cholesterol to pregnenolone by
the enzymes in the P450 cholesterol side-chain cleavage cytochrome
(P450c) category, as well as the steroidogenic acute regulatory protein
(StAR) (Fig. 1). For instance, hydroxylation of 17OH-progesterone by
P450c21 results in 11-deoxycortisol, which is the precursor to cortisol.
Similarly, both testosterone and oestradiol are end products of the
steroidogenic pathway with pregnenolone or progesterone as inter-
mediate precursors (Miller and Auchus, 2011). Progesterone is also the
mediating hormone between pregnenolone and allopregnanolone,
which has potent influence over the hypothalamic-pituitary-adrenal
(HPA)axis through GABAergic signalling (Crowley and Girdler, 2014).
Progesterone, whilst being a primary female sex hormone, is also pre-
sent in males at lower levels that do not cyclically fluctuate (Oettel and
Mukhopadhyay, 2004). It is important to note that biosynthesis of
cortisol, as well as testosterone and corticosterone, occurs in both males
and females through mediating hormones pregnenolone and proges-
terone. This is important because cortisol has a key role in emotional
memory consolidation. Cortisol can be synthesised by hydroxylation of
progesterone to 17OH-hydroxyprogesterone through P450c17, how-
ever, is also largely mediated by cataclysm of 17OH-pregnenolone by
3β-hydroxysteroid dehydrogenase (3βHSD) (Miller and Auchus, 2011).
Testosterone, on the other hand, is an end product of pregnenolone or
progesterone catabolism through 3βHSD and 17βHSD enzyme catabo-
lism of androstenediol and androstenedione, respectively. Progesterone
is synthesised not only in the ovaries but also in the adrenal gland and
brain, which can occur as part of the stress response (Crowley and
Girdler, 2014). Examination of the steroidogenic pathway at this level
of detail can help us to understand why progesterone and other sex
hormones may interact with cortisol in the aetiology of PTSD symp-
toms.
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3.1. The human menstrual cycle

The human menstrual cycle lasts an average of approximately 28
days and can be divided into the periods prior to and following ovu-
lation which occurs on day 14 (called the follicular and luteal phases,
respectively, Fig. 2). During the early follicular phase (days 1–7), both
progesterone and oestradiol levels are initially low while follicle sti-
mulating hormone produces ovarian follicles. The late follicular phase
occurs as ovulation approaches (days 10-14) and is characterised by
peak oestradiol levels, though progesterone levels remains low. Pro-
gesterone levels begin to rise after ovulation; this is initiated by a rapid
spike in luteinizing hormone and oestradiol at the end of the late fol-
licular phase, as well as a decrease in follicle stimulating hormone
(Becker et al., 2005). The mid-luteal phase (days 18–24) is char-
acterised by peak progesterone levels and a second smaller peak of
oestradiol, during and after which both oestradiol and progesterone
slowly decrease over the luteal phase to reach base levels at men-
struation and the beginning of a new follicular phase and new cycle.

Fluctuation of these ovarian hormones throughout the menstrual
cycle, whilst primarily responsible for regulating reproductive pro-
cesses, are also recognised to influence cognitive, stress-related, and
emotional outcomes (Becker et al., 2005; Gogos et al., 2019; Jang and
Elfenbein, 2018; Kokras and Dalla, 2014). For instance, women with
PTSD report higher depression and phobic anxiety symptoms during the

early follicular phase (when progesterone and oestradiol levels are at
the lowest) compared to the mid-luteal phase (Nillni et al., 2015).

4. Progesterone and memory

The direction of the effect of progesterone on memory in the ab-
sence of stress is generally inconsistent (Barros et al., 2015). In some
studies, progesterone has been shown to have impairing effects on
different aspects of memory. For instance, progesterone compared to
placebo administration in healthy women impaired recognition accu-
racy for faces, possibly by decreasing recruitment of the fusiform gyrus,
prefrontal cortex, and amygdala as shown by fMRI during encoding and
retrieval (van Wingen et al., 2007). Further, in a clinical trial, four
weeks of progesterone therapy had detrimental effects on memory
improvements that had followed from oestradiol treatment in female
Alzheimer’s patients (Honjo et al., 2005). The inhibitory effects of
progesterone on memory are largely attributed to its metabolite, the
neuroactive steroid allopregnanolone, which has high affinity for
GABAA receptors. In early studies, young women who received high
doses of progesterone performed worse on working memory and de-
layed recall tasks and allopregnanolone was most highly correlated
with the memory outcome measures (Freeman et al., 1993, 1992). More
recently, a single dose of allopregnanolone compared to placebo in
healthy women impaired episodic memory (Kask et al., 2008). The ef-
fects observed in these studies are believed to be due to allopregna-
nolone binding to GABAA receptors of which activation produces potent
downregulation of memory consolidation as shown in benzodiazepine
studies (Chapouthier and Venault, 2002). Similarly, increased GA-
BAergic inhibition of the HPA cortisol response during negative feed-
back is associated with decreased memory consolidation with gluco-
corticoids as a key mechanism in stress-mediated memory enhancement
(Roozendaal et al., 2009a, 2009b), and allopregnanolone is known to
increase HPA negative feedback through binding to GABAA receptors
during stress (Crowley and Girdler, 2014; Wirth, 2011). Progesterone is
also reported to have an impairing effect on long term potentiation,
which otherwise alters synaptic plasticity to enhance memory con-
solidation (Foy et al., 2008). Therefore, there are multiple proposed
mechanisms that explain how progesterone might impair memory en-
coding and consolidation of memories (Barros et al., 2015).

Progesterone also appears to have memory enhancing properties.

Fig. 1. Simplified steroidogenic pathway (adapted from Miller and Auchus, 2011). Progesterone is the precursor for the 'stress hormones' including cortisol and the
'sex hormones' including oestradiol.

Fig. 2. The human menstrual cycle, adapted from Sun, et al. (2016). Oestradiol
rapidly peaks at midcycle immediately prior to ovulation. Progesterone peaks
more gradually in the midluteal phase following ovulation.
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Progesterone was associated with significantly improved performance
on verbal working memory tasks, as well as trending improvements on
verbal recall in menopausal women (Berent-Spillson et al., 2015). Si-
milarly, the addition of progesterone to an oestradiol-only hormone
replacement therapy in post-menopausal women resulted in significant
improvement on verbal learning and verbal memory tests (Maki et al.,
2001; Natale et al., 2001). Progesterone has been studied primarily in
animal models of brain injury and aging with potential clinical appli-
cation to patients with dementia. Progesterone administrated to elderly
rats improved performance on hippocampal- and cortical-dependent
memory tasks (Frye and Walf, 2008), and has been more generally
shown to enhance performance in healthy rat models to improve
memory decline (Frye et al., 2009; Harburger et al., 2008; Lewis et al.,
2008). One mechanism by which memory may be enhanced by pro-
gesterone is through neuroprotection (Barros et al., 2015; Singh and Su,
2013). For instance, progesterone has shown neuroprotective properties
by reducing oxidative injury due to glutamate toxicity (Kaur et al.,
2007), and reducing loss of hippocampal pyramidal neurons following
induced ischemia in rats (Morali et al., 2005), among others (see Singh
and Su, 2013).

How progesterone exerts concurrent positive and impairing effects
on memory may be through increased expression of brain-derived
neurotrophic factor (BDNF), which is a known catalyst of memory en-
hancement (Minichiello, 2009) and is found to be a risk factor for PTSD
development following trauma due to its critical role in memory de-
velopment (Andero and Ressler, 2012; Bekinschtein et al., 2014;
Bruenig et al., 2016; Pitts et al., 2019). Animal studies have shown that
progesterone increases BDNF gene and protein expression (Jiang et al.,
2016; Kaur et al., 2007). At the molecular level, this may occur through
progesterone receptor membrane component-1 mediated extracellular-
signal-regulated kinase 5 (ERK-5) signalling, which was shown to fa-
cilitate BDNF release in rodent glial cells (Kaur et al., 2007; Su et al.,
2012). BDNF then plays a critical role in consolidating memories in the
hippocampus, amygdala, and insular cortex through facilitation of sy-
naptic plasticity in these areas (Bekinschtein et al., 2014).

Overall, progesterone-mediated effects on memory consolidation
are inconsistent, and the underlying mechanisms are yet to be fully
understood. However, and as we will review later in this article, the
role of progesterone in emotional memories is likely to interact with
cortisol reactivity, such that higher progesterone will enhance cortisol
bioavailability and memory consolidation more readily in stressful si-
tuations. Progesterone, then, may be key to understanding sex differ-
ences in PTSD prevalence, particularly in the development of intrusive
memories following trauma.

4.1. Progesterone and emotional memory

In intrusive memory paradigms, violent and emotional images or
films are viewed by participants in the laboratory (James et al., 2016).
Participants will record the nature and quantity of emotional and in-
trusive memories that they experienced after viewing of, and/or related
to, these images over a number of days following the testing session. It
has been recently shown that women report increased levels of in-
trusive memories compared to men (Rattel et al., 2019). A reliable
finding that may explain sex differences in this literature is that pro-
gesterone levels are associated with variability in emotional memory
encoding and consolidation (Bayer et al., 2014; Ertman et al., 2011;
Felmingham et al., 2012a, 2012b; Ferree et al., 2011; Wassell et al.,
2015; Wegerer et al., 2014). The relationship between progesterone and
intrusive memories is observed in both laboratory (Andreano et al.,
2008; Bayer et al., 2014; Ferree and Cahill, 2009; Soni et al., 2013) and
naturalistic settings (Bryant et al., 2011; Ferree et al., 2012) when
analogue trauma or trauma respectively, is experienced during the mid-
luteal menstrual phase when progesterone is at its peak. As with much
of the progesterone-memory literature, however, there is some lack of a
consistent direction for this effect (Garcia et al., 2018).

4.1.1. The effect of stress induction on progesterone modulation of
emotional memory

We have observed that when studies are separated by presence or
absence of stress induction, the effects of progesterone are far more
consistent. Specifically, most studies that have not used stress induction
have found that higher progesterone levels (Ertman et al., 2011; Ferree
et al., 2011; Soni et al., 2013; Wassell et al., 2015), or being in the mid-
luteal phase compared to early follicular phase (Ertman et al., 2011;
Ferree and Cahill, 2009; Ferree et al., 2011; Soni et al., 2013), is as-
sociated with increased negative emotional memories. Only two studies
have reported that the early follicular phase compared to the luteal
phase was (Bayer et al., 2014), or lower oestradiol levels were (Wegerer
et al., 2014), associated with increased negative intrusive or emotional
memories upon recall compared to the luteal phase. Conversely, those
that have used a stress induction prior to or during memory con-
solidation have consistently reported that higher progesterone levels
(Felmingham et al., 2012a), or being in the mid-luteal phase of the
menstrual cycle (Andreano et al., 2008; Bryant et al., 2011; Ferree
et al., 2012), is associated with increased negative emotional memories
which is similar to the findings of the majority of non-stress studies.
This pattern has important implications for the PTSD literature as it
points to a sex-specific vulnerability that appears to enhance memory
consolidation following a stressful experience for women when pro-
gesterone is high. This finding has also been reported by one of the two
studies recruiting PTSD women in the fear extinction literature (Pineles
et al., 2016, but see Glover et al., 2012).

4.2. Relationship between Progesterone and Cortisol: possible mechanism
underlying intrusive memories in PTSD

There are a number of human studies reporting that increased
progesterone is associated with increased cortisol responsiveness to
stress (Herrera et al., 2016; Kirschbaum et al., 1999; Roca et al., 2003).
Several emotional memory studies measuring progesterone have also
reported that free cortisol level is associated with increased proges-
terone but not oestradiol and is associated with increased memory for
emotional stimuli following stress induction (Andreano et al., 2008;
Felmingham et al., 2012a). That increased cortisol is observed in
menstrual phases typified by heightened progesterone, the mid-luteal
phase, might imply that there is increased basal cortisol levels more
generally during these menstrual phases. Unfortunately, there is not
enough research for understanding basal cortisol level fluctuation
across the menstrual cycle. Current evidence is mixed, with suggestions
of no variation across cycles (McCormick and Teillon, 2001), trending
variation across the cycle (Walder et al., 2012), variation in longer than
average cycles (Nepomnaschy et al., 2011) and variation depending on
whether the female has previously given birth (Fanson et al., 2014).

Conversely, research examining the bioavailability of cortisol in
different menstrual phases when under stress suggests that cortisol is
more readily available – although maybe not generally heightened in
basal levels – during the luteal phase. For instance, Herrera et al. (2016)
most recently measured salivary cortisol following acute laboratory
stress induction, the cold pressor task, in naturally cycling women. They
found that women with high progesterone had significantly higher
salivary cortisol response to the stressor, compared to women with low
progesterone. This finding is replicated in other studies using social
stress with ACTH administration, cold pressor stress and exercise stress
(Felmingham et al., 2012a; Kirschbaum et al., 1999; Roca et al., 2003),
however was contradicted in Maki et al. (2015) who found lower cor-
tisol responsiveness to social stress in women in the luteal compared to
follicular phase. This anomalous finding is not easily reconcilable with
the previous literature, as previous studies used similar stress tasks and
general procedures yet found opposite results. However, Maki et al.
(2015) reported a relatively high proportion of cortisol non-responders
to their stress manipulation (over 50%). It is possible that physical
stressors, or social stress combined with ACTH administration, may be
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necessary to elicit a strong enough stress response to make cortisol
reactivity differences evident.

Although there is some inconsistency in the relationship between
progesterone levels during the luteal phase, presumably synthesised by
the ovaries, and cortisol availability, progesterone synthesised else-
where also show a relationship with cortisol. Firstly, it is well known
that adrenal progesterone is at least released as part of the adrenocor-
tical downregulating mechanism concurrently with cortisol under
stress, and that release of these hormones is closely correlated (Crowley
and Girdler, 2014; Wirth, 2011; Wirth et al., 2007). This is because both
adrenal progesterone and cortisol are under the control of adreno-
corticotropic hormone (ACTH), which is a key mediating hormone in
the activation of the HPA response to stress. This has been established
by over 50 years of research, where administration of ACTH to both
male and female humans and animals has resulted in significantly in-
creased circulating cortisol and progesterone, verifying that proges-
terone is part of the adrenal stress response (Chatdarong et al., 2006; De
Geyter et al., 2002; De Silva et al., 1983).

Progesterone is therefore considered to be part of the stress response
and is best known for its role in termination of the HPA response
through negative feedback, through its metabolite allopregnanolone.
Briefly, the HPA axis maintains basal status through an inhibitory
GABAergic tone in the hypothalamus and anterior pituitary gland. The
HPA stress response is activated by disinhibition of this GABAergic tone
and renewal of this tone through negative feedback of glucocorticoids
restores the basal status of the HPA axis (Fig. 3) (Keller-Wood and
Dallman, 1984; Tasker and Herman, 2011). Allopregnanolone, through
its affinity to the GABAA receptor, is therefore widely believed to fa-
cilitate the termination of the HPA response to stress through restora-
tion of the inhibitory tone at hypothalamic and pituitary sites of the
HPA axis (Bali and Jaggi, 2014; Crowley and Girdler, 2014;
Schumacher et al., 2014; Wirth, 2011). Although this has mostly been
shown in animal studies (Crowley and Girdler, 2014), administration of
progesterone in humans reduced cortisol responsiveness to subsequent
acute stress tasks (Childs et al., 2010) and allopregnanolone levels were
found to increase in response to acute stress (Droogleever Fortuyn et al.,
2004).

Aside from the classical view where cortisol and progesterone are
synthesised on demand in the adrenal glands (Schumacher et al., 2014),
there is also evidence that stress-induced steroid hormones are syn-
thesised outside of the adrenal glands in the peripheral and central
nervous systems, including the brain (Compagnone and Mellon, 2000;
Do Rego et al., 2009; Taves et al., 2011). For progesterone, this was
demonstrated in one study where increased circulating progesterone
levels were observed following spinal cord injury in rats following
castration and adrenalectomy (Labombarda et al., 2006). Similarly,
human neuronal cell lines express 3βHSD (Brown et al., 2000) and
other enzymes needed for the synthesis of progesterone from choles-
terol are present in the brain and peripheral nervous system (Do Rego
et al., 2009). The human brain also expresses mRNA for hydroxylases
involved in glucocorticoid synthesis (Beyenburg et al., 2001; Guennoun
et al., 1995; Kishimoto et al., 2004; Rupprecht et al., 2010; Yu et al.,
2002) and animal research clearly shows that cortisol and

corticosterone may be synthesised de novo in the brain and peripheral
nervous system (Taves et al., 2011).

We know that: (a) ovarian progesterone levels that peak during the
mid-luteal phase reach circulation, as shown by routine peripheral
hormonal assays; and (b) cortisol and progesterone may both be syn-
thesised de novo and in the adrenal glands; thus it is important to
consider that progesterone is an partial intermediate step in cortisol
biosynthesis (Fig. 1). Specifically, hydroxylation of progesterone me-
tabolite 17OH-hydroxyprogesterone produces cortisol through several
intermediator steps (Miller and Auchus, 2011; Payne and Hales, 2004).
The exact biosynthetic relationship between progesterone and cortisol
during stress is difficult to discern from animal studies, since gluco-
corticoid effects in most routinely studied animals are produced by
corticosteroids rather than cortisol, of which corticosterone is more
fully catalysed from progesterone than pregnenolone. There is some
literature, such as in fish and other animals, whereby P450c gene
transcription is heightened acutely during stress, resulting in on-de-
mand cortisol rather than corticosterone synthesis for regulation of the
stress response (Geslin and Auperin, 2004; Hagen et al., 2006; Sandhu
and Vijayan, 2011). There is currently limited evidence that 17OH-
hydroxyprogesterone may be synthesised de novo in mammalian brains
(Compagnone and Mellon, 2000); however this has been shown in birds
(Matsunaga et al., 2001). Therefore, it has been demonstrated both in
classical steroidogenic research that progesterone affects cortisol
synthesis, and this has been more recently observed in vivo and de
novo.

Ultimately, it is clear that: (a) progesterone is a stress hormone and
is active during the stress response; and (b) progesterone release during
stress is correlated with cortisol, which is potentially explainable by it
being a precursor in cortisol synthesis.

5. The role of oestradiol in facilitating memory

Oestradiol is also a prominent regulator of brain BDNF levels
(Carbone and Handa, 2013; Luine and Frankfurt, 2013; Scharfman and
MacLusky, 2006). When administered to mice or rats, oestradiol in-
creases the expression of BDNF protein levels, subsequently inducing
dendritic growth, spinogenesis, and synaptogenesis (Bimonte-Nelson
et al., 2004; Sasahara et al., 2007). BDNF expression may be regulated
by oestradiol due to the presence of an oestradiol response element on
the BDNF gene as part of the well-characterised genomic functions of
oestradiol (Bjrnstrm and Sjberg, 2005; Sohrabji et al., 1995). Rapid
increases in spinogenesis, dendritic growth, and synaptogenesis are
observed in animals administered oestradiol or synthetic oestradiols,
and these increases are associated with enhanced memory consolida-
tion (Inagaki et al., 2012; Kramár et al., 2009; Luine, 2016; Luine and
Frankfurt, 2013). The role of oestradiol in facilitating memory con-
solidation and learning has attracted attention in clinical domains such
as dementia and schizophrenia (Gogos et al., 2015; Sherwin, 2012). In
particular, oestradiol displays robust enhancing effects on verbal
memory (Maki et al., 2002; Sherwin, 2012) as well as cognitive en-
hancement in tasks such as prepulse inhibition and higher order cog-
nitive functioning (Gogos, 2013; Gogos et al., 2015). Similarly, women

Fig. 3. HPA axis and negative feedback, including allopregnanolone (ALLO).
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in menstrual cycle phases associated with heightened oestradiol per-
form better across a range of cognitive and memory measures, in-
cluding verbal memory and fluency (Baker et al., 2018; Gogos et al.,
2014; Sattari et al., 2017).

5.1. Relationship between oestradiol, cortisol and emotional images

Oestradiol is also a potent effector of the HPA stress response. In
animal studies oestradiol has been found to facilitate expression of
corticotrophin-releasing factor (CRF) in the paraventricular nucleus of
hypothalamus during acute stress (Hu et al., 2016; Liu et al., 2012), and
both CRF and oestradiol are increased following stress (Liu et al., 2011).
Oestradiol appears to exert these effects by impairing negative feedback
of the HPA axis in the hypothalamus, with studies showing that glu-
cocorticoid feedback is specifically impaired by oestradiol during stress
(Bangasser and Valentino, 2014; Burgess and Handa, 1992; Weiser and
Handa, 2009). Similarly, oestradiol is known to enhance memory
consolidation, learning, and cognition (Luine, 2016, 2014), with par-
ticularly strong effects on fear extinction learning, the literature for
which will not be covered here due to being extensively reviewed
elsewhere (Glover et al., 2015; Lebron-Milad et al., 2012; Li and
Graham, 2017). Despite this, there is little evidence to our knowledge
for a low oestradiol phenotype associated with predisposition to PTSD.
It is more likely to be the case that, due to the known effect of stress
which can downregulate the hypothalamic-pituitary-gonadal (HPG)
axis and subsequent production of endogenous sex hormones
(Rasmusson et al., 2017; Toufexis et al., 2014), a low oestradiol phe-
notype may develop following traumatic experience. This proposition is
supported by documents of elevated rates of acute stress disorder in
women compared to men (Bryant and Harvey, 2003), suggesting sex
differences are prevalent before the onset of PTSD, which is a chronic
condition. There is some current evidence for oestradiol response ele-
ments on the PACAP gene – a regulator of the HPA stress response – that
may influence outcomes in PTSD for women but not men (Lind et al.,
2017; Ressler et al., 2011). These studies suggest that an oestradiol-
genotype may predispose certain women to PTSD following stress;
however, whether the role of this polymorphism expresses this dis-
position at stages of learning, memory or stress responses is unclear.

Further, despite consistent results from animal studies of the effects
of oestradiol on stress responding and emotional memories, findings
from human studies have been far less consistent. Stress-potentiating

effects of oestradiol have been observed in human stress tasks
(Kirschbaum et al., 1996; Kudielka and Kirschbaum, 2005), but not in
others (Andreano and Cahill, 2010; Felmingham et al., 2012a), and a
role for oestradiol in emotional memories under stress is generally not
supported (Ertman et al., 2011; Felmingham et al., 2012a; Soni et al.,
2013; Wassell et al., 2015; Wegerer et al., 2014), but see Cheung et al.
(2013).

6. A model for intrusive memory vulnerability during the luteal
phase

Based on the evidence reviewed above, a likely explanation for a
lack of enhanced emotional memory during the mid-luteal phase in
studies that did not employ a stressor could be that progesterone and/or
oestradiol are associated with enhanced cortisol bioavailability on de-
mand, rather than with enhanced basal levels of cortisol more gen-
erally. Indeed, multiple human studies have found that, in healthy
women, viewing emotional images is associated with lower cortisol
responsiveness (Corbett et al., 2017; Holsen et al., 2013; Nicholson
et al., 2014; van Stegeren et al., 2008), which suggests that paradigms
consisting merely of viewing of emotional images are often not per-
ceived as stressful enough to consistently elicit a biological stress re-
sponse (hence the move towards emotional or traumatic films as an
analogue for trauma and intrusions, see James et al., 2016).

Conversely, studies that have purposefully elicited a stress response
have found that increased progesterone is associated with both en-
hanced cortisol and memory recall for emotional stimuli (Andreano
et al., 2008; Felmingham et al., 2012a). This effect is mimicked in real
world studies of female trauma survivors, who are by nature the sub-
jects of extreme stress (Bryant et al., 2011; Ferree et al., 2012, but see
Maki et al., 2015). Specifically, increased flashback memories were
reported by women who presented to hospitals following traumatic
experiences that occurred during their mid-luteal menstrual phase
(Bryant et al., 2011). Similarly, hormonal contraceptives are known to
lower endogenous levels of sex hormones. In one study, women who
presented to hospital following sexual assault and who refused to take
hormonal contraceptives reported more intrusive memory symptoms at
a follow-up interview compared to those who did take emergency
hormonal contraceptives (Ferree et al., 2012). Therefore, it is possible
that, during times of enhanced progesterone availability, progesterone
has minimal enhancing effects on emotional memories in the absence of

Fig. 4. The effect of progesterone on intrusive
memories. Green arrows are excitatory path-
ways, red arrows are inhibitory pathways. 1.
Presence of stress/trauma moderates the effect
of progesterone (PROG) on cortisol (CORT)
synthesis. 2. Under stress, progesterone-medi-
ated increased cortisol synthesis increases
brain derived neurotrophic factor (BDNF) sig-
nalling and reduces inhibitory basolateral
amygdala (BLA) signalling, which increases
intrusive memory consolidation. 3. In the ab-
sence of stress/trauma, progesterone levels re-
sult in less intrusive memories through allo-
pregnanolone (ALLO), hippocampal γ-
aminobutyric acid (GABA), and other path-
ways. 4. Stress/trauma may result in intrusive
memories when oestradiol levels are higher
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.).
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stress, though during stress this response rapidly activates memory
enhancement through heightened cortisol bioavailability (Fig. 4). In
support, one other study found that females who underwent a stressor
during memory consolidation had higher memory for emotional stimuli
than men, though had significantly lower memory for emotional stimuli
if they underwent a non-stressful control condition (Felmingham et al.,
2012b). Although not measured in this particular study, this interaction
effect may have been at least partially moderated by the presence of
enhanced progesterone in women, which is elevated relative to men for
half of the menstrual cycle. This study was supported by a similar study
which found that the effect of stress-induced cortisol on emotional
memory consolidation was significantly more prominent in women
with high, compared to women with low, progesterone levels
(Felmingham et al., 2012a).

Therefore, we propose that progesterone may aid the consolidation
of emotional memories during stressful experiences, with evidence of
enhanced likelihood of developing intrusive memories of a traumatic
experience if encoding and consolidation occurs when progesterone is
high (Fig. 4). In our model, we have also incorporated a potential role
of increased progesterone on BDNF, due to the increasingly recognised
relationship between the two (Jiang et al., 2016; Kaur et al., 2007). It is
possible that both adrenal and non-adrenal progesterone might enhance
BDNF signalling to enhance memory consolidation, given that BDNF is
known to be a risk factor for over-consolidation of traumatic memories
(Bekinschtein et al., 2014; Bruenig et al., 2016). Similarly, recent stu-
dies have found that acute but not chronic stress upregulates BDNF
mRNA levels (Molteni et al., 2008; Shi et al., 2010), but not all studies
have replicated this (Lakshminarasimhan and Chattarji, 2012;
Murakami et al., 2005).

We have also included a potential role of oestradiol, as preclinical
research shows that oestradiol may also facilitate enhanced stress re-
sponsiveness (Bangasser and Valentino, 2014). Similarly, as oestradiol
plays a critical role during memory formation through regulation of
BDNF protein levels, we expect that heightened oestradiol is associated
with enhanced memories regardless of the stress condition. For in-
stance, in a recent report, we showed that higher oestradiol in a group
of healthy women was associated with acquisition of conditioned re-
sponding – a key indicator of fear learning and subsequent fear-related
PTSD symptoms – during a standard fear learning and extinction task.
In contrast, lower oestradiol was associated with no differentiation
between aversive and non-aversive stimuli during this learning phase of
the study (Ney, McKay, To, & Felmingham, under review). These
findings are similar to memory effects reported in related literature,
albeit these other studies reported beneficial effects of oestradiol on
consolidation and recall of extinction, rather than fear, memories (re-
viewed in Ney et al., 2018).

Another consequence of the proposed model is that, following ex-
treme stress, interactions between the HPA and HPG axes causes
downregulation of hormone recruitment, which results in the low-
oestradiol phenotype believed to be most vulnerable to PTSD through
impaired fear extinction learning (Glover et al., 2015; Lebron-Milad
et al., 2012; Li and Graham, 2017). Similarly, downregulation of the
HPG axis, leading to decreased allopregnanolone synthesis (Pineles
et al., 2018; Rasmusson et al., 2017), results in an enduring hormonal
PTSD phenotype characterised by reduced extinction learning capacity
driven by downregulated sex hormones. However, it is critical to firstly
note that there is very little existing evidence for this phenotype in
clinical populations, aside from a small collection of genetic studies
such as Ressler et al. (2011). It is also important to consider that women
are more responsive to psychological treatment for posttraumatic dis-
orders than men, which appears to contradict a low-oestradiol pheno-
type hypothesis for PTSD (Felmingham and Bryant, 2012; Galovski
et al., 2013; Stenmark et al., 2014; Wade et al., 2016). Under our model
here increased treatment responsiveness in females likely reflects hor-
monally-driven learning and memory mechanisms that are advanta-
geous during treatment. These same hormone-driven improvements in

learning and memory contribute towards vulnerability to developing
the disorder at the time of trauma by the same mechanism, as well as
through facilitation of stress hormone bioavailability. This approach is
particularly compelling given evidence that rates of acute stress dis-
order are also significantly higher in women than men (Bryant and
Harvey, 2003; Dai et al., 2018). This finding is replicated in symptom
cluster studies, where women have also reported greater number of
intrusions in the acute aftermath of trauma than men (Carragher et al.,
2016; Hourani et al., 2015), suggesting that sex differences in PTSD
symptoms and intrusive memories are evident immediately following
trauma and before the expected course of recovery is expected to occur.

6.1. Pregnancy, labour, PTSD and sex hormones

Based on this model, PTSD should be more prevalent during preg-
nancy, another natural stage of life characterised by fluctuation in sex
hormone levels. However, current research is insufficient to provide
support for or against our model. During pregnancy, progesterone and
oestradiol levels increase dramatically until midway through pregnancy
and stay elevated until the few weeks before childbirth (Csapo et al.,
1971; Tulchinsky and Hobel, 1973; Tulchinsky et al., 1972). Notably,
increases in 17OH-progesterone levels, which is an intermediate be-
tween progesterone and cortisol, is not consistent throughout preg-
nancy and in the second half of pregnancy does not increase until the
final weeks (Tulchinsky and Hobel, 1973; Tulchinsky et al., 1972).
Labour is initiated by decreased levels of progesterone and increased
levels of oestrogens, though this is primarily oestriol rather than oes-
tradiol (Smith et al., 2009). CRF, which is critical to the release of
cortisol in the HPA axis, also increases as labour approaches (Smith
et al., 2009). During labour there are also heightened levels of cortisol
(Benfield et al., 2014); this seems to be oestrogen- rather than proges-
terone-driven (Smith et al., 2009). Levels of sex and stress hormones
decrease dramatically in the days following delivery (Hendrick et al.,
1998; Mastorakos and Ilias, 2003), and these hormone changes are
frequently cited as causes of postpartum mood and other psychiatric
disorders (Ahokas et al., 2000; Hendrick et al., 1998; Schiller et al.,
2015).

There are many epidemiological studies that examine PTSD symp-
tomology during pregnancy and following labour. Overall, pregnancy is
associated with PTSD rates similar to that found in the general popu-
lation (Khoramroudi, 2018; Soderquist et al., 2009); however, most
studies have examined existing cases of PTSD or trauma exposure and
have not measured traumas that occur during pregnancy itself. In this
vein, given the high levels of sex hormones during pregnancy, most
women experience relief from PTSD symptoms as pregnancy progresses
(Muzik et al., 2016; Onoye et al., 2013; Smith et al., 2006). Towards the
end of pregnancy and during labour, however, there are increased rates
of PTSD symptomology compared to during pregnancy (Khoramroudi,
2018; Onoye et al., 2013; Seng et al., 2010). These increased rates
continue postpartum, when development of PTSD following childbirth
is recognised as a clinical risk, especially in at-risk populations such as
those with complicated pregnancies or with trauma histories (Grekin
and O’Hara, 2014; Wijma et al., 1997). However, when risk factors such
as these are accounted for PTSD rates postpartum have been found in
most studies to be only marginally, if at all, higher than in women in the
general population (Alcorn et al., 2010; Polachek et al., 2016, 2012;
Soderquist et al., 2006).

Given the changes in sex hormones throughout pregnancy, it may be
expected based on our theory that PTSD may be more prevalent during
pregnancy, and potentially less prevalent following labour due to de-
creased progesterone levels. However, it is known that cortisol and CRF
levels are high during labour; this is not driven by progesterone but by
oestrogens, which arguably necessitates an oestrogen pathway in our
model. It is also notable that 17OH-progesterone, the intermediate
hormone between progesterone and cortisol, does not increase sig-
nificantly until the few weeks prior to labour (Tulchinsky et al., 1972).
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This pattern of 17OH-progesterone fluctuation does coincide with in-
creasing levels of PTSD prevalence during pregnancy (Khoramroudi,
2018); however, the link between these changes is largely speculative
due to the lack of research on this specific topic. Progesterone’s varying
role throughout pregnancy also highlights the complex nature of hor-
monal activation that leads to PTSD – clearly it cannot be attributed to
only one or only a few hormones. Further to this, no studies to our
knowledge have performed laboratory testing on PTSD symptomology
in pregnant women, and clearly none have been performed during la-
bour. It is therefore impossible based on the current evidence to dif-
ferentiate how a pregnant, compared to a non-pregnant, women may
respond to a traumatic experience. Future studies may wish to explore
this; however, research methods such as analogue trauma or aversive
stimulations will be limited by the necessity of protecting the health of
pregnant women.

7. Limitations and future directions

Several caveats to this model must be considered in future research.
Firstly, some studies using emotional stimuli without stress induction
have found a relationship between progesterone levels and emotional
memory (Ertman et al., 2011; Ferree et al., 2011). This remaining
discrepancy is not well described by our model, however it is consistent
with the broader progesterone memory literature, where progesterone
effects are directionally inconsistent in absence of stress (Barros et al.,
2015). One potential explanation for this inconsistency may be the lack
of rigorous control in these studies of trauma or psychiatric history,
which has a strong influence on memory consolidation. Interestingly,
the same research that shows that healthy participants do not have
cortisol responsiveness when viewing emotional stimuli also suggests
that trauma and psychiatric populations exhibit increased cortisol to
viewing the same emotional stimuli (Holsen et al., 2013; Nicholson
et al., 2014). This implies that trauma exposure, and particularly psy-
chiatric history and condition, enhances sensitivity to stress such that
even a mild stressor such as viewing emotional content can trigger a
biological cortisol response. Therefore, trauma and psychiatric history
should be factored into future studies of emotional memory. In line with
the rest of the progesterone-memory literature, these apparent incon-
sistencies may be due to utilisation of contrasting memory mechanisms
and contexts or may simply be due to differences in research design and
statistical issues due to generally underpowered research. Future stu-
dies should also aim to replicate the progesterone-stress findings to see
if our model extends to different demographics and wider populations,
with implications for PTSD and other disorders.

Similarly, more rigorous human studies are required to understand
the influence of oestradiol on memory consolidation at the time of
stress, particularly given the recent genetic evidence of involvement of
the PACAP gene, which is a key regulator of the HPA axis (Lind et al.,
2017; Ressler et al., 2011). Future studies might explore this model
using genetic techniques, rather than acute levels and responses. An-
other theoretical note might be that sex differences, particularly in the
brain, are often not a product of sex hormones but of more proximal
mechanisms such as inflammatory mediators and immune cells
(McCarthy et al., 2015). For instance, an alternative explanation for the
relationship between luteal phase and cortisol responsiveness might be
that luteinizing hormone, which is responsible for the progesterone
surge and is most prevalent during the luteal phase, also can stimulate
steroidogenesis in the adrenal cortex through activation of luteinizing
receptors (Kero et al., 2000; Pabon et al., 1996; Rao et al., 2004;
Schoemaker et al., 2002). Therefore, increased luteinizing hormone
availability during the luteal phase might enhance stress responsive-
ness, and some human studies have found it to be correlated with in-
creased cortisol in women (Alevizaki et al., 2006; Harlow et al., 1997;
Saxena and Seely, 2012; Tock et al., 2014). Other differences between
the sexes might be attributable to differences in rates of PTSD and other
psychiatric conditions (Cahill, 2006) including gender roles,

socialization, and cognitive factors that should be explored con-
currently with biological indicators in future studies.

8. Summary and conclusions

In this article we have discussed the multi-faceted role of proges-
terone in emotional and non-emotional memory consolidation, with
special relevance to its potential role in the formation of intrusive
memories in PTSD. We have also briefly considered the role that oes-
tradiol may play during stress and during memory consolidation of a
stressful event. Intrusive memories in PTSD are believed to develop due
to excessive stress hormone activation at the time of trauma, which
leads to over-consolidation and poor contextualisation of emotional
memories. Importantly, progesterone is an indirect intermediate in
cortisol biosynthesis, and has relationships to BDNF and FKBP5 which
may increase both stress responding and memory consolidation during
a traumatic event. However, both naturalistic and experimental human
studies have consistently reported that, when under stress, proges-
terone is associated with enhanced emotional memory consolidation
and is correlated with cortisol activation.

We have therefore proposed a model (Fig. 4) whereby progesterone
acts indirectly through cortisol and BDNF to enhance consolidation of
emotional memories into intrusive memories and note that this may
only happen when an experience is sufficiently stressful to elicit a
biological stress response. Specifically, heightened progesterone at the
time of trauma can increase the cortisol response to stress, which, in
conjunction with heightened BDNF levels, enhances memory con-
solidation to a maladaptive level. Similarly, oestradiol may also en-
hance the magnitude of the stress response and consequent memory
consolidation through similar mechanisms. We therefore propose that
the same learning and memory mechanisms that drive heightened re-
covery of PTSD following treatment in women also underlie the in-
creased prevalence of this disorder in women following trauma. We
have presented several lines of evidence to support this model, in-
cluding laboratory studies, field reports, and clinical trials. Further,
there is evidence that sex differences in symptomology are evident even
before PTSD can be diagnosed such that women display higher rates of
acute stress disorder than men. A particular strength of this model is
that it is consistent with evidence from existing theories of PTSD ae-
tiology, including excessive stress activation and the role of oestradiol
in recovery from the disorder, whilst proposing a putative explanation
for why women may be more vulnerable to increased symptomology
and diagnosis. This model also challenges the existing theory that sex
differences in PTSD aetiology are attributable to low oestradiol levels
by emphasising high levels at the time of trauma as the vulnerability
factor. Whilst we believe there is a large amount of existing evidence for
our theory, there is more research needed.

In conclusion, it is clear that women are more susceptible to stress-
related disorders, including PTSD. Despite increasing efforts to under-
stand this discrepancy, however, a comprehensive explanation is still
lacking. Most of the recent efforts have focussed on low oestradiol
during PTSD development and maintenance following trauma. Our
approach here is to model risk factors for PTSD at the exact time of
trauma, such as progesterone. This model needs validation from further
empirical studies, and clinical applications may include ‘first aid’
treatments for men and women immediately following trauma, as well
as potential identification of risk gene variants in progesterone, and
possibly stress-related oestradiol, regulation.
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