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Abstract

We review findings and propose a model explaining why women’s adaptation to traumatic stress might be
different than men’s, including the role of cycling hormones and sleep differences in the development of post-
traumatic stress and other stress-related disorders. Women are diagnosed with stress-related mental health
disorders at a higher frequency than men. Most mental health disorders involve sleep disturbances, which may
contribute to these disorders. The mechanisms by which sleep contributes to the development of mental health
disorders in women have not been addressed in basic research. Sleep features such as spindle density and rapid
eye movement (REM) sleep theta power are important for the role of sleep in emotion and cognition. The effect
of hormonal cycles on these and other critical sleep features is only beginning to be understood. We explore
what sleep factors could confer resilience to mental health disorders and how they might be altered by hormonal
cycles in women. We target a specific system at the nexus of arousal control, stress response, and memory
consolidation processes that has not been explored at all in women or across the hormonal cycle in animal
studies: the locus coeruleus noradrenergic (LC-NE) system.
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Introduction

Sleep and mental health disorders in females

There is an increased vulnerability to stress-related
mental health disorders in women.1 Sleep and mental

health disorders are deeply intertwined. Sleep features are
modified in arousal-related disorders such as insomnia, which
occur more commonly in women.2 Conversely, mental health
disorders are almost uniformly accompanied by sleep dis-
ruptions/changes.3–5 However, most animal studies of sleep,
including those addressing the link to mental health disor-
ders, have been conducted in males, which means not much is
known about the influence of the hormonal cycle on sleep in
females6 or about how sleep changes across the hormonal
cycle might mitigate vulnerability to mental health disorders.
One reason that more studies have not been conducted is the
prevailing view that the hormonal cycle is too complicated to
explore in conjunction with the still unknown interactions
between sleep and mental health.

In this article we turn our attention to a particular mental
health disorder that women are two to four times more likely
to develop than men: post-traumatic stress disorder (PTSD)
and propose a simplified model that invokes the hormonal
cycle to explain the increased vulnerability of women to
anxiety-related disorders involving memory. PTSD is char-
acterized by a maladaptive response to trauma exposure and
involves the physiological axes of stress, arousal, cognition,
and mood. Anxiety, hypervigilance, and negative alterations
in cognition/memory are also symptoms of PTSD. One crit-
ical feature of PTSD is impairment in extinction learning or
its consolidation. In PTSD, previously fear-associated cues
that should longer produce an activation of the stress/anxiety
axis continue to do so.7,8 Disturbed sleep is a common
symptom of PTSD and may play a role in establishing this
disorder. Rapid eye movement (REM) sleep fragmentation,
in particular, is commonly observed in objective sleep studies
of those with PTSD.9 Insomnia is a common complaint and
recent studies of those with insomnia also show REM sleep
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fragmentation and disruptions in the state leading to REM
sleep.10 This transitional state is variously called ascending
stage 2 in humans or transition to REM (TR) sleep and in-
termediate sleep in animals.9

As hormonal cycles in females have been shown to affect
sleep features and architecture, we thought it prudent to as-
sess the common sleep features that change in both PTSD and
across the hormonal cycle. Such investigation could identify
sleep factors that confer resilience to PTSD, particularly in
women.

Estrous cycle changes sleep features relevant
to memory

The varying levels of hormones over the menstrual cycle
in women are known to contribute to alterations in sleep
physiology.10–13 Sleep–wake features also vary across the
estrous cycle in rodents.14,15 Work in rodents has revealed the
role of estradiol and progesterone to alter amounts of REM
sleep and non-REM (NREM) sleep in relation to wake.16,17

We have recently demonstrated that sleep features relevant to
memory consolidation during sleep change across the hor-
monal cycle, including REM sleep amounts, theta power, and
phase coherence in the delta and gamma bands during NREM
sleep, as well as spindle density, power, and coherence in
NREM/TR sleep (Tables 1 and 2).18

REM sleep

REM theta power increases in the neocortex during the last
half of the dark phase of proestrus. Many studies have linked
REM theta power with memory consolidation, most convinc-
ingly Boyce et al.19 Moreover, REM theta power is reduced
in males and females who suffer from PTSD.20 Therefore,
low points in REM theta power across the hormonal cycle,
namely all cycle phases with low estradiol and progesterone,
may be times wherein females are more vulnerable to PTSD.
Conversely, higher theta power in the late proestrus phase
could present a window of resilient sleep. Both slow and fast
REM gamma coherence across brain areas also increases
during the proestrus phase.18 Although there is not much re-
search on gamma during sleep, gamma activity during wake
in humans is shown to be important in working and long-term
memory.21 Furthermore, theta–gamma coupling during REM
sleep has been implicated in information processing.22,23

Interestingly, although theta power, gamma power, and co-
herence peak in late proestrus, females decrease time spent in

REM through shorter REM bout lengths compared with other
phases. REM sleep amounts rebound in the estrous phase
although by then theta and gamma have returned to lower
levels again.18

NREM sleep

Spindle (10–15 Hz sigma) power, density, and coherence
increase across cortical areas during proestrus. Similarly,
spindle density is correlated between cortical areas only
during proestrus in females.18 Increases in the density of
spindles are robustly linked with memory consolidation and
in the integration of new information into existing knowledge
in multiple studies.24–26 Delta power (1–4 Hz) and delta co-
herence also increase during the last half of proestrus across
all brain areas measured (association, prefrontal, and hip-
pocampus), persisting into the first part of estrous.18 Delta
waves, and their hippocampal complement, sharp wave rip-
ples, contain replay of memory sequences and have been
associated with memory consolidation in multiple studies. In
addition, their disruption is associated with impaired per-
formance.27–29

Sex hormones and fear extinction

There have been numerous studies showing the ability of
estradiol to improve memory and learning. Ovariectomized
females lacking estrogens show deficits in learning that are
reversed by administration of estrogens.30,31 Estradiol effects
on learning may be due to direct action on memory-related
synapses, or through indirectly modifying factors/states that
are known to affect memory, that is, sleep. These hormonal
effects extend to fear extinction learning and consolida-
tion/recall. High circulating levels of estradiol enhance fear
extinction recall while low levels impair extinction recall
in naturally cycling rats.32–34 Women taking hormonal con-
traceptives that suppress synthesis of estradiol also show
impaired fear extinction recall.34,35 Furthermore, one study
demonstrates that estradiol supplements improve the efficacy
of exposure therapy in women,36 whereas hormonal contra-
ceptives show decreased efficacy of exposure therapy.37

Fear extinction memory consolidation is relevant to PTSD
because the inability to suppress fear responses to cues that
were once associated with trauma even after extinction train-
ing (exposure therapy) in safe contexts is a hallmark of
PTSD. Many studies have combined to show that low estra-
diol levels contribute to PTSD vulnerability38 and systemi-
cally administering an estradiol receptor 2 agonist reduced
vulnerability.34 Finally, women with low estradiol concen-
trations show higher autonomic signs of anxiety during fear
extinction training,39 further supporting the idea that sex hor-
mone levels can confer vulnerability to PTSD.

Model

The role of locus coeruleus (LC) in stress
responses and sleep

One critical nucleus for adaptive stress response is the
brainstem LC that responds to stressors and helps us quickly
learn about them and consolidate them during sleep. Core
symptoms of PTSD include heightened arousal states, which
are associated with LC firing activity, and are directly linked
with levels of norepinephrine (NE) released throughout the

Table 1. Identified Sleep Features Significantly

Different from Other Menstrual Cycle Phases

in Women

Early
follicular

Late
follicular

Early
luteal

Late
luteal

Sleep quality -12

REM amount +13 +13 -11,12 -11,12

Spindle frequency +12,13 +12,13

NREM/TR sleep
amount

+13 +13

Superscript numbers show publication references reporting the
finding.

NREM, non-REM; REM, rapid eye movement; TR, transition to
REM, aka Stage 2.

SLEEP CHANGES IN FEMALES AFFECTING MEMORY 447



brain. It is generally accepted that the LC-NE system plays a
role in the development or maintenance of PTSD, by over-
activity of arousal networks following salient trauma cues
and via overconsolidation of traumatic memories.

The LC exhibits relatively high levels of firing during
wake compared with NREM and REM sleep. In males, the
LC falls silent during REM sleep and 1 to 5 seconds before
each sleep spindle. We have shown a critical role of LC
silence during REM sleep to consolidating reversal memories
that are dependent on the hippocampus.40 We showed that if
the LC remains active, even at low rates, during REM sleep,
reversal memory consolidation does not happen. Fear ex-
tinction, which is impaired in PTSD and other fear-related
disorders, is similar to reversal learning in that previously
consolidated associations between environmental cues and a
behavior must be actively suppressed and a new competing
association must be encoded. Sleep characteristics, especially
theta power, spindle occurrence, and interregional electro-
encephalographic (EEG) coherence, are all impaired by even
subarousal threshold level 2 Hz activation of the LC during
sleep.

It is unknown whether the female LC falls silent during
REM sleep, or whether there might be a hormone-related
modulation of this silence. The LC is highly responsive to
hormones that change across the estrous cycle, especially
estradiol and progesterone.41–44 In addition, the LC is
strongly inhibited by mu-opioid receptor activation, Curtis et
al., and the concentration of mu-opioid receptors varies sig-
nificantly across the estrous cycle, with highest levels during
proestrus.41 Females have lower mu-opioid receptor function
in the LC than males (ignoring the estrous cycle phase) that
can render the LC overactive.45 If the expression profile
change also occurs in the LC across the estrous cycle, then
low hormonal phases would render the LC even more active.
We posit that if the female LC does not fall silent during
REM sleep at low hormonal phases, then sleep will not serve
to consolidate reversal learning such as contextual extinction
of fear.

Sleep is important in memory consolidation and in the
flexible modification of memories.9,10,19,46 We propose that
poor sleep in the period after a traumatic stressor is a criti-
cal junction point leading to maladaptive fear memory

Table 2. Rodent Cycle Differences in Sleep Features Known to Be Important for Memory

Sleep feature Metestrus Diestrus Proestrus Estrus

REM theta power High18,58

REM gamma coherence High18

Spindle sigma power High18

Spindle sigma coherence High18

Spindle density High18

NREM delta power High18 High18,58

NREM delta coherence High18

Time in REM Low14,16,18,55–59 High16,18,55

Time in NREM Low18,59

Superscript numbers show publication references reporting the finding.

Trauma

Pre-Trauma
Good Sleep 

Pre-Trauma
Poor Sleep

Healthy unsaturated
hippocampus
working with
high associative
memory ability

Encode all 
associated cues

Saturated
hippocampus
and
poor associative
memory ability

Encode only
simple
trauma-cue
associations

REM sleep
SILENT -LC

REM sleep
ACTIVE +LC

LTP and DP,
consolidate
to cortex and
desaturate
hippocampus 

Extinction/
Exposure Therapy

Encode all
associated
safety cues 

LTP only, saturate
hippocampus with
trauma associations

Associative
encoding
impaired

Low Hormone
ACTIVE +LC

Simplified Mechanistic Model

FIG. 1. We propose that the ability to adaptively process a traumatic stressor is dependent on healthy sleep promoting
both strengthening (LTP) and weakening (DP) of memory synapses. Weakening synapses requires silence of locus coer-
uleus (-LC), which normally occurs during REM sleep. DP avoids oversaturation of the hippocampus and allows proper
encoding of all associated trauma cues. Conversely, poor sleep during the pretrauma period or maladaptive sleep (+LC)
during the post-trauma period can contribute to conditions wherein hippocampal synapses are oversaturated and the person
can only encode simple trauma–cue associations, leading to generalization of the fear response and contributing to PTSD
development. Females at low hormone stages may be vulnerable to sleep-mediated hippocampal saturation effects if the LC
continues firing during REM sleep. Effectiveness of extinction/exposure therapy in encoding cues previously associated
with trauma to safety contexts may rely on LTP and DP efficiency, dependent on –LC condition. Hormonal phase and sleep
efficiency should be considered in timing exposure therapies to maximize therapeutic outcomes. DP, depotentiation; LC,
locus coeruleus; LTP, long term potentiation; PTSD, post-traumatic stress disorder; REM, rapid eye movement.
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responses, and directly contributes to PTSD etiology. We
summarize our proposed model in Figure 1. We address
‘‘good sleep’’ features leading to an adaptive post-trauma
response and ‘‘poor sleep’’ features contributing to mala-
daptive responses to stress. Good sleep features would in-
clude those characteristics that have been associated with
strong memory consolidation already mentioned, including
fear extinction,7 which we find all peak at proestrus (Table 2).

Pretrauma good sleep properly encodes and consolidates
salient cues after traumatic stress, appropriately assigning a
danger tag to aspects of the contextual environment directly
linked with danger and safety tags to those aspects within the
environmental context that are not dangerous. This requires
that the novelty encoding networks of the hippocampus not
be oversaturated (see Figure 1), and that the stress axis is not
overstimulated. In contrast, oversaturated hippocampal cir-
cuits and excessive stress activation during the sleep period
after traumatic stress can lead to incorrect or under con-
textualization of danger and safety cues, and thus poor con-
solidation of emotional memories, leading to PTSD. LC
firing during REM sleep may directly contribute to saturation
of hippocampal novelty encoding circuits.46 Depotentiation
processes leading to renewal of hippocampal circuits only
occur in the absence of norepinephrine,47–49 and in males the
LC noradrenergic neurons are turned off for the necessary
length of time to allow depotentiation only in the seconds
before each sleep spindle and during REM sleep. If the
LC remains active across sleep in females at low hormonal
phases, then desaturation of synapses in these novelty en-
coding circuits cannot occur.

Exposure therapy inducing the extinction of fear also
needs an unsaturated hippocampus to encode the safety
context associations. Sleep is necessary for the consolidation
of contextual fear extinction learning.7,50 We posit that ma-
ladaptive sleep, that is, sleep that includes LC firing in TR and
REM sleep, will not serve this purpose because LC firing
reduces sleep spindles, delta power, REM theta power, and
interregional coherence features,39 all found to be important
to the incorporation of new information into existing schema.
Low hormonal phases of naturally cycling gonadal hormones
in females likely impair those adaptive sleep features im-
portant in the consolidation of fear extinction, and this effect
may be due to the burden of maintained LC activity.

Summary and critical unanswered questions

A more complete understanding of the details of female
physiology across sleep is needed to better understand the
increased propensity for mental health disorders such as
PTSD. We have outlined several critical brain activity mea-
sures across the hormonal cycle that are relevant to memory,
and memory processes are critical to cognitive and emotional
function. The locus coeruleus, centrally equipped in its role
as a modulator of arousal and memory via noradrenergic
influence, has been implicated as a vital player in PTSD
etiology.51–53 Overactivity of the LC during the pre- and
post-trauma period, particularly during REM sleep, may
overwhelm memory circuits and mechanisms contributing to
resilient adaptation after stress. Estrogen and progesterone
act on the LC, but it is not known whether cycling sex hor-
mones change NE signaling in emotional processing and
learning centers as a result. In addition, it is unknown whether

the LC falls silent during REM sleep at all phases of the
hormonal cycle in females. REM sleep theta and absence of
NE as a result of pauses in LC activity allow for flexible
modification of memories, which is relevant for the effec-
tiveness of treatments such as exposure therapy. Thus ex-
posure therapy may be most effective at high hormonal
phases or be enhanced by sex hormone modifications such as
adjuvant estradiol.36,54 The consideration of sex hormones
and vulnerability to PTSD may be relevant to questions of
trauma responses in postmenopausal women. Our model
suggests that postmenopausal women, an understudied group
in post-traumatic stress research, are more vulnerable to
PTSD.

Sleep changes across the hormonal cycle and after a
stressful event affect responses to trauma and recovery and
can affect a broad variety of anxiety-related disorders. Hor-
monal stage and sleep tracking in studies of PTSD will aid in
developing effective treatment strategies for this and possibly
other stress disorders.
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58. Schwierin B, Borbély AA, Tobler I. Sleep homeostasis in
the female rat during the estrous cycle. Brain Res 1998;
811:96–104.
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