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Abstract

Age and sex are two of the three major risk factors for Alzheimer’s disease (ApoE-e4 allele is the
third), with women having a two-fold greater risk for Alzheimer’s disease after the age of 75
years. Sex differences have been shown across a wide range of cognitive skills in young and older
adults, and evidence supports a role for sex steroids, especially estradiol, in protecting against the
development of cognitive decline in women. Sleep may also be a protective factor against age-
related cognitive decline, since specific electrophysiological sleep events (e.g. sleep spindle/slow
oscillation coupling) are critical for offline memory consolidation. Furthermore, studies in young
women have shown fluctuations in sleep events and sleep-dependent memory consolidation during
different phases of the menstrual cycle that are associated with the levels of sex steroids. An
under-appreciated possibility is that there may be an important interaction between these two
protective factors (sex steroids and sleep) that may play a role in daily fluctuations in cognitive
processing, in particular memory, across a woman’s lifespan. Here, we summarize the current
knowledge of sex steroid-dependent influences on sleep and cognition across the lifespan in
women, with special emphasis on sleep-dependent memory processing. We further indicate gaps
in knowledge that require further experimental examination in order to fully appreciate the
complex and changing landscape of sex steroids and cognition. Lastly, we propose a series of
testable predictions for how sex steroids impact sleep events and sleep-dependent cognition across
the three major reproductive stages in women (reproductive years, menopause transition, and post-
menopause).

" Corresponding author. Sara C. Mednick, PhD, Address: UC Irvine, Department of Cognitive Sciences, Irvine, CA, 92697, Telephone:
(949) 824-4607, saramednick@gmail.com.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baker et al.

Key terms

Page 2

Sleep spindles; Progesterone; Polysomnography; Menopause; Menstrual cycle

Introduction

Behavior and brain function are sexually dimorphic across a range of cognitive domains
including memory, emotion, visual perception and spatial navigation (Moyer et al. 1995,
Astur et al. 1998, Lewin et al. 2001, Canli et al. 2002, Cahill 2006, McDevitt et al. 2014,
Diekelmann et al. 2016, Voyer et al. 2016). Generally, women outperform men in verbal
memory tasks including word recall and recognition, name recognition, as well as memory
for emotional stimuli, while men outperform women in visual-spatial tasks and with certain
mathematical abilities (Voyer et al. 1995, Lewin et al. 2001, Voyer et al. 2016). There is also
a marked sex difference in risk for neurodegenerative conditions associated with memory
and learning problems, like Alzheimer’s disease. In fact, women have a 2-fold greater risk
for Alzheimer’s disease after 75 years, a difference not fully accounted for by longevity or
level of education (Hamson et al. 2016). Although the underlying mechanisms for these sex
differences are still unclear, sex steroids likely play a role, particularly in the context of
aging (Henderson 2009, Brinton et al. 2015, Engler-Chiurazzi et al. 2017, Merlo et al. 2017,
Pike 2017).

Decades of preclinical and human research have established the substantial effects of sex
steroids on hippocampal-dependent memory (Luine 2014, Duarte-Guterman et al. 2015,
Hamson et al. 2016). Natural fluctuations in sex steroids across the menstrual cycle and the
gradual diminishing levels in women approaching menopause (menopausal transition)
provide two experimentally tractable windows into their impact on cognition. Studies in
reproductive age women have shown changes in cognition across the difference phases of
the menstrual cycle, yet the results are inconsistent and studies are frequently underpowered
(See (Sundstrom Poromaa and Gingnell 2014) for review). On the other hand, the
menopausal transition combines endocrine and chronological aging with unique mechanistic
impacts on memory function that may make the female brain vulnerable to development of
dementia (Yin et al. 2015). For example, the menopausal transition is associated with altered
hippocampal activity and connectivity, poorer memory performance (Jacobs et al. 2016), and
more memory complaints and difficulties (Gold et al. 2000). Thus, the menopausal transition
has been introduced as an important critical window for the early detection of cognitive
vulnerability, and for implementation of preventive interventions. Importantly, the influence
of sex steroids on memory may be mediated by their effect on other modifiable, protective
biological factors that influence memory, such as sleep. A growing body of evidence shows
that sleep is critical for the long-term formation of memories, with several
electrophysiological events, including slow oscillations (SO) and sleep spindles, linked with
memory consolidation (Walker and Stickgold 2004, Diekelmann and Born 2010, Abel et al.
2013, Rasch and Born 2013).

The age-related diminishment in these sleep electrophysiological features is thought to
contribute to age-related decline in memory (Mander et al. 2013, Helfrich et al. 2018), and
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new research points to the possibility of modifying sleep in older adults to mitigate age-
related cognitive decline (Westerberg et al. 2015, Bubu et al. 2017). Independent lines of
research show that the same electrophysiological features critical for sleep-dependent
memory differ between men and women and are also influenced by sex steroids: women
have more slow wave sleep (SWS) and more slow wave activity (SWA, 0-4Hz) (Dijk et al.
1989, Armitage and Hoffmann 2001, Carrier et al. 2001, Redline et al. 2004), higher sigma
activity, reflecting activity in the spindle frequency range (Carrier et al. 2001), and more
spindles (Gaillard and Blois 1981) during sleep, than men. Further, sleep spindles are
modified by sex hormone changes across the menstrual cycle (Driver et al. 1996). These data
raise the possibility that sleep-dependent memory consolidation may differ between men and
women and also according to changes in sex steroid levels in women, such as across the
menstrual cycle and the menopausal transition, when sex steroid levels decline. However, to
date, only an handful of studies have investigated of the intersection of sex steroids, sleep,
sleep-dependent memory (Genzel et al. 2012), and none have examined this intersection in
the context of aging.

The purpose of this review is to focus attention on the impact of sex steroids on the
formation of long-term memories in women across reproductive stages. Broadly, we discuss
the effects of sex steroid hormones on sleep and memory and on sleep-dependent memory
consolidation, in particular, considering the key role of electrophysiological events such as
sleep spindles and slow oscillations. We also consider the potential effect of exogenous
hormones, such as in the form of oral contraceptives or hormone therapy, on memory. We
integrate the findings within the context of current understanding of the development of
Alzheimer’s disease in women, positing that sleep is an important, modifiable factor that
may protect against cognitive decline and progression to Alzheimer’s disease. Lastly, we call
attention to the need for further research about sex steroids, sleep, and memory
consolidation, integrating these diverse research fields (also see Gervais et al. (2017) for
discussion), to work towards promoting understanding of, and protecting against, memory
decline in aging women.

Although sex differences in sleep and sleep-dependent memory consolidation is not the main
focus of the current work, given the stark sex difference in the prevalence of insomnia across
the lifespan, we have discussed how sex differences in insomnia could contribute to sex
differences in cognitive decline in the Sidebar.

Memory Overview: Focus on the Hippocampus

Memory has traditionally been divided into two distinct categories by the types of memories
that are processed and the neural mechanisms underlying them, (although see alternative
theoretical frameworks (Eichenbaum 2004, Henke 2010). Non-declarative memories
comprise implicit memories such as sensorimotor skills, perceptual skills, habits, priming,
and processing of these types of information are not dependent on the hippocampus (Squire
1992). Declarative memories comprise explicit memories of events, places, and general
knowledge, and processing of these types of memories are initially dependent on the
hippocampus (Squire 1992). A simple, yet revealing, distinction can be made between the
retrieval performance profiles of these two memory systems. Non-declarative memories are
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enhanced after a period of consolidation such that performance increases from the end of
training (Mednick et al. 2003). In contrast, the facilitation of declarative memories usually
consists of decreased forgetting after a post-encoding consolidation period (Jenkins and
Dallenbach 1924, Plihal and Born 1997, Wixted 2004, Payne et al. 2008). Importantly, sleep
plays a role in both of these consolidation processes, such that for declarative memories, less
forgetting is shown after a period of sleep, compared with an equal period of wake, while for
non-declarative memories, performance increases are shown after a period of sleep,
compared to a period of wake. These opposing performance outcomes (i.e. enhanced
memory performance versus decreased forgetting) raise the possibility that the consolidation
of declarative and non-declarative memories relies on distinct mechanisms. Interestingly,
aging is associated with greater decrements in declarative memory, compared with non-
declarative memory (Figure 1, top panel). Therefore, in the next section, we will cover
recent discoveries that shed light on potential mechanisms in non-rapid eye movement sleep
that have been strongly implicated in hippocampal-dependent, declarative memory
consolidation.

Sleep-dependent memory consolidation

Sleep is not monolithic, but can be divided into stages of rapid eye movement (REM) and
non-rapid eye movement (NREM) sleep, with NREM sleep further divided into Stages N1-3
(also termed Stages 1, 2 and slow wave sleep (SWS)) in which EEG brain activity becomes
progressively slower and with greater synchrony of large amplitude slow waves throughout
the cortex. Research has consistently shown that a period of NREM sleep yields greater
memory retention in declarative memory than a comparable period of REM sleep or waking
activity (Yaroush et al. 1971, Barrett and Ekstrand 1972, Plihal and Born 1997, Plihal and
Born 1999). Several electrophysiological features of NREM sleep have been linked with
memory consolidation, with the majority of these studies focusing on the role of Slow
Oscillations (SOs, <1Hz) (Rasch and Born 2013, Genzel et al. 2014).

The breakthrough discovery in rodents that the spatio-temporal firing patterns of
hippocampal place cells during waking got replayed during sleep, and that the replay was
associated with hippocampal sharp wave ripples temporally coupled with NREM SOs
(Buzsaki 2015), established a connection between cognitive processes during wake and
specific offline electrophysiological NREM sleep events (Genzel et al. 2014). Although the
exact nature of the NREM sleep mechanisms that contribute to memory consolidation are
not understood, several theoretical models have been proposed, all of which posit the
importance of coordination between some combination of cortical, hippocampal and
thalamic brain areas via the coupling of neural oscillations associated with each area (Tononi
and Cirelli 2006, Diekelmann and Born 2010, Mednick et al. 2011, Genzel et al. 2014). In
particular, studies support a role of NREM SOs in memory consolidation (Diekelmann and
Born 2010). SOs are cortically-driven <1Hz waveforms with high voltage up and down
states, which reflect global periods of neuronal spiking and neuronal silence, respectively.
Multiple different causal interventions have been used to enhance SOs during post-training
sleep and subsequent memory, including transcranial direct current stimulation within the
SO frequency range (Marshall et al. 2006) and closed-loop triggering of an auditory click
during the down to up transition of an SO (Ngo et al. 2013).
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Recent studies have shown that declarative memory performance in humans can be
enhanced by reactivating memories during NREM, but not REM sleep. Specifically, during
targeted memory reactivation (TMR), information is encoded with an associated cue (e.g.,
odor or sound) and then the cues are delivered during NREM, which enhances memaory for
the cued stimuli, suggesting a causal role of NREM in the memory consolidation process. A
recent combined approach delivering the associated auditory cues during the down-to-up
transition of the SO has also shown enhanced post-sleep, declarative memory, narrowing the
effect of TMR to a specific phase of the NREM SO (Shimizu et al. 2018). Together, these
developments demonstrate a critical role of NREM SOs for memory consolidation, as well
as the potential to utilize these interventions to treat age-related deterioration in memory.
However, further work is needed given that study outcomes using TMR are conflicting and
small variations in the experimental manipulation may lead to different memory outcomes
(e.g. enhanced, decreased or unaltered, see Schouten et al. (2017) for a review).

Sleep spindles are another electrophysiological feature of NREM sleep that play a role in
memory consolidation. Sleep spindles are bursts of oscillatory activity generated by y-
amininobutyric acid (GABA) ergic neurons in the thalamus and the local circuit between
thalamocortical and thalamic reticular nucleus cells. Repetitive spike-bursts cause rhythmic
inhibitory post-synaptic potentials in thalamocortical pathways (Steriade et al. 1987, Wang
and Rinzel 1993). These oscillations are then relayed to the cortex (Steriade et al. 1993, von
Krosigk et al. 1993) and appear morphologically as spindles in the sleep EEG. Spindles are
defined as groups of waves in the 9-16 Hz sigma range in NREM sleep, lasting at least 0.5 s
(De Gennaro et al. 2005, Bodizs et al. 2009). Two kinds of spindles can be differentiated by
distinct spatiotemporal dynamics. “Slow” spindles (<12 Hz, with a spectral peak ~ 10.2 Hz)
predominate over frontal sites and are more pronounced during SWS than Stage 2 sleep,
whereas “fast” spindles (> 12 Hz, with a peak spectral frequency ~ 13.4 Hz) are more
densely distributed over parietal and central sites (M6lle, Bergmann, Marshall, & Born,
2011). However the functional difference between these spindle types is unclear (Andrillon
et al., 2011; Timofeev & Bazhenov, 2005).

Regarding their role in memory consolidation, the number of sleep spindles: 1) increases
following hippocampal-dependent learning (Eschenko et al. 2006); 2) is temporally coupled
with hippocampal sharp wave ripples after spatial navigation in rodents (Siapas and Wilson
1998); 3) facilitates the integration of newly learned information with existing knowledge in
humans (Tamminen et al. 2010); and, 4) correlates with better retention of declarative
memories (Gais et al. 2002, Schabus et al. 2004, Clemens et al. 2005, Schmidt et al. 2006).
In addition, pharmacologically enhancing sleep spindles in humans with zolpidem enhanced
verbal memory performance compared with placebo or sodium oxybate (Mednick et al.
2013). Also, reactivation of hippocampal-neocortical representations during sleep is coupled
with sleep spindles (Bergmann et al. 2012). As mentioned above, a potential mechanism for
consolidation may involve temporal coupling between brain areas associated with replay,
and SO up and down states may provide a temporal framework for synchronized
communication between these areas (Molle et al. 2011). For example, following learning in
a hippocampal-dependent task, sigma activity during the up-state of the slow oscillations
was increased (Molle et al. 2009). Further, memory-boosting interventions such as auditory
and electrical stimulation during sleep increased SO-coupled sigma activity (Marshall et al.
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2006, Ngo et al. 2013). Also, pharmacologically increasing spindle density with zolpidem
increased the temporal consistency of spindle occurrences during the down-to-up phase of
SOs, with performance improvement correlating with this spindle/SO timing (Niknazar et al.
2015). Together, these findings suggest that declarative memory consolidation is facilitated
when thalamic spindles coincide with the down-to-up phase of cortical SOs.

Replay studies in animals report consistent evidence of coupling between hippocampal sharp
wave ripples and cortical SOs. Indeed, this temporal coupling is proposed to be a key
mechanism underlying “the hippocampal-neocortical dialogue characteristic of systems
consolidation, whereby SOs provide a top-down temporal frame for hippocampal oscillatory
events (Crunelli and Hughes 2010, Lemieux et al. 2014). Further, it is hypothesized that
temporal coupling between the thalamus, hippocampus and cortex occurs via the nesting of
individual sharp wave ripple events in the trough of succeeding spindles (Timofeev and
Bazhenov 2005, Staresina et al. 2015), and that these “spindle-ripple” events may represent
a bottom-up mechanism where reactivated hippocampal memory information (coded in
ripples) is passed to spindles, which then reach neocortical networks via the SO temporal
framework (Latchoumane et al., 2017). In summary, both human and rodent studies
demonstrate a relation between NREM sleep events (SOs, sharp wave ripples, and sleep
spindles) and hippocampal memory consolidation, although further research is needed to
elucidate exact mechanisms. In the next sections, we will investigate how these sleep
features, and consequently memory consolidation, vary in concert with hormonal changes in
women, such as across the menstrual cycle and in the menopausal transition.

The reproductive years: Sex steroids, sleep, and memory

Changes in sex steroids across the menstrual cycle and their effects on the brain

Across their lifespan, from puberty to post-menopause, women experience fluctuations in
reproductive hormones (Figure 1, top panel). During the reproductive phase, hormones
fluctuate across the menstrual cycle, which typically lasts 28 days (Rousseau 1998).In a
normal ovulatory menstrual cycle there are cyclical changes in four principal reproductive
hormones, namely luteinizing hormone (LH) and follicle-stimulating hormone (FSH),
released from the anterior pituitary gland, and estrogen and progesterone, released from the
ovaries and corpus luteum (Figure 1, middle panel) . Estrogens are synthesized from
cholesterol in the ovary in fertile women; there are several forms of estrogen, including
estradiol, estrone, and estriol (Farage et al. 2009). Estradiol (E2) is the most potent estrogen
and is commonly measured in research studies. The first half of the cycle (i.e., follicular
phase; days 1-14) begins with menstruation (menses, day 1 — 6) with low levels of E2 and
progesterone, followed by a rise in E2 that peaks on days 12-14, stimulating a surge in LH,
which triggers ovulation (~day 14). An oocyte is released from the follicle and the corpus
luteum then evolves from the ruptured follicle and secretes progesterone and E2 during the
second part of the cycle (i.e., luteal phase; days 15-28) If there is no implantation, hormone
levels decline during the last week of the luteal phase and menstruation occurs. Sex steroids
not only are critical for reproductive function but also impact biology in other ways through
their effects on the brain.
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Sex steroid hormones released from the gonads during development permanently organize
the neural substrate (organizational effects). Later, during puberty and across adulthood, they
exert activational effects in the brain, acting through nuclear estrogen and androgen
receptors to activate functional sex differences in physiology and behavior and exert
influence on many biological systems (McCarthy and Arnold 2011). Estrogen and
progesterone receptors are present in sleep/wake-regulatory nuclei, including the basal
forebrain, hypothalamus, dorsal raphe nucleus, and locus coeruleus (Shughrue et al. 1997,
Curran-Rauhut and Petersen 2002), and E2 inhibits activation of sleep-promoting neurons in
the ventrolateral preoptic nucleus (Hadjimarkou et al. 2008). Sex steroids can also induce
rapid changes through membrane receptors to activate cell-signaling pathways and, adding
further complexity, they influence brain function through their interactions with other
hormonal systems and neurotransmitters. For example, estrogens increase the production
rate and receptor concentration of neuroamines like serotonin and norepinephrine (Arpels
1996) and increase GABA levels in certain brain areas (Mortola, 1996). Therefore, there is
the potential for sex steroids to influence sleep through many pathways. Indeed, rodent
studies that have tracked sleep-wake behavior across the reproductive cycle or administered
E2 and progesterone to ovariectomized rodents, have confirmed that sex steroids modulate
sleep-wake patterns (reviewed in Mong et al. (2011) and Mong and Cusmano (2016)).

Effects of the menstrual cycle on sleep

Studies in humans have taken advantage of menstrual-cycle related variation in sex steroids
to explore their effects on sleep (reviewed in (Baker et al. 2016)). Most studies have found
that latency to sleep and sleep efficiency remain stable across the menstrual cycle in young
women (Driver et al. 1996, Baker and Driver 2007, Driver et al. 2008, Shechter and Boivin
2010). There is a small effect on REM sleep (decreased in the luteal phase (Driver et al.
2008, Mong et al. 2011), but percentage of SWS and SWA in NREM sleep, averaged across
the night, do not change in young women (Ishizuka et al. 1994, Driver et al. 1996, Baker and
Driver 2007), although one study found that SWA is significantly higher in the first NREM
sleep episode of the luteal phase compared with the follicular phase (Driver et al. 2008).

The most dramatic change in sleep in association with the menstrual cycle is an increase in
EEG activity in sigma (spindle) frequency (Ishizuka et al. 1994, Driver et al. 1996, Baker et
al. 2007, Baker et al. 2012) in the luteal phase, when progesterone and E2 are high,
compared with the follicular phase (Figure 2). This increase in EEG activity in sigma
activity likely reflects an increase in spindle density (Dijk 1995). While the mechanism for
this increase in sleep spindles in the luteal phase is not fully understood, it is hypothesized to
involve modulation of GABA-A receptors by progesterone metabolites (Driver et al. 1996),
such as allopregnanolone, a potent positive allosteric modulator of the action of GABA at
GABAA receptors (Harrison et al. 1987, Morrow et al. 1987). Allopregnanolone facilitates
the occurrence of sleep spindles and exerts a similar effect on the high frequency EEG in
rats, although it also attenuates power in the lower frequencies (Lancel et al. 1997,
Damianisch et al. 2001), an effect not apparent in the luteal phase in young women. On the
other hand, we previously failed to find a correlation between high progesterone and
increased spindles in young women (Baker et al. 2012), and it remains to be determined
what drives this menstrual phase-related increase in spindles. Given the dual presence of E2
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and progesterone in the luteal phase, an effect of E2 and/or an interaction between
progesterone and E2 on sleep spindles cannot be discounted. Further, other physiological
changes that occur in the luteal phase, in association with the hormone milieu, such as raised
body temperature (Deboer 1998) may be linked with increased spindling. In sum, the
occurence and magnitude of memory-related sleep spindle activity (density and sigma)
fluctuates with changes in sex steroids across the menstrual cycle in young, reproductive-age
women. Given the importance of sleep spindles for memory consolidation, as described
above, it is feasible that sleep-related memory consolidation may change across the
menstrual cycle. The next section will review the effect on sleep of artificially altering the
hormonal mileu with contraceptives.

Effects of hormonal contraceptives on sleep

Combined oral contraceptives (OCs), used by millions of women around the world, typically
contain ethinyl E2 and a synthetic progestin taken for 21 days and a placebo, taken for 7
days (when withdrawal bleeding occurs). Women taking OCs have high levels of synthetic
hormones but low levels of endogenous E2 and progesterone, similar to levels in the
follicular phase of non-users (Mordecai et al. 2008, Gogos et al. 2014). During the 7-day
placebo interval, although the hypothalamic pituitary ovarian axis slowly regains activity, E2
levels remain suppressed until Day 7 (Mordecai et al. 2008). OCs are effective at preventing
pregnancy through their multiple effects on the hypothalamic pituitary ovarian axis, leading
to suppression of LH and FSH levels, a reduction in endogenous ovarian steroid levels, and
thus inhibition of follicular development and ovulation (Cedars 2002). Ethinyl E2 has a high
affinity for estrogen receptors and is more potent than endogenous E2 (Gogos et al. 2014).
The type of progestin varies depending on the generation of OC, with second generation
progestins (e.g. norgesterel) being more androgenic (the extent to which they can activate
androgen receptors, a characteristic of progestins structurally related to testosterone), and
third generation progestins being anti-androgenic (Gogos et al. 2014). OC brands also differ
in the hormonal dose delivered in an attempt to optimize the balance between good cycle
control and unwanted side effects like break through bleeding (Cedars 2002). Not only can
the total hormonal dose differ across OC brands, with newer brands containing lower levels,
but also the dose can vary across the 21 day period, with monphasic pills containing a
constant dose of progestin and ethinyl E2, and triphasic pills containing a varying dose
designed to mimic the production of progesterone across the natural menstrual cycle. Given
the heterogeneous mix of OC combinations, even within studies, it is challenging to interpret
different study effects.

Few studies have investigated the effects on sleep of OCs in women. Baker and colleagues
(Baker et al. 2001) found that women had approximately 12% more Stage 2 (N2) sleep in
the active phase (synthetic progestin + estrogen, monophasic OCs) versus the placebo phase
of the oral contraceptive pack. Studies also show women taking OCs have more Stage 2
sleep and less SWS than naturally-cycling women in the luteal phase (Baker et al. 2001,
Baker et al. 2001, Shine-Burdick et al. 2002). Given that Stage 2 sleep is a spindle-rich stage
of sleep, it is tempting to speculate that OCs increase the number of sleep spindles, possibly
to a greater extent than is evident in the natural luteal phase, however, none of these studies
investigated the sleep EEG, and further studies are therefore needed to investigate whether
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OCs increase sleep spindles specifically. It should be noted that one study reported that use
of medroxyprogesterone acetate (MPA), a synthetic form of human progesterone depot-
injected and used as a contraceptive, was associated with greater activity in the sigma
frequency band in addition to greater sleep spindle density and peak amplitude during
NREM sleep in women (Plante and Goldstein 2013). This effect could be mediated through
allopregnanolone acting on GABA-A receptors, since animal models have demonstrated that
MPA increases central allopregnanolone (Bernardi et al. 2006).

Overall, few studies have investigated sleep architecture in women taking OCs, and only one
has investigated the sleep EEG, finding increased spindle activity in users of MPA. However,
MPA has negative effects on cognition (Braden et al. 2017), illustrating the complexity in
interpreting how sex steroids could influence sleep on the one hand, and cognition, on the
other, and this complexity extends to understanding effects of sex steroids on sleep-
dependent memory consolidation.

Effects of sex steroids on hippocampus-dependent memory

Several studies have investigated the effects sex steroids (endogenous changes across the
menstrual cycle, and exogenous in the form of OCs) on cognitive function, including
memory, in women. As for sleep regulation, sex steroid hormones can influence cognitive
function through nuclear estrogen and androgen receptors, distributed throughout the brain,
including the prefrontal cortex and hippocampus. They can also act via membrane receptors
to activate cell-signaling pathways, thought to be critical for mediating the cognitive effects
of estradiol (Korol and Pisani 2015), and through their interactions with other hormonal
systems and neurotransmitters (Barth et al. 2015, Nguyen et al. 2016). While sex steroids
can cross the blood-brain barrier to exert their effects, they are also synthesized de novo in
the brain, and specifically in the hippocampus (Frick et al. 2015). In fact, recent work in
rodents suggests that the hippocampus is an important source of estrogen in both male and
female animals, which may be necessary for hippocampal memory formation (Frick et al.,
2015).

E2 affects a diverse range of cognitive processes, with the preponderance of studies
reporting enhancements of learning and memory. The reader is referred to detailed reviews
about the effects of E2 across a range of cognitive domains that are out of the scope of the
current review (Luine 2014, Duarte-Guterman et al. 2015, Hamson et al. 2016). Regarding
memory in particular, E2 exerts its effects at sites in the cerebral cortex, basal forebrain,
hippocampus, and striatum, with the medial prefrontal cortex and hippocampus being the
most studied in this context (Luine 2014). Several mechanisms have been proposed for E2’s
effect on memory, including increasing hippocampal dendritic spine density (Wnuk et al.
2012), modifying cell morphology, signaling and excitability in the hippocampal formation
(McEwen 2002, Romeo et al. 2004, Spencer et al. 2008), and protecting against oxidative
damage to brain tissue (Pourganji et al. 2014). Less is known about the effects of
progesterone on memory, although estradiol and progesterone appear to interact to influence
performance on hippocampal-dependent memory tasks in female rodents (Hamson et al.
2016). Progesterone administered alone has positive effects on some tasks but, in
combination with E2, it abolished the positive effects of E2 on a hon-spatial memory task
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(Bimonte-Nelson et al. 2006). Progesterone may also have an indirect memory effect via
allopregnanolone, a neurosteroid converted de novo in the brain from peripheral produced
progesterone (Reddy and Kulkarni 1998) (Silvers et al. 2003).

Studies of variability in cognitive function, including memory, across the menstrual cycle
have generally shown that women perform better on cognitive tests favoring females (e.g.,
verbal fluency) during the late-follicular (E2 surge) or mid-luteal (high E2/progesterone)
phase of the cycle, compared with the early follicular (menstruation) phase (when E2 is
low), and they perform better on cognitive skills favoring males (e.g., spatial ability) during
the low-hormone early follicular phase (Hampson 1990, Sherwin 2012, Hampson and
Morley 2013). E2 levels correlated positively with verbal fluency and negatively with scores
on a test of spatial ability in young, cycling women (Maki et al. 2002). Recent work has
examined whether strategies used by women to solve a spatial navigation task vary with
menstrual cycle phase: women in the early luteal phase (progesterone + E2) showed greater
engagement of hippocampal spatial strategies, whereas women in the early and late
follicular phase (low E2 and high E2, respectively) relied on striatal response strategies (no
group differences were found in overall navigation) (Hussain et al. 2016).

Overall, the picture of how sex hormones influence hippocampal processing is still
emerging, and research in this area has been hampered by small sample sizes, underpowered
to detect modest effect sizes across menstrual cycle phases, and a lack of thorough within-
subject comparisons across all phases of the menstrual cycle (See (Sundstrom Poromaa and
Gingnell 2014) for review). Studies have also investigated the effects of OCs on memory,
although the same caveats described earlier, such as different brands and doses, apply here
too. Several studies show improved hippocampal memory in women using OCs (reviewed in
(Gogos et al. 2014)). For example, Mordecai and colleagues found that women taking OCs
had better verbal memory during the 21-day active phase, compared to their placebo phase
(Mordecai et al. 2008). Importantly, the majority of studies investigating the effects of sex
steroid hormones on memory performance have only examined general ability in simplistic
laboratory tasks such as dot memory or word pair learning. Examination of more complex
cognitive processes such as hippocampal-dependent long-term memory formation are
crucial next steps in full characterization of sex steroid effects on cognition.

Sex steroid effects on sleep-dependent memory consolidation

The effect of sex steroids on aspects of cognition susceptible to experience-dependent
change, which primarily occur during sleep (such as memory consolidation) has received
little attention in the literature. In a study of 15 young women (18-30 years old), recorded
both in the early follicular and luteal phases of the menstrual cycle, Genzel and colleagues
investigated changes in declarative memory and motor performance between a learning
phase and retesting following either a nap or wake condition (Genzel et al. 2012). Women
had a greater increase in performance on the declarative task after a nap compared to wake
in the luteal phase but not in the follicular phase, suggesting that sleep-related memory
consolidation depends on menstrual cycle phase in women. The authors ran correlational
analyses to explore links between sex steroids, memory performance, and sleep spindles. In
contrast to overnight studies (summarized above), women did not have a noticeable increase
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in spindle activity in the luteal phase relative to the follicular phase, possibly because of the
short duration of stage 2 sleep in the nap (< 30 min, on average). However, they had more
spindle activity (mean spindle amplitude x mean spindle duration) during a nap following
learning compared with a control nap condition, in the luteal phase only, and E2 levels
correlated with spindle density and frequency, suggesting that the menstrual cycle effect on
declarative memory may be mediated by an interaction between E2 and sleep spindles
(Genzel et al. 2012).

In our recent investigation, we considered the effect of self-reported menstrual cycle phase
in addition to sex on memory consolidation of face-name associations following a daytime
nap (Figure 3 (Sattari et al. 2017)). Replicating prior findings, women had superior memory
at the pre-nap test compared with men. However, considering sleep-dependent improvement,
we found that women had poorer post-nap memory consolidation during their menses phase
compared with other times of the cycle and compared to men, similar to Genzel et al.,
(2012). Additionally, we found that men showed the typical associations between
electrophysiological events during sleep (i.e., slow oscillations, spindles, and temporal
coupling of spindles/SOs) and memory performance enhancements, whereas in women, the
associations differed according to menstrual phase (Sattari et al. 2017). Specifically, sleep-
dependent improvement correlated with slow oscillations when women were outside their
menses, while sigma (spindle) activity correlated with improvement during menses.

Together, these studies suggest that the effect of sex hormones on sleep-dependent memory
consolidation may be mediated by modulation of electrophysiological events critical for
thalamocortical replay (Figure 1, bottom left panel).

In a second study, Genzel and colleagues investigated the effect of exogenous sex steroids in
the form of OCs on sleep-related memory consolidation in women (Genzel et al. 2014).
Interestingly, they found that this group of women had a robust increase in declarative
memory performance during retest compared to the learning phase but there was no
additional benefit of a nap. The lack of benefit of a nap on memory consolidation in women
taking OCs is similar to findings for women in the follicular phase (Genzel et al. 2012).
Endogenous levels of E2 and progesterone were low in the women taking OCs (Genzel et al.
2014), a hormonal state that may not facilitate an extra boost to sleep-related memory
consolidation that would otherwise occur from additional sleep (i.e. the nap), and suggesting
that the exogenous hormones in OCs may not enhance sleep-dependent memory
consolidation. However, comparison of data from both studies indicates that women taking
OCs appeared to increase their performance during retest to a greater extent (~ 7 word pairs)
than women in the follicular phase (~4 word pairs), regardless of a nap, suggesting that
exogenous hormones might have an overall positive effect on memory consolidation (Genzel
et al., 2014). Further studies are needed to investigate the effect of exogenous hormones on
sleep-dependent memory consolidation, compared to endogenous hormones, and these
studies need to carefully consider additional methodological issues, especially the
heterogeneous mix of oral contraceptive combinations typically taken since different
progestins may exert different effects (Gogos et al. 2014, Beltz et al. 2015).
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As women progress from their reproductive years towards menopause, changes in the
hormone environment occur, notably with a decline in E2. Given the above-mentioned
influence of hormones on sleep, learning and memory, this change in hormonal environment
could result in alterations in cognitive function, including poorer sleep-dependent memory
consolidation, although this possibility has not yet been investigated, to our knowledge. In
the following sections, we discuss literature that has considered changes in sleep as well as
memory in the context of the menopausal transition to set the stage for future work.

The menopausal transition: Sex steroids, sleep, and memory

Changes in sex steroids across the menopausal transition

The menopausal transition, defined according to the Stages of Reproductive Aging
Workshop (STRAW) criteria (Soules et al. 2001, Harlow et al. 2012), describes the years
leading up to menopause, or final menstrual period (occurs at a median age of 51.4 years)
(Burger et al. 2008). This transition period is a gradual process occurring over about 4 years,
associated with changes in menstrual cycle lengths (early transition), progressing to
increased variability in cycle lengths and skipping cycles (late transition), and finally,
menopause. Overall, there is an increase in FSH and decline in E2 from early to late
transition. But, within any ovulatory menstrual cycle, follicular phase E2 levels tend to be
lower, luteal phase E2 levels higher, and progesterone levels lower, than in younger women
(Hale et al. 2007). Early post-menopause (1-6 years after final menses) is characterized by a
continued rise in FSH and decline in E2 particularly over the first two years (Harlow et al.
2012) after which levels gradually stabilize. Perimenopause is a common term to describe
the menopausal transition and first year post-menopause.

For midlife women, the menopausal transition combines endocrine and chronological aging
with unique mechanistic impacts on memory function that could make the female brain
vulnerable to development of dementia (Yin et al. 2015). Perceived and objective memory
problems emerge in the menopausal transition (Woods et al. 2000), with many women
reporting increased forgetfulness and memory problems (Greendale et al. 2011). Thus, the
menopausal transition may represent a critical window for the early detection of cognitive
vulnerability, and for implementation of preventive interventions.

Changes in sleep across the menopausal transition

Midlife women transitioning to menopause and post-menopause are more likely to report
sleep difficulties, with sleep difficulties due to frequent awakenings the most common
problem (Joffe et al. 2010, Baker et al. 2018). Prevalence rates of self-report sleep
difficulties range between 40-56%, compared to pre-menopausal women in the late-
reproductive stage, who have rates of 31%. This greater prevalence of sleep difficulties in
association with the menopausal transition, even after controlling for age, is evident across
cross-sectional and longitudinal studies. PSG studies of women without severe sleep
complaints (insomnia) and/or severe hot flashes have generally not found poorer PSG-
defined sleep in peri-menopausal or post-menopausal women compared to premenopausal
women (Young et al. 2003). However, in the presence of insomnia and hot flashes, PSG
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sleep disturbances, including increased wakefulness, are apparent and match the subjective
experience of sleep (Baker et al. 2015).

A limited number of studies has investigated the association between sex steroids and EEG
sleep features, particularly those implicated in sleep-dependent memory consolidation, in
women in the menopausal transition. Higher levels of FSH correlated with more PSG-
defined wakefulness in women in the menopausal transition similarly to findings in
reproductive-age women (de Zambotti et al. 2015). On the other hand, another study
reported that increasing FSH over time, reflecting more advancement through the
menopausal transition, was associated with an increasing proportion of SWS (although not
with slow wave EEG activity) (Lampio et al. 2017). In an analysis of PSG changes across
the menstrual cycle in women in the menopausal transition who were still cycling, we found
that the luteal phase was characterized by more awakenings and arousals and less N3 sleep
percentage (de Zambotti et al., 2015). This finding is in contrast to findings described above
for young women, who typically do not show PSG disturbances in the luteal phase, and
suggests that sleep in midlife women may be more vulnerable to the physiological changes
associated with the luteal phase.

Consistent with findings in young women, the luteal phase was associated with elevated
EEG activity in the 14-17 Hz range, which encompasses the upper frequency range of
spindles, as well as greater spindle density compared with the follicular phase (de Zambotti
et al., 2015). These menstrual cycle phase effects were evident in women with and without
insomnia disorder developed in the context of the menopause transition, although the
increase in sigma frequency activity was blunted in women with insomnia (de Zambotti et
al. 2015). Potentially, these weaker sleep spindles could impact memory consolidation in
this group of women, although no studies have yet investigated this possibility (Figure 1,
bottom middle panel).

A critical factor for sleep disruption in the context of the menopausal transition is the
presence of hot flashes. Hot flashes are experienced by up to 80% of women, peaking in the
late menopausal transition and first 2 years after menopause and declining in late menopause
(> 6 years after final menstrual period) (Bacon 2017). Hot flashes are strongly associated
with disturbed sleep architecture and quality (Ohayon 2006, Joffe et al. 2010, Baker et al.
2015), and are also linked with poor memory function (Drogos et al. 2013). Recent studies
have reported an association between physiologically recorded hot flashes during sleep and
altered brain functional connectivity (Thurston et al. 2015) and white matter hyperintensities
(Thurston et al. 2016), but to date no study has thoroughly investigated the intersection
between sleep, hot flashes, brain function and memory during menopause.

In summary, women report more sleep difficulties as they go through the menopausal
transition. While not all women show PSG sleep disturbances, groups of women who are
symptomatic (with insomnia and hot flashes) have more PSG-defined wakefulness, showing
the importance of considering the presence and severity of menopausal symptoms.
Importantly for the consideration of sleep-dependent memory consolidation, women in the
menopausal transition with insomnia showed a less robust increase in spindle frequency
activity during the luteal phase. In the context of the menopausal transition, multiple factors
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could disrupt sleep, including hormone changes and symptoms like hot flashes, and
ultimately impact memory consolidation. Studies are needed to investigate this possibility.

Changes in memory across the menopausal transition

Complaints of memory difficulties are common during the menopausal transition (Mitchell
and Woods 2001, Maki 2013). Women in the menopausal transition in clinical samples and
in samples representative of the general population report increased forgetfulness (Gold et
al. 2000). Subjective memory complaints are associated not only with menopausal stage, but
also with advancing age, low education, lack of full-time employment, low physical activity,
hot flashes, and concentration difficulties. In addition, considerable inter-individual variation
in subjective complaints and objective memory outcomes exist, but subjective complaints
nevertheless correlate significantly with memory performance (Drogos et al. 2013). Studies
about memory performance have been inconsistent, with some studies finding a decline in
verbal memory across the menopausal transition (Berent-Spillson et al. 2012, Epperson et al.
2013, Karlamangla et al. 2017), while others report no or only subtle effects of menopause
on memory (Henderson and Popat (2011), (Henderson et al. 2003, Luetters et al. 2007,
Greendale et al. 2010, Unkenstein et al. 2016). Investigations of relationships between
memory and E2 levels also been mixed in cohort studies of women in the menopausal
transition, with no relationship found between £2levelsand memory performance in
adjusted models (Luetters et al. 2007, Ryan et al. 2012, Epperson et al. 2013) although
higher levels of free E2 were related to better semantic memory (naming) in one cohort
(Ryan et al. 2012) and with better recall in another (Rentz et al. 2017). As shown in rodent
models (Koebele and Bimonte-Nelson 2017), task complexity may be a critical factor, and
performance decrements may not be evident for simple tasks. However, even when using
sensitive tasks of executive ability and incidental memory tasks, no difference in
performance was found according to menopausal stage; although subjective perception of
memory varied, with perimenopausal women feeling less content with their memory and
reporting more memory lapses than pre- and post-menopausal women (Unkenstein et al.
2016). In summary, although memory complaints and memory difficulties are not universal,
women in the menopausal transition who report memory problems do perform lower on
memory tests (Maki 2015).

Given the potentially subtle behavioral changes in memory across the menopausal transition,
recent studies have applied functional magnetic resonance imaging (fMRI) to investigate
neural activity during cognitive processing - which could change in advance of measureable
behavioral changes - in groups of women at different reproductive stages (Berent-Spillson et
al. 2012, Jacobs et al. 2016). In a large study of women in a narrow age range (45-55) years,
designed to minimize the potential confounding effect of age, Jacobs et al (2016) found that
premenopausal and perimenopausal women recruited left hippocampus during a verbal
encoding paradigm more strongly than postmenopausal women, whereas postmenopausal
women had greater bilateral hippocampal connectivity relative to the other two groups,
independent of chronological age. Better retrieval on the task was related to the magnitude
of encoding-related activity within memory circuitry. Further, lower E2 was related to
greater left-right hippocampal connectivity and less left hippocampal activity, implicating
sex steroids in the regulation of this circuitry (Jacobs et al. 2016).
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Taken together, studies show subtle declines in verbal learning and memory across the
menopausal transition, with some of these changes correlating with declining E2 levels, and
recent evidence relating differences in behavior with differences in neural activity in the
hippocampus.

Effects of hormone therapy on memory

Menopausal hormone therapy (MHT) consists of estrogen alone (in women who have had a
hysterectomy), or estrogen plus continuous or cyclical progestin. The formulations differ
from those used for OCs and have lower potency (Gomes and Deitcher 2004). The two types
of estrogen commonly used in MHT are conjugated equine estrogens and micronized E2
(Gomes and Deitcher 2004). MHT has shown mixed effects on cognitive function in post-
menopausal women (Koebele and Bimonte-Nelson 2015, McCarrey and Resnick 2015).
Notably, preclinical and clinical studies show that formulations containing
medroxyprogesterone acetate have a negative effect on memory (Shumaker et al. 2003,
Braden et al. 2016) and recent results from the KEEPS study found that even if initiated in
recently postmenopausal women, according to the critical window hypothesis (Resnick and
Henderson 2002, Sherwin 2012, Maki 2013, Singh et al. 2013) cognitive function was not
improved with hormone therapy (E2/micronized progesterone (Gleason et al. 2015).
Similarly, the Early vs Late Intervention Trial with Estradiol (ELITE), a randomized double-
blind, placebo-controlled trial designed to test the critical window hypothesis, found no
clinically-meaningful effect of oral 17p-estradiol on verbal memory, executive functions, or
global cognition regardless of whether therapy was initiated within 6 years versus 10+ years
after menopause (Henderson et al. 2016). Despite this evidence, results in animals continue
to support the critical window for estrogen therapy, showing differential responses to E2
treatment depending on proximity to menopause onset and age (Galea et al. 2017).

Even though an effect on behavioral measures may not always be apparent in clinical
studies, brain imaging studies have indicated that MHT influences the structure and function
of regions important for memory such as the hippocampus (see Wnuk et al. (2012) and
Comasco et al. (2014) for review). In a recent prospective study in post-menopausal women
aged 52-60, posterior hippocampal gray matter volume was greater in women who received
2mg E2 for three months, compared to those who receive 1mg or placebo (Albert et al.
2017). However, other studies evoking placebo designs have not always found an association
between E2 and greater hippocampal volumes (Resnick et al. 2009). These null results could
be due to the typically short duration of such trials, relative to ‘real’ E2 therapy or due to the
fact that E2 was administered outside of the potential “critical window’ for treatment (i.e.
many years after the onset of menopause). Studies have also investigated how brain
responses during cognitive tasks may be altered as a function of MHT. Overall, fMRI and
PET studies have found that E2 therapy enhances fronto-cingulate brain regions during
cognitive tasks (Comasco et al. (2014). Progestogen may counteract effects of E2, as
although some studies identified increases in prefrontal cortical activation compared to
placebo, effects were smaller compared to E2 only treatment (Smith et al. 2006, Persad et al.
2009). In addition, the majority of fMRI studies have revealed that menopausal women that
began E2 therapy before or close to the onset of menopause had greater activation in the
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medial temporal lobe during verbal memory tasks, compared to those that did not undergo
E2 therapy.

To date, only one study has attempted to include measures of sleep quality, hot flashes and
brain function alongside E2 therapy. Joffe et al. (2006) identified greater inferior frontal and
parietal response during verbal memory and working memory tasks for E2-treated
participants compared to placebo-treated participants with marginally better memory
performance for E2-treated participants. Performance or fMRI response were not correlated
with self-reported sleep quality, however, those in the E2 group who reported hot flashes at
baseline were more likely to show improvement in memory performance, suggesting that
E2’s interaction with hot flashes, brain function and memory warrants further investigation.

In summary, studies of women in the menopausal transition show increased prevalence of
memory complaints, which could be linked with declining E2 levels as well as with the
emergence of symptoms such as hot flashes. While it would thus be expected that replacing
E2 would improve memory, findings from clinical studies are controversial and conflict with
the findings of preclinical studies in animal models. Brain imaging studies, however, show
greater sensitivity to the effects of MHT on the brain and may reveal complex interactions
between hormones, symptoms, and memory in the menopausal transition. To our knowledge,
studies have not yet considered the intersection between the hormone changes of the
menopausal transition and sleep-dependent memory consolidation.

Beyond menopause: sleep and cognitive decline in aging women

After menopause, FSH continues to increase and E2 continues to decrease until levels
stabilize, over a period of about 5-8 years. At this point, further changes in reproductive
endocrine function are limited and processes of somatic aging are more critical (Harlow et
al. 2012). Given the co-occurrence of sleep and cognitive decline with aging, these factors
may be linked (Nebes et al. 2009, Pace-Schott and Spencer 2011, Lim et al. 2012, Wilckens
et al. 2012), although few studies have directly investigated whether sleep spindles and slow
waves are as effective at consolidating memory in older men and women. Certainly, older
adults do not appear to benefit from sleep-dependent consolidation as much as younger
adults (Backhaus et al. 2007, Spencer et al. 2007, Siengsukon and Boyd 2008, Siengsukon
and Boyd 2009). Another study found that in older women (61-74), declarative memory
correlated with spindle density (Seeck-Hirschner et al. 2012). Additionally, Peters and
colleagues reported that sleep spindles were enhanced after a motor learning task in young
adults but not older adults (Peters et al. 2008). Helfrich and colleagues recently examined
thalamocortical coupling of spindles and SO in older adults in relation to fMRI brain activity
and memory performance (Helfrich et al. 2018). Compared with younger adults, older adults
showed different spindle/SO alignment and lower coupling over the frontal pole, and
alignment in both groups predicted post-sleep declarative memory improvement. In addition,
grey matter atrophy within the medial prefrontal cortex predicted inter-individual differences
in the temporal phase coupling between SOs and spindles.

Sleep disturbance is not just a symptom of Alzheimer’s disease (Mander et al. 2016,
Cedernaes et al. 2017). Chronic sleep disruption seems to increase Alzheimer’s disease risk
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(Yaffe et al. 2014); sleep is disrupted in subjective cognitive decline, a preclinical condition
that may led to mild cognitive impairment (MCI) and Alzheimer’s disease (Lauriola et al.
2016); better sleep quality in older adults is associated with lower Alzheimer’s disease risk
(Lim et al. 2013); and treatment of sleep disturbance associated with sleep apnea delays
MCI (Osorio et al. 2015). Other work links sleep deficits directly to Alzheimer’s disease
pathology (AP and tau) and shows a bidirectional relationship: sleep disruption in rodents
and drosophila leads to AP and tau accumulation in the brain (Kang et al. 2009, Roh et al.
2012, Xie et al. 2013, Tabuchi et al. 2015, Cedernaes et al. 2017); conversely, increasing
cortical Ap fragments sleep(Kang et al. 2009, Roh et al. 2012). In patients with Alzheimer’s
disease, MCI, as well as in cognitively normal older adults, poor sleep correlates with
severity of AB and tau pathology (Spira et al. 2013, Liguori et al. 2014, Mander et al. 2015,
Sprecher et al. 2015, Branger et al. 2016), with recent studies showing selective associations
between SOs and spindles and Alzheimer’s disease pathology (Mander et al. 2015, Sharma
et al. 2017). AB clearance through the glymphatic system occurs during sleep (Xie et al.
2013), providing one mechanism linking sleep disturbance and accumulation of Ap in the
brain.

Sleep is a potentially modifiable factor that could be enhanced to counteract memory decline
and progression to Alzheimer’s disease, however, it may be more effective before the onset
of disease when increased AP and tau accumulation in the brain may lead to insurmountable
damage to areas supporting SOs and spindles. Importantly, it is unknown if there are sex
differences in sleep-dependent memory consolidation in older men and women.
Furthermore, the gradual minimization of sex hormones and their cycles during the
menopausal transition and post-menopause has not been investigated as a possible
contributor to decreased spindles, spindle/SO coupling, and the associated memory deficits
in older age (Figure 1, bottom right panel).

Conclusion

Sex hormones impact women’s sleep and cognitive function, including memory, across the
lifespan. During reproductive years, consistent cognitive profiles have emerged that link
fluctuations in sex hormones to specific changes in sleep features that are critical for
memory consolidation. During midlife - which coincides with the transition to menopause -
these same sleep features decline, along with memory. However, the link between changes in
hormones, sleep, and memory has not been addressed, and there are many theoretical and
practical research challenges that need to be considered (See Table 1). Furthermore, the
cognitive hallmark of aging is a progressive deterioration of declarative memory, whilst
considerable changes to sleep also occur. Understanding the implication of hormones in
sleep-dependent memory processes may inform new line of treatments to prevent the most
severe manifestation of cognitive decline, i.e. Alzheimer’s disease. Further, the menopause
transition can offer a unique time-window in which relations among hormones,
neurophysiological sleep process and sleep-dependent memory processes can be investigated
by isolating single factors known to affect distinct domains.
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Highlights
. Sleep electrophysiological events are critical for memory consolidation.
. Menstrual and menopausal variations in sex steroids modify sleep and
memory.
. Sleep-dependent memory consolidation is enhanced during high-hormone

menstrual phases, compared with low-hormone phases.

. Impact of menopausal decline in sex steroids on sleep-memory consolidation
is unknown.
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Sidebar: Sleep-dependent memory consolidation and insomnia disorder: a
sex-specific path to cognitive decline?

Insomnia is the most common sleep disorder, affecting about 10% of the general
population. Although studies about sex-age interaction effects on polysomnographic
(PSG) measures of sleep are conflicting, there is a clear sex by age interaction in the
development of insomnia disorder, which is diagnosed based on self-report rather than
PSG. There is a 2.75-fold increase in the risk for insomnia after the onset of menses in
girls, with no sex differences in the risk of insomnia in the pre-pubertal stage (Johnson et
al. 2006, de Zambotti et al. 2017). These differences are evident even after accounting for
depression and pubertal stage. Increased risk for insomnia in women compared with men
persists across life (Zhang and Wing 2006), even after accounting for the higher
prevalence of anxiety and depression in women, making female sex one of the strongest
predictors of insomnia risk. Reproductive stages impact insomnia prevalence in women-
new-onset insomnia may manifest in women transitioning to menopause, with
menopause-related changes in the hormone environment and menopausal symptoms, like
hot flashes, considered key factors implicated in the etiology of the disorder (Baker et al.
2015, Baker et al. 2018).

Insomnia, diagnosed based on self-report, also shows objective alterations in sleep macro
(Baglioni et al. 2014) and micro (Feige et al. 2013) structure. Elevated activity in
electroencephalographic (EEG) high frequencies (e.g., EEG beta power), considered a
sign of cortical hyperarousal, is a common finding in insomnia patients (reviews: Buysse
et al. (2008); Riemann et al. (2015)). Other alterations in insomnia are evident in EEG
features traditionally thought to be implicated in sleep-dependent memory consolidation,
such as a suppression of SWS (slow wave sleep) and SWA (slow wave activity).
However, few studies have evaluated whether there are underlying sex differences in EEG
markers of insomnia. Buysse et al. (2008) found that women but not men with insomnia
disorder had increased high frequency EEG activity (along with increased low frequency
EEG activity, reflecting increased homeostatic sleep drive, and thus a dual state of “tired
but wired”) compared to controls, suggesting sex-specific differences in insomnia. Our
group showed elevated high frequency EEG activity during rapid eye movement (REM)
sleep in women who develop insomnia in the context of menopause (Baker et al. 2015),
and interestingly, they also did not show a robust increase in EEG activity in the spindle
frequency band in the luteal phase relative to the follicular phase of the menstrual cycle
(de Zambotti et al. 2015), differently from women without insomnia, and young women
(Baker and Driver 2007).

Regardless of sex, insomnia disorder is associated with alterations in memory
consolidation processes (particularly for declarative memories) (for a review, see Cellini
(2017)). Insomnia patients, compared to controls, lack an increase in number of correct
word-pairs recalled at retrieval compared to the pre-sleep learning phase in a declarative
memory word-pair association task (Backhaus et al. 2006); reduced sleep-dependent
improvements (less procedural memory consolidation) in a mirror-tracing task (Nissen et
al. 2006); reduced improvement in mirror tracing draw time on a mirror-tracing task and
a non-significantly attenuated verbal retention rate on a declarative verbal memory task
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(Nissen et al. 2011); greater susceptibility to interference in a declarative word-pair
association task (Griessenberger et al. 2013); and lack of a sleep-related enhancement in
performance at a sequential finger tapping task (Cellini et al. 2014). In these studies,
several sleep-specific features (e.g., amount of REM sleep, REM density, amount of
SWS, activity in the spindle frequency band) were related to memory performance.

In summary, insomnia disorder and sleep-specific features characterizing insomnia seem
to be implicated in the alteration of sleep-dependent memory processes. The long-term
consequences of insomnia on sleep-dependent memory processes are still unknown,
although it has been hypothesized that insomnia may be a factor implicated in the
development of dementia. In an 8-year longitudinal study, normal older adults with
insomnia showed a faster progression to Alzheimer’s disease compared to non-insomnia
participants (Osorio et al. 2011). Whether changes in reproductive hormones (such as
those occurring during menopause), and/or sex-specific factors can account for or interact
with the link between insomnia disorder and dementia, needs to be determined.
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Figure 1.
The top panel depicts changes in sex hormones (black line) and declarative memory (red

line) across the lifespan. The middle panel demonstrates fluctuations in ovarian hormones
across the menstrual cycle, as well as changes in spindle activity (sigma EEG activity and
spindle density) during the follicular and luteal phases of the menstrual cycle. We
hypothesize that spindle/slow oscillation (SO) phase coupling may also fluctuate across the
menstrual cycle. The bottom panel shows predictions for how memory-related sleep events
(spindle activity and SO, and their phase coupling) may change across the reproductive
stages. The left panel shows the reproductive years with monthly cycles of high hormone
periods (luteal phase) containing high spindle activity, SO and spindle/SO phase coupling, as
well as increased sleep-dependent declarative memory, compared with low hormone periods
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(follicular phase) characterized by less spindle activity and phase coupling and poorer sleep-
dependent declarative memory. The middle panel depicts the menopause transition (midlife)
when spindle activity begins to decline and there is the potential for impaired phase coupling
and sleep-dependent declarative memory. During post-menopause (right panel, older age),
women show lower spindle activity and SO, and potentially lower phase coupling, which
may contribute to deficits in declarative memory. Overall, sleep is also more disturbed,
associated with accumulation of Ap in the brain, increasing risk for progression to
Alzheimer’s disease. Links between sex hormone decline, less effective sleep-memory
events and increased sleep disturbance, with Alzheimer disease risk in women remains to be
determined.
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Figure 2.
EEG spectral power during NREM sleep in 11 young women in the mid- and late-luteal

phases (Progesterone >3 ng.mll), relative to mid-follicular phase, showing the specific
increase in sigma frequency activity (14-16 Hz), in the range of sleep spindles, in the luteal
phase. Data taken from (Baker et al. 2012).
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Figure 3.
Memory performance before and after a nap in men and in women studied twice: (1) during

perimenses (-5 days to + 6 days from first day of menstruation), when sex steroid hormones
are expected to be low, and (2) at another time during the menstrual cycle, outside of
perimenses (non-perimenses), when sex steroid hormones are expected to be higher. *
significantly (p<0.05) poorer performance before the nap compared to women (non-
perimenses). # significantly better performance after the nap compared to perimenses and
men. Women in their perimenses recording showed significant forgetting after the nap. Data
taken from (Sattari et al. 2017).
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Table 1

Research challenges and proposed research agenda for understanding links between sex steroids, sleep, and
memory in women

Research challenges

The menstrual cycle is a useful means of examining how a particular behavior like sleep or memory varies in relation to reproductive
hormones. However, studies have mostly considered only two time points in the menstrual cycle, which limits the ability of isolating
effects to a particular hormone (e.g. in the luteal phase, both E2 and progesterone are high). Further, studies have focused mainly on

sex steroids, yet, the gonadotropins (FSH and LH) potentially also influence behaviors like sleep and cognition.

While there is a pronounced increase in sleep spindles in the luteal phase, the mechanism for this increase is unclear, and it remains to
be proven whether these spindles share the same circuitry and functionality as sleep spindles outside of the luteal phase.

Sex steroids may have multiple and sometimes opposing influences on different aspects of memory. It remains to be determined if the
positive effects can be selectively harnessed to benefit women.

Effects of exogenous steroids (in the form of OCs or MHT) on memory are varied and sometimes negative. Only one study investigated
sleep dependent memory consolidation, and found no effect of OCs, although encoding was higher in the experimental group than
naturally-cycling (control) women, raising the question of whether there is a ceiling effect in women taking OCs. There is also a lack of
studies about the effects of OCs on sleep spindles. Overall, studies about OCs are hampered by the heterogeneous mix of compounds
and doses used and the potential effects of simultaneous suppression of endogenous sex steroids.

So far only three studies have examined the effect of sex hormones on sleep-dependent memory consolidation, all of which have been
in naps, not nighttime sleep, and probed limited phases of the menstrual cycle. A more systematic analysis tracking fluctuations in sex
hormones across the phases of the menstrual cycle and the impact on nighttime sleep is warranted.

Recent approaches have been successful in enhancing the process of memory reactivation during sleep, including targeted memory
reactivation (TMR), which matches a sensory stimulus (e.g., odor or sound cue) with target information (e.g., pairs of words, objects,
motor sequences), and then re-presents the cue alone during sleep, and closed-loop auditory stimulation (e.g. 50-ms bursts of pink
noise) during the SO down-to-up-state. These methods i) increase SO power; ii) boost phase-locked spindle activity during the SO
down-to-up-state; iii) enhance declarative memory performance. However, study outcomes are conflicting, the neural mechanisms
underlying these interventions are not yet fully elucidated, potential side effects are still unknown and most importantly, minor
variations in experimental design may lead to completely different outcomes (e.g., enhanced, decreased, or unaltered memories).

Studies have not yet considered whether boosting memory function during sleep should be tailored differently for men and women.
Furthermore, it may be more critical in women to initiate memory consolidation ‘protection’/boosting methods at an earlier life stage
than men - when the hormone circuitry in the brain is still responsive, due to the critical loss of hormone protection for memory after
menopause.

Research agenda

Limited research in small samples indicates that sleep-dependent memory consolidation varies in association with the hormonal
changes of the menstrual cycle in young women, potentially mediated via modulation of electrophysiological events. Further work is
needed to confirm these findings. Also, it is unknown whether this menstrual-related variation persists in older, reproductive-age
women and whether the decline in E2 (and/or rise in FSH) across the menopausal transition is associated with altered sleep-dependent
memory consolidation.

Further work is needed to investigate potential sex-age and reproductive stage-age interaction effects in sleep-dependent memory
consolidation.

Translational work is needed to determine if sleep-dependent memory consolidation can be improved using sleep interventions at
hormone sensitiveftime points (e.g. luteal phase; menopausal transition).

Work is needed to determine if there are specific vulnerable groups of women in the menopausal transition who should be targeted for
intervention (e.g. women with severe hot flashes and insomnia).

Not only is the menopausal transition a critical time period in reproductive aging in women when sleep and aspects of cognition may be
perturbed but it also offers a major advantage in the study of the roles played by hormones in memory consolidation, since it becomes
possible to disassociate factors known to be implicated in sleep-dependent memory consolidation: all women experience a change in
the hormone environment as they approach menopause but the rate of change in FSH and E2 across the transition and into post-
menopause varies between women. Further, there is a mix of ovulatory and non-ovulatory cycles allowing the investigation of the
functional importance of monthly cycling in sleep spindles. There is also variability in hormones within ovulatory cycles (in the early
menopausal transition), such that luteal phase progesterone levels vary. Thus, differences in rate of change in the reproductive hormone
environment allow the opportunity to use longitudinal and cross-sectional designs to study changes and differences in memory
function, including sleep-dependent memory consolidation, in relation to sex steroid levels as well as menopausal symptoms like hot
flashes.

More research is needed in basic models to investigate effects of more gradual changes in ovarian hormones, such as occurs across the
menopausal transition, on brain function including sleep and cognition, as opposed to ovariectomy, which results in an abrupt loss of
hormones. Recently, a rodent model of transitional menopause has been developed (Koebele and Bimonte-Nelson 2016) with first
results showing interesting interactions between age and menopausal transition (Koebele et al. 2017), which may be applied to inform
future studies in women.
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Research challenges

- Understanding the potential interactive mediating role of sex steroids on clearance of the glymphatic system during sleep may provide
an overarching mechanism of age-related cognitive decline, as well as an understanding of the increased risk for women to develop
Alzheimer’s disease.

- Future longitudinal studies are required to firmly establish the link between E2 and brain volume and whether any increases in volume
are associated with preserved memory ability during menopause and later in life. Furthermore, such studies should ascertain the
optimal treatment methods (e.g. cyclic vs. continuous schedule, E2 vs combination-MHT, when to administer in relation to menopause
onset) in order to fully utilize the potentially neuroprotective effects of E2 on hippocampal integrity.
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