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Men and women sleep differently. While much is known about the mechan-

isms that drive sleep, the reason for these sex differences in sleep behaviour

is unknown and understudied. Historically, women and female animals are

underrepresented in studies of sleep and its disorders. Nevertheless, there is

a growing recognition of sex disparities in sleep and rhythm disorders.

Women typically report poorer quality and more disrupted sleep across var-

ious stages of life. Findings from clinical and basic research studies strongly

implicate a role for sex steroids in sleep modulation. Understanding how

neuroendocrine mediators and sex differences influence sleep is central to

advancing our understanding of sleep-related disorders. The investigation

into sex differences and sex steroid modulation of sleep is in its infancy.

Identifying the mechanisms underlying sex and gender differences in

sleep will provide valuable insights leading to tailored therapeutics that

benefit each sex. The goal of this review is to discuss our current understand-

ing of how biological sex and sex steroids influence sleep behaviour from

both the clinical and pre-clinical perspective.
1. Introduction
Emerging clinical evidence suggests that sleep dysregulation may have more

severe health consequences for women than men. Compared to men and

boys, women and girls are twice as likely to experience sleep disruptions and

insomnia throughout their lifespan [1]. While much is known about the mech-

anics of sleep (primarily from studies in males), the exact influences of sex

steroids over sleep and basic sex differences in sleep mechanisms remain

significant gaps in our knowledge. This lack of knowledge has significant impli-

cations when one considers that the majority of sleep studies are done in men or

male animals, suggesting that treatment generalized to the male physiology

may not effectively alleviate sleep disruptions in women. There is heuristic

value in comparing and contrasting sleep between the sexes. Understanding

the mechanisms that influence sleep in females will provide valuable insights

that may lead to tailored therapeutics that benefit both men and women.

The objective of this review is to discuss our current understanding of how

biological sex and sex steroids influence sleep behaviour from both the clinical

and pre-clinical perspective. As investigations into how biological sex and sex

steroids influence sleep are in their infancy, this review will also highlight

significant knowledge gaps. The circadian timing system, which has reported

sex differences and is influenced by sex steroids (for review see [2]), is a regu-

lator of sleep; however, this review will mainly focus on sex differences in sleep

behaviour and the underlying sleep circuits.
2. Overview of sleep
Sleep, in most organisms, is a behavioural state best characterized by dimin-

ished responsiveness to external stimuli coincident with changes in cortical

brain activity and muscle tone [3,4]. Although the amount and timing of

sleep vary greatly among species, the occurrence and biological need for
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Table 1. Description of human sleep stages and defining characteristics of EEG wave forms.

human sleep stages

stage behaviour

NREMS

N1 Sleep demarcates the transition period from wakefulness into sleep and is characterized by drowsiness and a low arousal threshold

N2 Sleep a deeper sleep than N1 where brain activity, breathing and heart rate begin to slow and the arousal threshold increases. Unique to

N2 sleep are sleep spindles and K-complexes (see below)

N3 Sleep typically referred to as slow wave sleep (SWS) or delta sleep for the predominance of the low-frequency, high-amplitude delta

waves in the EEG, this is the deepest stage of sleep. The N3 sleep stage is generally accepted as a regenerative period

REMS

REM sleep sleep phase characterized by rapid side-to-side movement of the eyes, muscle atonia and a mixture of high-frequency,

low-amplitude brain waves similar to those present in the waking state

characteristics of EEG wave forms

term description

sleep spindles short bursts of high-frequency activity (11 – 16 Hz) and are thought to be involved in synaptic plasticity and learning and memory

K-complexes common during the transition into stage N3, present as high-amplitude bi- or tri-phasic EGG waveforms that are either spontaneous or

evoked by sensory stimuli. K-complexes, as well as sleep spindles, have been postulated to shield the sleep state from sensory stimuli

slow-wave activity the quantification of the amount of delta frequencies in SWS is an accepted neurophysiological marker of sleep depth and intensity
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sleep is evolutionarily conserved [5]. In mammals, distinct

patterns of neuronal activity mark changes in vigilance

states. Monitoring this neuronal activity via electroence-

phalography (EEG) provides an accurate and quantifiable

assessment of changes in sleep states and patterns. Across

most mammalian species, EEG analysis reveals three basic

vigilance states including (i) wake, which is characterized

by high-frequency, low-amplitude EEGs, (ii) non-rapid eye

movement sleep (NREMS), which consists of slower frequency,

higher amplitude EEGs; and (iii) rapid eye movement sleep

(REMS), which is best characterized by a return to high-

frequency, low-amplitude EEGs (for review see [6]) from

NREMS states. Healthy sleep patterns occur in cycles, starting

with the stages of NREMS (N1–N3; table 1) and progressing

to REMS. On average, sleep cycles in adult humans occur

about every 90 min, resulting in approximately three to five

cycles per sleep period [7]. Sleep that is disturbed by frequent

awakenings (i.e. fragmented sleep), extended periods of

arousals and/or diminished slow wave sleep (SWS) (N3) results

in daytime sleepiness and impaired daytime function [8].

Despite our understanding of sleep behaviour, the func-

tional significance of why we need sleep remains enigmatic.

One prevailing theory with strong supportive evidence is

that sleep serves a restorative function for the brain and

body. Chronic insufficient sleep is a risk factor for a variety

of psychological [9–13], neurological [14–19] and neuro-

degenerative pathologies [16], as well as cardiovascular and

metabolic dysfunctions [20–24]. More recent findings from

clinical studies reveal that women suffering from sleep disturb-

ances and insufficient sleep are at greater risk compared with

men for mood disorders such as depression [25], as well as

metabolic [26] and cardiovascular dysfunction [23,27–29].

Given the increased risks to psychological and physiological

well-being, sleep disorders among women constitute a signifi-

cant public health concern. Yet, surprisingly little is known
about the mechanisms through which biological sex and/or

gender (i.e. one’s sense of self as male or female) influences

sleep and the development of sleep disorders.
3. Clinical perspective
(a) Sex differences in sleep
As sleep is a highly evolutionarily conserved behaviour, the

possibility that men and women sleep differently might not

be immediately evident. In the limited number of polysomno-

graphy sleep studies (PSG; an objective method for analysing

sleep and sleep architecture that includes EEGs) of healthy

subjects where biological sex is considered as a variable, find-

ings of sex differences in sleep are mixed. Differences in

study design, variability in the populations and low

numbers of subjects may contribute to these mixed results.

Consistent across the studies that do report sex differences

are the findings that women have better PSG-defined sleep

quality than men [30–36]. More striking is that this general

finding is consistent across multiple approaches. In a sleep

laboratory study including 31 healthy volunteers with an

average age of approx. 20 years, PSG measures indicate that

women have significantly longer total sleep time and less

total wake time, a shorter sleep onset latency including

time to N1 and N2, and better sleep efficiency than men

[36] (but see [37,38]). Similarly, a cross-sectional analysis of

portable (i.e. in-home) PSG measures from 2685 participants

with an average age of approximately 62 years reports that

men had evidence of lighter sleep when compared with

women of matched ages [35]. Specifically, men accumulate

a greater percentage of N1 and N2 stages with a reduction

in the per cent of deep SWS (N3 stage) and REMS. Consistent

with the suggestion of poor sleep, men in this study also exhi-

bit a higher arousal index and lower sleep efficiency. Another
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Figure 1. Prevalence of insomnia complaints by sex and age in a general
population. Sleep disorders among women are a significant public health
issue: sleep complaints such as insufficient sleep and insomnia are more
prevalent in women. This sex difference in insomnia emerges after puberty,
suggesting that hormonal events underlying puberty may be involved.
Adapted from [1] and based on [47,58,60]. (Online version in colour.)
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significant study of note is a meta-analysis of quantitative

sleep parameters where a subset of studies used PSG or

actigraphy in healthy adult men and women [34]. When

analysed by sex, the findings indicate that women have greater

total sleep times (with less N2 stage sleep) and a greater percen-

tage of SWS than age-matched men. Consistent across a

number of studies is the finding that slow wave activity

(SWA), a measure of sleep intensity during SWS, is greater in

women across ages [33,39–42] and is less affected by aging in

women [41]. Following sleep deprivation (SD), women also

have a greater SWA in recovery sleep, suggesting that sleep

debt accumulates more quickly in women giving rise to sex

differences in the ability to recover from sleep loss [43].

Despite the findings that healthy women objectively have

better quality sleep than men, a paradox exists. Women

across a wide age range report more sleep problems. In sub-

jective studies and self-assessments, women report disrupted

and insufficient sleep more frequently than men [44–48].

They report poorer sleep quality, difficulties falling asleep,

frequent night awakenings and longer periods of time

awake throughout the night [47,48]. It is unclear what

accounts for this discordance between the subjective and

objective sleep findings.

Given that sleep is tightly linked to circadian timing, a

desynchrony between circadian timing and sleep behaviour

in women may be a contributing factor. Sex differences exist

in the circadian timing of sleep; women tend to go to bed ear-

lier and wake up earlier than men [32,49,50]. Retrospective

analyses of the circadian timing system in men and women

with similar sleep times and durations find that women have

an early timing of circadian rhythms, particularly for endogen-

ous temperature and melatonin [51], partly as a consequence of

a significantly shorter circadian period [52]. Together, these

studies suggest that circadian timing in women is even earlier

than the sex difference in sleep timing would predict. Thus,

women may be sleeping at later circadian times, which could

contribute to the higher prevalence of insomnia (see below)

and/or perception of less restorative sleep.

Sleep-independent factors such as mood may also contrib-

ute to the perception of poorer sleep quality in the absence of

PSG sleep disturbances in women. In a PSG study of women

with premenstrual syndrome, poorer subjective sleep quality

correlates with higher anxiety and more perceived night-time

awakenings in the absence of objectively defined measures

of poor sleep, suggesting that sleep quality assessments are

strongly impacted by anxiety, depressive symptoms and affec-

tive disorders [53]. Nevertheless, traditional measures of sleep

quality such as total sleep time, sleep onset, arousal frequency

and SWS/SWA, which have been historically based on male

physiology, may not be sufficient to detect poor sleep in

women. Thus there is a clear need for better in-depth studies

of sleep intensity as measured via quantitative EEG or spectral

analysis in women.
(b) Biological sex is a major risk factor for insomnia
While sex differences exist in the prevalence and type of

sleep disorders (reviewed in [54,55]), insomnia presents

one of the more striking sex biases. Insomnia is marked

by the persistent difficulty initiating and maintaining

sleep, waking too early and an association with non-

restorative or poor sleep quality [56]. While insomnia is

the most common sleep complaint reported in primary
care settings, estimates of its prevalence in the general

population are highly variable owing to the inconsistencies

in diagnostic criteria. Numerous population-based studies

across multiple counties strongly indicate that approxi-

mately 30% of the sample population report one or more

insomnia symptoms [57].

The 2005 State of the Science Conference identified sex and

age as the top risk factors for insomnia [58]. Women are at a

40% greater risk for insomnia throughout their lifetime com-

pared with men [34,48,59] (figure 1). Studies from multiple

countries indicate that the increased prevalence of insomnia

in women compared to age-matched men is a global phenom-

enon (for review see [61]), suggesting that a woman’s

physiology is a significant consideration in insomnia. Indeed,

changes in ovarian steroid production, such as those occurring

during puberty and the menopausal transition, are markedly

associated with an increased prevalence of insomnia and

poor sleep compared with age-matched males [60,62–64]

(see below).

Insomnia may be a contributing factor to the develop-

ment and perpetuation of depressive illnesses [64]. The

occurrence of insomnia in women and girls is strongly associ-

ated with a twofold greater risk of depression [25]. Like

insomnia, increased risk for depression and affective dis-

orders in women emerges at the time of puberty and is

linked to fluctuations in the ovarian steroidal milieu [62,63].

While ovarian steroids and biological sex are implicated as

risk factors for sleep disruptions and depression, the relation-

ship among these factors is poorly understood. Thus, a better

understanding of the mechanisms underlying ovarian steroid

modulation of sleep in women may serve to uncover novel

therapies for the treatment of depression in women.
(c) Sex steroids influence sleep
The major gonadal (or sex) steroids, namely testosterone in

men and oestrogens and progestins in women, are implicated

in the modulation of sleep behaviours and have been exten-

sively reviewed [65]. While there is currently a paucity of

clinical studies directly comparing sex differences in the
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effects of sex steroids on sleep, a general consensus from the

current literature is that sleep in women is more sensitive to

changes in the ovarian steroidal milieu.

It is unclear if sex steroids, mainly testosterone, affect

sleep in men. Testosterone secretion is tightly linked to

sleep cycles, with peak levels occurring just before or after

REMS onset [66]. Insufficient and/or fragmented sleep

blocks the nocturnal increase in testosterone [67–69]. Yet,

findings that fluctuations in testosterone levels affect sleep

in men remain inconsistent. A cohort study in men aged

65 years and older reported an association of lower tes-

tosterone levels with decreased sleep efficiency, increased

nocturnal awakenings and less time in SWS [70]. Conversely,

high-dose testosterone replacement in older men and the use

of anabolic androgenic steroids in healthy young men are

associated with a reduction in sleep efficiency and total sleep

time [71,72]. A number of studies suggest that testosterone is

linked to a worsening of obstructive sleep apnoea in men

[71,73–75]; however, blocking androgen action, via flutamide

administration, does not affect sleep architecture or breathing

parameters in men with sleep apnoea [76]. Interestingly, andro-

gen deprivation therapy (ADT) for prostate cancer is highly

associated with insomnia, potentially as a consequence of an

increased occurrence of hot flushes and night sweats [77,78].

Although rare, oestrogen therapy is an effective therapeutic

for ADT-induced hot flushes [79–81]. However, it is unknown

whether oestrogen therapy is effective in improving sleep

quality (but see [82]) in androgen-deprived men.

While sex steroids and sex have been implicated as risk

factors for sleep disruptions and insomnia, the relationship

between ovarian steroids, primarily oestrogens/progesterone

and normal sleep is poorly understood. In women, sleep com-

plaints typically coincide with periods of ovarian steroid

fluctuation such as puberty, the menstrual cycle, pregnancy

and the menopausal transition and these findings have been

extensively reviewed [65,83,84]. Compared to sleep across

the menstrual cycle and the menopausal transition, much

less is known about the influence of ovarian steroids over

sleep during puberty and pregnancy. As previously discussed,

changes in the levels of ovarian steroids at the onset of puberty

are associated with an increased prevalence of sleep disrup-

tions. During pregnancy, women experience significant

changes in sleep; however, it is difficult to parse out the

direct effects of hormonal changes from those caused by phys-

iological changes owing to the growth and development of the

fetus. As early as the first trimester, women experience

increased fatigue and report poor sleep quality and restless

sleep. Studies indicate that initially total sleep is increased

but then declines throughout the course of the pregnancy

(reviewed in [85]). The menopausal transition is a well-

described indicator of poor sleep, with the increased preva-

lence of sleep difficulties. The loss of ovarian oestradiol

production is most likely involved in the sleep disturbances

since oestrogen replacement therapy is effective at alleviating

the sleep disruptions during this period [1,13,65,84]. Juxta-

posed to sleep disturbances in the absence of ovarian

steroids is the increased risk for sleep disturbances in

women that emerges at the time of puberty [63]. Ovarian

steroid fluctuations over the menstrual cycle are associated

with an increased prevalence of sleep disruptions, but it

remains unclear whether ovarian steroids benefit or hinder

sleep in young women. The paucity of studies investigating

sleep in women of reproductive age, the lack of consistency
in experimental paradigms (i.e. hormonal profiles) and the

small sample sizes of existing studies, largely contribute to

our lack of understanding of the relationships between

ovarian steroids and sleep in young women.

From the few studies using objective and/or subjective

measures that find significant changes in sleep across the

menstrual cycle in healthy women, a general conclusion is

that sleep is most disturbed during the mid-luteal phase

when ovarian steroid levels are still elevated but starting to

decline (for review see [65,83,84]). A recent laboratory

study of objective measures of sleep in mid-life women

(approx. 48.8 years old) with and without insomnia reports

that both groups of women experience increased awakenings

and arousal during sleep and decreased SWS during the

luteal versus the follicular phase. Moreover, in both groups,

the sleep spindles in the luteal phase compared with the

the follicular phase exhibit marked increases in number, dur-

ation and higher EEG spectral frequency (14–17 Hz) [86],

which is in agreement with earlier reports in younger

women [87,88]. Nevertheless, earlier PSG studies report stab-

ility of sleep across the menstrual cycle [89,90]. An important

consideration in these findings is that the small sample size

may not adequately overcome the variability in individual

sex steroid levels, metabolism or social/psychological fac-

tors that can impact sleep. The finding that exogenous

hormones, like oral contraception, influence sleep in young

women is clearer. Women taking oral contraceptives have

increased N2 sleep [91] and REM sleep [92], and SWS

sleep is reduced [91–93]. However, it is not clear from

these studies whether oestrogens and/or progestins are

contributing to the changes.

The menopausal transition is marked by erratic fluctu-

ations and eventual decline in oestrogens (for review see

[94]). Complaints about sleep quality are one of the most

common symptoms of the menopause transition, being

reported by 33–51% of women [95]. A general consensus

drawn from numerous large studies is that the perception

of poor and disrupted sleep increases during perimenopause

[96–100]. Yet, objective measures of sleep do not reflect

this worsening of sleep quality [101–103]. An understanding

of the discordance between subjective sleep complaints

and objectively measured sleep in peri- and postmenopausal

women remains a significant gap in our knowledge. The

extent to which sleep is disturbed during menopause may

depend on the severity of menopausal symptoms. Hot flushes

affect 75–85% of women across the menopausal transition and

are associated with sleep disruption [96,100,103,104]. Never-

theless, the exact relationship between hot flushes and sleep

disruption remains controversial. Hormone therapy (HT) is

reported to improve sleep quality, further implicating a role

for ovarian steroids, and oestrogens particularly, in sleep

(for review see [105]). However, improved sleep with HT

may be partially owing to the associated decline in vasomotor

symptoms and not via actions on the sleep mechanisms.

Overall, sleep studies investigating the effects of

sex steroids in both men and women have been rather

inconsistent in their findings. Moreover, apart from the clini-

cal finding that sex steroids may affect sleep behaviour and

architecture, the mechanisms underlying how sex steroids

influence the sleep circuitry remain a significant gap in our

knowledge. The use of animal models is critical for advan-

cing our understanding of the potential endocrine–sleep

nexus.
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4. Lessons from animal models
Given that human sleep is a complex behaviour easily influ-

enced by perception as well as internal and environmental

factors, studies in animal models, for which such confounds

are minimized, can provide considerable insight into the bio-

logical basis of sex differences in sleep. Rodents are ideal

models for sleep studies as (i) the basic vigilance states are

easily measured via EEGs, (ii) the neurocircuitry and neuro-

chemistry of sleep share similarities with humans and

(iii) their sleep circuitry is amenable to pharmacological and

genetic manipulations. However, unlike humans, rats and

mice are polyphasic sleepers and cycle through many bouts

of sleep (NREMS and REMS) and wake during both the

dark (active) and light (quiescent) phases. This results in

less consolidated vigilance states. Additionally, the majority

of rodent species are nocturnal and acquire a higher percen-

tage of sleep in the light phase, whereas more consolidated

bouts of waking occur in the dark phase (for review see

[106]). In contrast, human sleep is monophasic and occurs

during a consolidated period typically at night (figure 2).
(a) Sex differences in sleep behaviour
The paucity of basic studies investigating sex differences in

sleep has resulted in mixed findings regarding the exact

nature of these differences [107–112]. In general, gonadally

intact female rodents spend less time in sleep states compared

with males. In mice, females accumulate less total sleep and

NREMS compared with males [107,110,112], whereas in intact

rats only REMS is reported to be significantly less in female

rats compared with males [111,113]. Comparison of sleep

architecture in mice suggests that females, despite accumulating

less total sleep, have more consolidated sleep bouts, consisting

of longer bout durations with less state transitions and fewer

arousals [110]. Moreover, NREMS delta power, a quantitative

measure of sleep intensity that is analogous to SWA in

humans, is higher in females during baseline sleep as well

as in recovery sleep following SD [110]. These findings are in

agreement with observations in humans.

Perhaps more striking is that in the absence of circulating

sex steroids, these sex differences in sleep behaviour and

architecture are eliminated [109,110], suggesting that sex

differences in sleep are in part dependent on sex steroids.

Recent findings in adult rats support this assertion and
further suggest that sleep patterns in females remain sensitive

to fluctuations in oestradiol while males on the other hand

seem insensitive to changes in both oestradiol and testoster-

one [108]. Gonadectomized male and female rats exhibit

no significant differences in any vigilance state. However,

exogenous replacement of oestradiol in females significantly

decreases dark phase NREMS and REMS to approximately

45% of baseline sleep. Indeed, the effect appears to be owing

to sex and not the steroid, as testosterone induces a similar

magnitude of change in females but oestradiol has no effect

in males. Of note, the testosterone-mediated effects in females

are most likely owing to the aromatization into oestradiol, as

a non-aromatizable androgen, dihydrotestosterone, did not

affect sleep behaviour in either males or females. In contrast,

one study in male rats reports that chronic exposure to oestra-

diol induces arousal at the expense of sleep [114]. While long-

term versus short-term exposure to oestradiol may account

for the differences in the findings in male rats, the magnitude

of change in males induced by chronic oestradiol exposure

compared with females is uncertain because only males

were examined in that particular study.

Taken together, the findings from the few animal studies

that exist suggest that the sex differences are predominantly

owing to the effects of ovarian sex steroids in females, a find-

ing that is not unlike observations in humans. Normal sleep

patterns in the female rat are exquisitely sensitive to the natural

fluctuations of ovarian steroids (for review see [1]). Findings

from a number of studies in rats generally agree that on

the night of pro-estrus, when oestradiol and progesterone are

elevated, both NREMS and REMS are significantly reduced

compared with other phases of the oestrous cycle [115–118].

Ovariectomy eliminates the fluctuations in nocturnal sleep

observed over the oestrous cycle, and exogenous oestradiol

plus progesterone or oestradiol alone are sufficient to recapitu-

late the suppression of sleep observed during the night of pro-

estrus [108,119–122]. To a lesser extent, this is also observed in

mice [110,123,124]. In these studies, oestradiol predominately

suppresses dark phase sleep and has little or no effect in the

light phase.

Oestradiol suppression of sleep in rodents may seem

paradoxical to its effects in women. However, it is important

to consider that the temporal organization of sleep may con-

tribute to the oestrogenic effects. Typically, rodent species

most often used in the laboratory are nocturnal, with the

majority of their sleep episodes occurring during the day.
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An opposite pattern is observed in normal human sleep

patterns. Thus, the effect of sex steroids on sleep might

be chronotype dependent, such that oestradiol in rodents

may work to consolidate sleep and wake behaviours to the

appropriate phases. Indeed, oestradiol administered to ovari-

ectomized rats increases the duration of total sleep in the light

phase by a small but significant degree [108] (figure 3). More-

over, findings from SD studies further support that ovarian

steroids and oestradiol in particular may facilitate recovery

from sleep loss [121,122,125–127]. Following 6 h of SD, ovari-

ectomized female rats treated with oestradiol and/or

progesterone exhibit increases in REMS during the recovery

sleep, while decreasing NREMS delta power [121]. A more

recent study suggests that oestradiol facilitation of recovery

sleep is phase dependent as oestradiol administered to

ovariectomized rats enhances REMS recovery in the light

phase, while suppressing sleep in the dark phase [125]. In

this same study, oestradiol enhances NREMS delta power in

the light phase without affecting NREMS recovery behaviour.

As circadian timing tightly regulates sleep, these findings

support the suggestion that oestradiol acts to consolidate and

enhance sleep–wake activity to the appropriate time of day

(figure 3).

While evidence that ovarian steroids modulate sleep in

female rodents is clear, less is known about males. Neverthe-

less, sleep in male rodents seems insensitive to changes in sex

steroids levels. Castration does not significantly change sleep

or wakefulness in male rodents, suggesting a resilience of

the male sleep circuitry to changes in testosterone levels

[108,110,114]. Testosterone replacement, however, slightly

increases NREMS during the dark phase in mice [124]. The

observations in rodent models that sleep–wake patterns in

males are less sensitive than those in females to fluctuating

levels of sex steroids raises the intriguing possibility that

the neural substrates mediating sleep may be sexually differ-

entiated resulting in a greater plasticity and responsiveness to

sex steroids in females than males.
(b) Sexual differentiation of sleep circuitry
The neural circuitry and mechanisms underlying sleep and

wakefulness have been extensively studied (for review see

[6]). However, studies investigating (i) whether sex differences

exist and (ii) the precise targets of oestradiol action within
these circuits are in their infancy. In rodents, sexual differen-

tiation of the brain occurs during a sensitive developmental

window when exposure to sex steroids results in the masculi-

nization and defeminization of the neural substrates, whereas

the absence of sex steroids leads to a feminization process (for

review see [128]). In adulthood, the production and release of

sex steroids activate these differentiated neural circuitries

resulting in appropriate behaviours specific to the sex of the

animals. This two-step process of developmental and adult

exposure to sex steroids is classically referred to as the Organ-

izational/Activational Hypothesis (for review see [129]). Early

studies in rats have suggested that oestradiol effects on sleep

behaviour might be owing to the organizing effects of sex

steroid exposure during development [113,130]. A more

recent study provides clear evidence supporting the hypoth-

esis that sex differences in sleep are established by early

programming effects of sex steroids [108]. Female rats exposed

to a masculinizing dose of testosterone during the sensitive

window for brain sexual differentiation exhibit male-like

responsivity to oestradiol and testosterone in adulthood.

Additionally, activity of sleep-active neurons in the ventrolat-

eral preoptic area (VLPO), an established sleep-promoting

nucleus (for review see [6]), exhibited male-like patterns in

masculinized females illustrating for the first time that a com-

ponent of the sleep circuitry is sensitive to the organizing

effects of sex steroids.

Previous work in rodents implicates the VLPO in mediat-

ing oestradiol actions over sleep. In adult ovariectomized

females, oestradiol decreases (i) the activation of sleep-active

VLPO neurons [116] and (ii) downregulates the mRNA

expression [131] and protein levels [116] of lipocalin-type pros-

taglandin D synthase (L-PGDS), the enzyme responsible for

the production of prostaglandin D2 that potently promotes

sleep [132], via actions in the VLPO. Unlike females, fluctu-

ations in testosterone in adult males do not influence the

activation states of sleep-active neurons or L-PGDS protein

levels in the VLPO [116], further supporting that the male

sleep–wake circuitry is less responsive to sex steroids.

The exact mechanisms mediating sex differences in and

steroid modulation of sleep are far from being understood

and most likely involve other nuclei in the sleep–wake circui-

try (figure 4). Emerging evidence from female rats suggests

that blocking oestradiol action directly in the median preoptic

nucleus, a brain nucleus involved in the onset and regulation
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arousal centres

MnPN

E2

E2

inhibition

inhibition TMN

DRN/MRN

VLPO

LH
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Figure 4. Simplified diagram of projections from sleep-regulating nuclei and
potential sites of oestradiol action. Sleep-active neurons are present in the
ventrolateral preoptic area (VLPO) and median preoptic nucleus (MnPN).
Inhibitory projections from the VLPO and MnPN innervate the major arousal
nuclei including the tubermammillary nucleus (TMN), the dorsal raphe
nucleus (DRN), the locus coeruleus (LC) and the lateral hypothalamus
(LH). MRN, median raphe nucleus. (Online version in colour.)
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NREMS and REMS, attenuates oestradiol suppression of

sleep [133]. Similarly, the wake-promoting hypocretin/orexin

system in the lateral hypothalamus is highly sensitive to

fluctuations in endogenous and exogenous ovarian steroids

[134–138], suggesting that oestradiol may influence sleep–

wake states via coordinated actions in arousal- and sleep-

active cells. Given the interconnected circuitry and interactions

between sleep homeostasis and circadian processes (for review

see [139]), it is likely that sex differences in the circadian system

exerts a level of influence over sleep behaviour. The suprachias-

matic nucleus (SCN), the master pacemaker for circadian

rhythms, contains sex steroid receptors; however, androgen

receptors predominate over oestrogen receptors, although oes-

trogen receptors are localized to regions projecting to the SCN

(for review see [140]).

While the preponderance of evidence points to sex differ-

ences in sleep behaviours and the mechanisms governing

these differences being largely dependent on sex hormones,

exciting findings from a genetic mouse model suggest that

sex chromosome complement contributes to the establishment

of sex differences in sleep [112]. In the four core genotype
mouse models, the sex chromosome complement (XY, XX) is

opposite to phenotypic gonadal sex (for review see [141]). Ani-

mals represented in the four core genotypes are phenotypic

males and females (as determined by the presence of testis

or ovaries, respectively) but carry either XX or XY chromo-

some compliment resulting in sex chromosome complement

being independent of gonadal sex. Following a period of SD,

females with the XY compliment acquire more sleep during

their mid-active phase and have higher NREM delta power

than XX females, suggesting that the processes mediating

recovery from sleep loss are partially dependent on sex

chromosomes.
5. Conclusion
Sex steroids and biological sex are risk factors for sleep disrup-

tions and insomnia. Yet, the exact influence of sex steroids

over sleep remains a significant gap in our knowledge. Research

directed to the understanding of the basic mechanisms of (i) sex

differences in sleep and (ii) oestrogenic modulation of sleep is

essential if we are to understand how interactions between the

neuroendocrine and sleep circuitry systems influence the risk

for sleep disorders in women and develop appropriate therapies

that are informed by the female physiology. Indeed, this point is

underscored by the recent Food and Drug Administration

decision that women should receive half the recommended

dose of Ambien (zolpidem), the commonly prescribed sleep-

aid [55]. While this historic move to a sex-specific prescribing

guideline is based on the discovery that women metabolize

the drug more slowly than men, questions as to whether sex

differences and/or ovarian steroid modulation of the sleep

circuitry contribute to differences in sensitivity to zolpidem

remain unanswered. Indeed, clinical evidence for sex differences

in mechanisms regulating sleep is suggested by a study where a

single oral dose of olanzapine (a second generation anti-

psychotic) in healthy volunteers resulted in sex differences in

the drug’s effect on sleep. Women showed an increase in SWS,

whereas men showed a decrease [142]. This finding supports

the existence of sex differences in the mechanisms mediating

sleep and underscores the importance of a better understanding

of sleep processes in women.
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