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While much is known about the mechanisms that underlie sleep and circadian rhythms, the investigation into sex differences and gonadal
steroid modulation of sleep and biological rhythms is in its infancy. There is a growing recognition of sex disparities in sleep and rhythm
disorders. Understanding how neuroendocrine mediators and sex differences influence sleep and biological rhythms is central to ad-
vancing our understanding of sleep-related disorders. While it is known that ovarian steroids affect circadian rhythms in rodents, the role
of androgen is less understood. Surprising findings that androgens, acting via androgen receptors in the master “circadian clock” within
the suprachiasmatic nucleus, modulate photic effects on activity in males point to novel mechanisms of circadian control. Work in
aromatase-deficient mice suggests that some sex differences in photic responsiveness are independent of gonadal hormone effects during
development. In parallel, aspects of sex differences in sleep are also reported to be independent of gonadal steroids and may involve sex
chromosome complement. This a summary of recent work illustrating how sex differences and gonadal hormones influence sleep and

circadian rhythms that was presented at a Mini-Symposium at the 2011 annual meeting of the Society for Neuroscience.

Introduction

Establishing sleep—wake patterns: circadian rhythms and

sleep homeostasis

Living organisms, from cyanobacteria to plants and animals,
have in common intrinsic biological “clocks” that determine the
timing of daily biochemical, physiological, and behavioral
changes, including the sleep—wake cycle. These intrinsic circadian
rhythms occur over an ~24 h cycle and can be resynchronized or
entrained by external cues such as the light to dark cycle (for
review, see Antle and Silver, 2005). From an adaptive standpoint,
the ability to synchronize the circadian system and the processes
under its timing to the external environment is critical for the
organism’s survival and well-being. Disruptions in the circadian
system due to shift work, jet lag, and lifestyles impair cognitive
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function and increase the risk for metabolic and cardiovascular
dysfunction (Spiegel et al., 1999; Gangwisch, 2009; Kyriacou and
Hastings, 2010; Kronholm et al., 2011).

In mammals, the master circadian clock generating the
body’s intrinsic rhythms lies in the suprachiasmatic nucleus
(SCN), a highly conserved bilateral hypothalamic nucleus ly-
ing immediately above the optic chiasm (Klein et al., 1991).
Lesions of the SCN abolish circadian rhythmicity for sleep and
other biological processes (Moore and Eichler, 1972; Stephan
and Zucker, 1972; Eastman et al., 1984; Edgar et al., 1993;
Mistlberger, 2005; Kohsaka and Bass, 2007). While the SCN
signals the timing of sleep—wake cycles, an intricate neurocir-
cuitry consisting of neurochemically distinct nuclei residing in
the basal forebrain, preoptic area, lateral hypothalamus, and
brainstem is responsible for the induction and maintenance of
arousal and the different sleep stages, rapid eye movement
sleep (REMS) and non-REMS (for review, see Jones, 2005;
Saper et al., 2005; Szymusiak and McGinty, 2008; Saper et al.,
20105 Siegel, 2011). The SCN and sleep—wake neurocircuits are
anatomically linked (Chou et al., 2002, 2003; Deurveilher et
al., 2002; Deurveilher and Semba, 2003, 2005), and neurobio-
logical research over the past 30 years clearly points to an
interaction between homeostatic and circadian processes in
the regulation of sleep-wake cycles (for review, see Mistl-
berger, 2005; Saper et al., 2005; Franken and Dijk, 2009;
Rosenwasser, 2009). However, exactly how the SCN controls
the timing of sleep—wake and whether the SCN plays an active
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role in modulating sleep architecture (i.e., sleep duration,
bout lengths, etc.) are active areas of investigation (for review,
see Mistlberger, 2005).

Sex differences and ovarian hormone influences over sleep and
circadian rhythms

Sex influences brain anatomy, chemistry, and function (Cahill,
2006). The large majority of sex differences in the nervous system
are mediated by developmental exposure to gonadal hormones
that permanently organize the neural substrate, setting the stage
for functional differences between the sexes. These functional
differences typically emerge when gonadal hormones act on the
differentiated circuitry across puberty and adulthood (McCarthy
and Arnold, 2011). Early evidence from animals (Malven and
Sawyer, 1966; Colvin et al., 1968; Colvin et al., 1969; Branchey et
al., 1971) as well as humans (Hartmann, 1966; Williams, 1971;
Ballinger, 1976; Schiff et al., 1979) suggested a significant modu-
lation of sleep—wake cycles by ovarian steroids in females and to a
lesser extent by testicular steroids in male rats (Yamaoka, 1980).
Although harder to detect in men, there is a relationship between
testosterone levels and sleep (Evans et al., 1971; Schiff et al., 1979;
Luboshitzky et al., 1999). In parallel, gonadal steroids in both
male and female rodents modify the amplitude, free-running pe-
riod (tau), and phase of daily rhythms (Fitzgerald and Zucker,
1976; Morin et al., 1977; Albers et al., 1981; Davis et al., 1983;
Karatsoreos and Silver, 2007).

Since the time of these early observations, clinical and basic
studies have further confirmed the influence of gonadal steroids
and sex differences in sleep regulation and circadian timing.
While much is known about the mechanisms of sleep and circa-
dian timing, the investigation into sex differences and reproduc-
tive hormonal control of sleep is in its infancy. Here we seck to
illustrate how sex differences and gonadal hormones influence
sleep and circadian rhythms, providing new insights into the link
between reproductive endocrine and sleep pathologies. As the sex
disparities in sleep disorders become increasingly clear (for review,
see Paul et al., 2008), elucidating how reproductive neuroendocrine
mediators act is central to advancing our understanding of sleep-
related disorders.

Clinical perspective-sleep and rhythm disorders
Sex differences in sleep and circadian function
Epidemiological data are useful in identifying salient sex differ-
ences in the human population and directing mechanistic re-
search in animal models of these phenomena. Clinical evidence
indicates that men and women sleep differently. Women spend
more time in bed and sleep longer, but report a poorer sleep
quality than men across a wide age range (for review, see Manber
etal., 2006). The perception of a poorer sleep quality in women is
not reflected in objective polysomnographic (PSG) measures of
sleep architecture: women have less wakefulness after sleep onset,
less light Stage 1 sleep, more slow-wave sleep (i.e., non-REMS),
and more slow-wave activity (SWA; delta, ~0.4—4 Hz) during
sleep compared to men (for review, see Manber et al., 2006).
The perception of poorer sleep quality in the absence of PSG
sleep disturbances in women may, in part, be driven by sleep-
independent factors, such as mood (F. C. Baker, unpublished
data). Sleep quality assessments are strongly influenced by anxi-
ety, depressive symptoms, and affective disorders, which are
more common in women and may contribute to a higher inci-
dence of insomnia. Women are at a 40% greater risk for develop-
ing insomnia, and the risk ratio grows with age (Zhang and Wing,
2006). This sex difference in insomnia emerges after puberty (Fig. 1)
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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 insuffi-
cientsleep and insomnia are more prevalentin women. This sex difference ininsomnia emerges
after puberty, suggesting that hormonal events underlying puberty may be involved. Data are
redrawn from Zhang et al. (2009) and Ohayon (1997).

(Johnson et al., 2006), suggesting that hormonal changes under-
lying puberty may be involved. Interestingly, the rate of depres-
sion also becomes sexually differentiated after puberty, becoming
twice as common in girls as in boys (Born et al., 2002).

Perhaps the best evidence of sex differences in the circadian
timing system is seen in age-and sex-dependent timing of sleep
onset. Women go to bed earlier than men from childhood to
menopause, at which time sex differences disappear (Roenneberg
et al., 2007). A subsequent study reported that women have
phase-advanced endogenous temperature and melatonin rhythms
(Cain et al., 2010), partly as a consequence of a significantly shorter
circadian period (Duffy et al., 2011). Circadian timing in women is
even earlier than the sex difference in sleep timing would predict.
Women, therefore, may be sleeping at a later circadian time than
men, which could contribute to the higher prevalence of insomnia,
particularly sleep maintenance insomnia, in women (Dulffy et al.,
2011). Sex differences in circadian timing may also differentially im-
pact the ability of men and women to adapt to changing shift-work
schedules and jetlag.

Sex differences in homeostatic response to sleep loss

Emerging evidence suggests that sleep debt accumulates more
quickly in women and may become more debilitating, giving rise
to sex differences in the ability to recover from sleep loss (Armit-
age et al., 2001). Women have higher levels of SWA during base-
line sleep and a greater SWA rebound following sleep deprivation
than men, suggestive of sex differences in slow-wave sleep regu-
lation (Manber and Armitage, 1999; Armitage et al., 2001). Sex
differences in SWA responses to sleep deprivation, sleep amount,
and both objective and subjective sleep quality may arise from a
differential rate in the accumulation and dissipation of sleep pres-
sure between men and women. For women, the impact of sleep
loss appears to be more detrimental to health outcomes than for
men. In fact, recent studies have shown that restricting sleep puts
women at a higher risk for developing hypertension, cardiovas-
cular problems, and metabolic disorders (Meier-Ewert et al.,
2004; Patel et al., 2004; Gangwisch et al., 2006, 2010; Cappuccio et
al., 2007; Kerkhofs et al., 2007; Miller et al., 2009; Simpson et al.,
2010; Kronholm et al., 2011; Lyytikédinen et al., 2011).

Evidence for ovarian hormone modulation of sleep and circadian
rhythms in women

Clinical work demonstrates that a fluctuating ovarian hormonal
milieu influences sleep throughout a woman’s lifespan (Manber
and Armitage, 1999; Moline et al., 2004; Dzaja et al., 2005; Baker
etal., 2010). The most dramatic change in sleep across the men-
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strual cycle is increased electroencephalographic (EEG) activity
in the frequency range of sleep spindles (12—-16 Hz) in non-REMS
in the postovulatory luteal phase of the menstrual cycle, when
progesterone and estradiol are high, compared with the follicular
phase, when progesterone is low (Driver et al., 1996; Baker et al.,
2007). The increased spindle frequency activity is hypothesized to
represent an interaction between endogenous progesterone me-
tabolites and GABA, membrane receptors (Driver et al., 1996).
Slow-wave sleep and activity remain stable across the menstrual
cycle, indicating that sleep homeostasis is unaffected by the hor-
monal fluctuations in reproductively capable women. However,
REMS is slightly reduced and REMS episodes are shorter in the
luteal phase (Driver et al., 2008). Higher progesterone and estra-
diol levels correlate with less REMS (F. C. Baker, unpublished
data), a finding consistent with observations in the gonadally
intact female rats (Schwierin et al., 1998; Hadjimarkou et al.,
2008), although rats show a corresponding increase in wakeful-
ness not seen in humans.

While sex differences in the circadian rhythms of melatonin
and body temperature have been reported (Cain et al., 2010;
Duffy et al,, 2011), the neurobiological mechanism underlying
this sex difference in circadian alignment is not well understood.
Fluctuations in gonadal hormones may not be a contributing
factor as the circadian phase of melatonin and body temperature
rhythms are unchanged by the hormonal fluctuations of the
menstrual cycle (Shechter and Boivin, 2010). However, circadian
amplitude of body temperature is blunted in the luteal phase,
which may reflect actions of progesterone on the SCN or on
thermosensitive neurons in the preoptic area of the hypothala-
mus (Shechter and Boivin, 2010), or inhibition of the nocturnal
hypothermic action of melatonin (Cagnacci et al., 1996).

Perimenopause is marked by dramatic hormonal changes, in-
cluding an increase in follicle-stimulating hormone (FSH) and a
decline in estrogens. There is correlational evidence of a relation-
ship between these hormonal events and sleep, with decreasing
estradiol and increasing FSH levels being associated with poorer
sleep quality, and a faster rate of change in FSH levels being
associated with longer sleep and more non-REMS (Joffe et al.,
2010a). Complaints about sleep quality are one of the most com-
mon symptoms of the menopause transition, being reported by
33-51% of women, and there is a steep increase in the prevalence
of insomnia (Polo-Kantola, 2008). Again, objective PSG studies
do not reflect this worsening of sleep quality and in fact have
shown either no difference (Shaver et al., 1988) or, if anything,
better sleep after menopause (Sharkey et al., 2003; Young et al.,
2003). The extent to which sleep is disturbed during menopause
may depend on the severity of menopausal symptoms. Women
with significant menopausal symptoms have vastly different sub-
jective perceptions about their sleep compared to women with
few symptoms (F. C. Baker, unpublished data). Objective PSG
profiles are similar between the two groups, but women with
severe menopausal symptoms have less SWA than women with
few symptoms, which may impact subjective sleep quality. Pos-
sibly, altered stress reactivity in symptomatic women could also
affect their perceived sleep quality by modulating sympathovagal
balance during sleep.

The changing hormonal environment during menopause
may also influence circadian rhythms and consequently, sleep
(Polo-Kantola, 2008). Postmenopausal women (55 * 2 years)
have an advanced melatonin onset compared to premenopausal
women (42 * 4 years), a difference attributed to menopause,
although an effect of age could not be entirely excluded (Walters
etal., 2005). An advanced circadian phase may contribute to early
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morning awakening, a common complaint in menopausal
women (Polo-Kantola, 2011).

Sleep and circadian rhythms following hormone therapy in
menopausal women
Given the evidence of a link between declining estrogens and
increasing sleep problems in menopausal women, it is plausible
that hormone therapy (HT) should restore sleep quality. Several
studies have shown that estrogen therapy alone or combined with
a progestin is associated with improved subjective sleep quality in
perimenopausal and postmenopausal women (for review, see
Polo-Kantola, 2011). Improved sleep may be partially due to the
associated decline in vasomotor symptoms, although even
women without vasomotor symptoms report improvements in
sleep, suggesting that HT also acts via other pathways (for review,
see Polo-Kantola, 2011). Despite the subjective improvements in
sleep, PSG studies of the effects of HT have not shown consistent
improvements in sleep architecture, with some showing de-
creased wake time or arousals and increased REM sleep, while
others show increased awakenings or no changes in sleep (for
review, see Polo-Kantola, 2011). These inconsistent findings in
objective sleep measures may relate to differences between stud-
ies in HT formulations, duration of treatment, and timing of
treatment in relation to menopause onset. For example, different
synthetic progestins contained in HT have differences in biolog-
ical activity (Africander et al., 2011) and may exert different ef-
fects on sleep (Montplaisir et al., 2001). Progestins also differ
from natural progesterone and therefore can exert effects on sleep
that differ from the cyclical changes that characterize the natural
menstrual cycle (Baker et al., 2001). Clearer effects of HT on sleep
architecture may be revealed under challenge conditions.
Women taking natural progesterone or estrogen therapy show
less sleep disturbance from an intravenous catheter compared to
placebo or women not taking estrogen, respectively (Prinz et al.,
2001; Caufriez et al., 2011). This effect might explain the subjec-
tive improvement in sleep with HT: women may be less likely to
be disturbed by stressors in their environment when taking HT.
HT improves quality of life by treating menopausal symp-
toms, but its benefit is offset by an increased long-term risk of
cancer and coronary heart disease (Taylor and Manson, 2011).
Thus, HT is recommended for a limited duration. Recently, in-
vestigators have begun to study the benefits of nonhormonal
treatments of menopausal insomnia. Treatment with a hypnotic
was shown to improve sleep, reduce hot flashes, and improve
mood in women with vasomotor symptoms (Joffe et al., 2010b).

What animal models can tell us about gonadal influences and

sex differences in sleep and circadian rhythms

While both sex differences and reproductive hormones affect
sleep and circadian rhythms, our understanding of the mecha-
nisms and timing of these effects is in its infancy. Animal models,
including those of hormonal changes around puberty and meno-
pause, provide a useful approach to study these phenomena and
their underlying mechanisms by allowing better-controlled ex-
periments and more invasive approaches than are possible in
humans.

Ovarian hormones modulate sleep—wake patterns in rodents

Early rodent studies using EEG to record sleep generally reported
that acute exogenous administration of estradiol to female ro-
dents decreased total sleep time, but discrepancies existed as to its
specific influence on REMS and non-REMS (Malven and Sawyer,
1966; Colvin et al., 1969; Branchey et al., 1971; Yamaoka, 1980).
More recently, ovariectomized rats with subcutaneous ovarian
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hormone implants that stabilize steroid levels for an extended
duration (~2 weeks) have been used to study hormonal modu-
lation of sleep and sleep homeostasis (Deurveilher et al., 2009,
2011). The stable hormonal levels of these animals allow baseline
sleep (24 h), sleep deprivation (6 h), and recovery sleep (18—24 h)
to be studied against a controlled hormonal background, which is
more challenging in gonadally intact female rats undergoing
rapid hormonal changes associated with estrous cycles, or after
acute exogenous administration.

Studies using this approach show that physiological levels of
ovarian hormones modulate sleep architecture differently at
baseline and during recovery after sleep loss (Deurveilher et al.,
2009,2011). Estradiol alone or in combination with progesterone
increases wake and decreases spontaneous non-REMS and
REMS. Moreover, the combination of estradiol and progesterone
is synergistic, and their effects on spontaneous or baseline sleep
are dramatically dependent on time of day, having the most sig-
nificant effect during the dark phase in most rodent species.
Thus, estradiol either alone or combined with progesterone pro-
motes arousal in the animal’s active (dark) phase by consolidat-
ing wake and fragmenting sleep (shorter non-REMS episodes,
fewer REMS episodes, and more frequent brief awakenings)
(Deurveilher et al., 2011), consistent with the reduced sleep of
intact animals on the night of proestrus (Schwierin et al., 1998;
Hadjimarkou et al., 2008).

A different picture emerges after acute sleep deprivation by
gentle handing for 6 h during the second half of the light phase
(Deurveilher et al., 2009, 2011). As expected, all animals show an
increase (rebound) in non-REMS and REMS compared to base-
line. Unlike at baseline, however, rats receiving a high dose of
estradiol or a lower dose of estradiol in combination with proges-
terone achieve similar absolute levels of non-REMS and REMS
amounts as vehicle-treated rats during recovery. Thus, when
compared to the baseline where estradiol reduces sleep during the
dark phase, estradiol-treated animals show greater consolidation
of non-REMS (longer non-REMS episodes and fewer brief
awakenings) during recovery. Possibly as a result of non-REMS
consolidation, individual REMS episodes last longer in estradiol-
treated rats, leading to greater REMS rebound relative to baseline.
However, sleep intensity, as assessed by non-REMS EEG delta
power, still increases for a shorter period of time than in vehicle-
treated rats. The relatively greater consolidation of non-REMS
and REMS rebound from baseline in estradiol-treated female rats
is unlikely to be due to accumulation of greater sleep pressure
during sleep deprivation, because ovarian hormones had no ef-
fect on the number of interventions required to keep the rats
awake during the deprivation period.

Age, sleep, and ovarian hormones

In general, work in aged male rodents demonstrates a significant
decrease in sleep quality as characterized by increases in sleep
fragmentations and decreased SWA. In the published literature,
similar studies in aged female rodents are nonexistent. Since
young female rats are used in most, if not all, studies investigating
the role of ovarian hormones in the modulation of sleep, it is not
clear that they represent the best model to assess the controversial
role of HT in improving sleep quality in perimenopausal women
(Hachul et al., 2008; Kalleinen et al., 2008). To address this ques-
tion, middle-aged female rats (10—12 months) were treated with
ovarian hormone implants for a 2 week period. The results with
these middle-aged rats are largely similar to those observed in
young females, with minor differences that may be related to
age-related changes in sleep regulation (M. E. Seary, S. Deurveil-
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her, and K. Semba, unpublished data). The promotion of spon-
taneous waking during the dark phase in nocturnal animals may
be equivalent to increased vigilance during the day in women.
This could lead to consolidation of sleep at night, which is con-
sistent with the improved quality of sleep with hormone replace-
ment therapy as reported in some studies (see above).

Estradiol’s effects on sleep: temporal versus homeostatic
Recent work has begun to compare and contrast the effects of
hormones on circadian versus homeostatic sleep regulatory
mechanisms (Schwartz and Mong, 2011). It is generally accepted
that sleep, in part, is a homeostatically regulated behavior where
sleep pressure proportionally increases with the time spent out of
sleep (Borbély and Achermann, 1999). Previous findings that
estradiol-mediated suppression of REMS across the 24 h period
did not result in a sleep rebound (Hadjimarkou et al., 2008)
suggested that estradiol reduces the homeostatic drive for REMS.
Since sleep deprivation typically results in a progressive accumu-
lation of sleep need, it is a powerful tool for directly observing
how an experimental manipulation influences homeostatic sleep
drive. Thus, to test the prediction that estradiol attenuates the
need for REMS, a total sleep deprivation (TSD) paradigm was
used throughout the light phase in adult ovariectomized rats
treated with oil or estradiol via capsule implants (Schwartz and
Mong, 2011). Estradiol suppressed spontaneous REMS in the
dark phase before and after TSD, and attenuated REM rebound
during the recovery. These results suggest that estradiol alters the
dynamics of REMS recovery by suppressing the homeostatic
drive for REMS in the active phase. Curiously, these finding are in
contrast to those reported by Deurveilher et al. (2009, 2011), who
show that estradiol mediates an increase in REMS following sleep
deprivation (Deurveilher et al., 2009). A possible explanation for
these differences may be the influence of the circadian phase.
Homeostatic sleep response is modulated by circadian phase
where sleep propensity is decreased during a rat’s active phase
(Borbély and Achermann, 1999). Thus, an alternative interpreta-
tion to estradiol suppressing recovery sleep is that estradiol is
enhancing the circadian influence to suppress REMS in the dark
phase. That is, estradiol consolidates the daily sleep—wake
rhythms. If this were the case, estradiol would be expected to
improve sleep during the day while reducing it at night. This
prediction was recently tested in ovariectomized female rats
treated with estradiol or control vehicle by sleep-depriving them
for 6 h at different times during the light period to allow for
recovery sleep either in the light or dark phase (M. D. Schwartz
and J. A. Mong, unpublished data). At baseline, estradiol de-
creased REMS and non-REMS at night, consistent with previous
studies (Colvin et al., 1969; Branchey et al., 1971; Evans et al.,
1971; Yamaoka, 1980; Schwierin et al., 1998; Hadjimarkou et al.,
2008; Deurveilher et al., 2009; Schwartz and Mong, 2011). Sleep
deprivation at either time of day increased REMS time over base-
line values for both estradiol- and oil-treated rats. However, es-
tradiol treatment resulted in a larger increase in REMS during the
daytime, and like the aforementioned 12 h TSD, attenuated re-
covery at night, compared to oil. Estradiol had a similar time-of-
day-dependent effect on non-REM delta power. Together, these
results suggest that estradiol improves circadian rhythms in sleep
and waking by facilitating sleep at certain times of day while
suppressing it at others. This pattern remains faithful to the 24 h
clock, even after deprivation increases the need for sleep. More-
over, these data implicate a role of the circadian system and pos-
sibly the SCN in modulating estradiol’s effects on sleep and
arousal.
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Potential mechanisms underlying ovarian hormone modulation

of sleep

Mechanisms by which ovarian hormones modulate sleep and
sleep homeostasis are, at present, not well understood. Estrogen
and progesterone receptors are localized in many sleep/wake-
regulatory nuclei, including the basal forebrain, hypothalamus,
dorsal raphe nucleus, and locus ceruleus (Shughrue et al., 1997;
Curran-Rauhut and Petersen, 2002), and estradiol modulates
sleep deprivation-induced neuronal activation as measured by
FOS protein expression in these areas (Peterfi et al., 2004; Deur-
veilher et al., 2008).

Mounting evidence suggests that sleep nuclei in the preoptic
area, which is one of only a few brain regions with overlapping
expression of the estrogen receptor (ER) isoforms, ERa and ER3
(Shughrue et al., 1997; Shughrue and Merchenthaler, 2001), are
potential sites for estradiol action. In particular, the ventrolateral
preopticarea (VLPO) is a sleep active nucleus strongly implicated
in the induction and maintenance of sleep (for review, see Saper
et al., 2010). Under spontaneous sleep, estradiol inhibits activa-
tion of the sleep-promoting VLPO neurons (Hadjimarkou et al.,
2008). Subarachnoid infusion of the somnogens adenosine or
prostaglandin D, promotes sleep and activates VLPO neurons
(for review, see Huang et al., 2011). In the VLPO, estradiol de-
creases expression of lipocalin-type prostaglandin D2 synthase
(Mong et al., 2003a,b; Hadjimarkou et al., 2008) and adenosine
A2A receptor mRNA (Ribeiro et al., 2009), suggesting that a re-
duction in these signaling systems would suppress sleep and in-
crease arousal (Mong et al., 2003a). More recently, in vitro
luciferase reporter assays demonstrate that ERa and ERB are
necessary for L-PGDS promoter suppression (Devidze et al.,
2010).

Finally, the SCN of mammals, including humans (Kruijver and
Swaab, 2002), contains gonadal steroid receptors for estrogens, an-
drogens, and progesterone (for review, see Karatsoreos and Silver,
2007). Thus, gonadal hormones may affect circadian rhythm and
subsequently sleep via direct modulation of SCN functions. How-
ever, estradiol appears to exert its effects on circadian rhythms via
extra-SCN sites projecting to the SCN (see below).

The SCN and gonadal hormones

The effects of gonadal hormones on circadian rhythmicity are
clearly established; however, what is lacking is a clear understand-
ing of how the SCN integrates these hormonal influences. The
SCN has sparse estrogen receptor mRNA or protein. As a result,
the role of steroids in females has focused primarily on extra-SCN
sites of action that are estrogen receptor-rich and project to the
SCN (for review, see Kriegsfeld and Silver, 2006; Karatsoreos and
Silver, 2007).

In contrast, androgen receptors are prevalent in the SCN and
androgenic effects are important to the circadian timing system
(Karatsoreos and Silver, 2007; Iwahana et al., 2008; Karatsoreos et
al., 2011). In male mice and hamsters, gonadectomy lengthens
free-running period, decreases precision of daily onset of run-
ning, and eliminates early-evening but not late-night activity
bouts, and testosterone replacement restores these responses
(Daan et al., 1975; Morin and Cummings, 1981). As testosterone
is widely aromatized to estradiol in the brain, the prevailing as-
sumption has been that estrogenic influences predominately
modulate changes in the circadian system of male rodents. How-
ever, mounting evidence demonstrates that androgens act di-
rectly in the SCN to modulate circadian rhythms in mice
(Karatsoreos and Silver, 2007; Karatsoreos et al., 2011).
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In the mouse, androgen receptors are localized to almost all
of the gastrin-releasing peptide (GRP) cells residing in the core
SCN (Karatsoreos and Silver, 2007). Functionally, the GRP cells
are directly retinorecipient, responding to photic signals from
retinal inputs, and thus play a significant role in synchronizing
the phase of individual oscillators. Consistent with this function
in the mouse, light-induced expression of Perl mRNA and FOS
protein are localized to the SCN subregion containing the GRP
cells. Double-label immunohistochemistry reveals that most
GRP cells contain FOS after a brief light pulse (Karatsoreos et al.,
2004). Salient to androgen actions in the SCN, androgen
receptor-positive cells express light-induced FOS that is attenu-
ated by gonadectomy but restored by the nonaromatizable an-
drogen dihydrotestosterone (Karatsoreos and Silver, 2007).
Thus, since both photic input from the environment and internal
signals from the body (androgens) reach the same population of
cells within the SCN, these findings suggest that peripheral an-
drogens alter SCN responses to light that in turn may affect the
SCN output (Karatsoreos and Silver, 2007). Indeed, it is well
established that rhythmic testosterone secretion is regulated by
the SCN (Turek et al., 1984; Kriegsfeld and Silver, 2006). To-
gether with these results, testosterone acting directly in the SCN
via its cognate receptor to change the functioning of the master
circadian clock supports the notion of a neuroendocrine feed-
back loop in the circadian system (Karatsoreos and Silver, 2007).

Androgens appear to act by altering responses to light, includ-
ing induction of clock genes and behavioral phase shifting (Kar-
atsoreos et al., 2011). Following gonadectomy, glial fibrillary
acidic protein (GFAP) increases with concomitant decreases in
the expression of the synaptic proteins synaptophysin and post-
synaptic density 95 (PSD 95). Gonadectomy also increases light-
induced mPerl expression in late night compared with intact
controls, whereas in early night, light-induced mPer2 is de-
creased. Treatment of gonadectomized animals with dihydrotes-
tosterone restored GFAP, PSD 95, and synaptophysin in the SCN
and reinstated the intact pattern of molecular and behavioral
responses to light. Thus, androgens modulate the state of cir-
cuitry in the mouse SCN, with functional consequences for
clock gene expression and behavioral responses to photic
phase-resetting stimuli.

In dose-response studies, testosterone has graded effects on
the precision of activity onset, distribution, duration, and
amount of daily locomotor activity, independent of the photic
environment, again indicating an effect on intrinsic SCN func-
tion (M. P. Butler and R. Silver, unpublished data). Furthermore,
the free-running period of locomotor activity lengthens after go-
nadectomy in constant dim light but not in constant darkness,
suggesting that androgens can alter the processing of photic cues
by the SCN. Finally, the Aschoff effect (i.e., the effect of light
intensity on activity rhythms) is potentiated by gonadectomy,
indicating an additive interaction between endocrine and photic
cues on the circadian system.

Gonadal steroids in the SCN seem to act through different
mechanisms in males and females (Fig. 2). Estradiol modulates
the light-induced FOS response of serotonergic neurons of the
dorsal raphe nucleus, apparently affecting the SCN through a
projection via the median raphe (Abizaid et al., 2005), suggesting
that estrogenic effects on circadian rhythms involve actions on
SCN afferents. Thus, the sexually differentiated mechanisms of
gonadal steroid action in the SCN may be a consequence of the
sexually dimorphic nature of the nucleus itself. From postnatal
day 21 through adulthood, male mice have significantly more
androgen receptor expression in the SCN than females (Karat-
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soreos and Silver, 2007). While the mech-
anism for this sex difference remains
relatively unknown, it appears to be inde-
pendent of gonadal-hormone regulation
as plasma testosterone is absent at the
time of increased androgen receptor ex-
pression. One likely explanation is that
patterns may be set during the prenatal or
perinatal period of brain sexual
differentiation.

Organizational versus activational effects
of gonadal steroids on sleep and

circadian rhythms

Phoenix et al. (1959) first presented evi-
dence that a transient prenatal or early
postnatal exposure to gonadal steroids
permanently organizes the developing
neural substrate into masculinized pat-
terns, while the absence of steroidal expo-
sure in the female results in feminized
neural pattern. In adulthood, testicular
and ovarian hormones act on the sexually
differentiated circuits to activate sex-
specific physiology and behavior (Phoe-
nix et al., 1959; Arnold, 2009).

Sex differences in sleep and circadian
rhythms appear in part to be modulated
by exposure to steroid hormones during
the perinatal period, although the mecha-
nisms by which this occurs are still rela-
tively unknown. Several early studies in
rodents demonstrated that daily injec-
tions of ovarian hormones to male rats
castrated in adulthood or female rats mas-
culinized by testosterone exposure during
development have no effect on sleep—wake
patterns (Branchey et al., 1973; Yamaoka,
1980). Although the mechanisms remain
unknown, these studies suggest that the
ability of gonadal hormones to alter sleep is
dependent on phenotypic sex.

Conversely, the evidence for the perinatal organizing effects of
gonadal hormones on the circadian timing system is more exten-
sive than that for sleep (Albers, 1981). In rodents, masculiniza-
tion of the brain neonatally prevents estradiol from shortening
the free-running period in adults (Zucker et al., 1980; Albers,
1981). In contrast, male hamsters castrated on the day of birth
maintain this sensitivity to estrogens and exhibit a shortened tau
when treated with estradiol as adults (Zucker et al., 1980). Male
hamsters are better able to entrain to a long photoperiod (24.75
h) than are females, a sex difference which persists following
castration in adulthood (Davis et al., 1983). These developmental
effects of testosterone may be due, in part, to an estrogenic effect,
as testosterone is aromatized to estradiol. In support of this hy-
pothesis, female hamsters ovariectomized at birth are better able
to entrain to a long photoperiod when compared to females that
are ovariectomized as adults (Davis et al., 1983).

Transgenic aromatase knock-out (ArKO) mice have been
used to address the activational and organizational roles of estra-
diol on circadian rhythm expression (Brockman et al., 2011).
These mice are devoid of estradiol as they lack a functional cyp19
gene, and thus, the enzyme aromatase cytochrome P450, which

Figure 2.
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Schematic representation of differences between the site of action of estrogenic and androgenic hormones on the
SCN. ER-rich nuclei (red), including the retina, the intergeniculate leaflet (IGL), and the dorsal raphe (DR), via the median raphe
(MRY), project to the SCN (top). The DR also contains androgen receptors and projects to the SCN. However, unlike the ER, ARs are
densely located in the core SCN (bottom). Testosterone can be aromatized into estradiol and thus may have dual androgenic/
estrogenic impacts on the system. The SCN regulates circadian timing in physiology and behavior by sending outputs to the

converts testosterone to estradiol (Honda et al., 1998). ArKO
females have the same duration of sleep as their wild-type (WT)
siblings, but their sleep is more fragmented and more sleep bouts
occur during their dark or active phase (Vyazovskiy et al., 2006).
In contrast, recent work on the circadian system in ArKO animals
reveals a complicated story of both activational and organiza-
tional effects of steroid hormones on the expression of biological
rhythms (Brockman et al., 2011).

Comparisons of circadian parameters between intact and go-
nadectomized animals reveal that the ArKO phenotype alters re-
sponsiveness to circulating steroid hormones (Brockman et al.,
2011). Gonadectomized and intact male ArKO animals do not
differ with respect to their free-running period, time of activity
onset, and their overall levels of activity. In contrast, castration of
WT males results in a lengthened period, a delay in their activity
onset, and a decrease in their activity levels. Similar to male
ArKOs, and what has been reported previously, ovariectomy of
intact WT females results in a decrease in activity levels. Yet sur-
prisingly, ovariectomized female ArKO actually have increased
activity compared to intact counterparts.

Comparisons of gonadectomized ArKO to WT animals reveal
the organizational role of estradiol in the development of biolog-
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ical rhythms (Brockman et al., 2011). Ovariectomized WT fe-
males are more active than intact or gonadectomized ArKO
females, indicating a developmental effect of estradiol on activity
levels independent from that of circulating steroids. This effect is
not observed in males. The time of activity onset in ovariecto-
mized ArKO females is significantly delayed compared to intact
ArKO females and ovariectomized WT females, despite all three
groups being estrogen deficient. Female ArKOs, whether intact or
ovariectomized, have a longer free running period than WT
females.

To further test the role of estradiol in the expression of bio-
logical rhythms, WT and ArKO male and female mice were
housed in constant darkness and given light pulses at different
times of day (Brockman et al., 2011). Their behavioral phase
shifts to the light pulses were measured; typically, animals given a
pulse of light during the early portion of the night respond by
having a relatively large delay in the time they become active on
the following day. In WT animals, castration of males and females
caused a 4 h shift in the peak of this behavioral response. In
contrast, gonadectomized and intact ArKO animals did not differ
in the time of their maximal delay in response to a light pulse. In
rodents, a light pulse administered during the later portion of the
night causes an advancement of activity onset. Wild-type males,
regardless of whether they are intact or castrated, have phase
advances that are almost twice as large as the shifts measured in
ArKO animals.

Together, these data from ArKO animals provide evidence
that estradiol plays a role in the modification of circadian
rhythms during development in both males and females, possibly
by modifying the ability of the circadian system to respond to
photic cues. To determine the mechanism by which gonadal
steroid hormones permanently modulate sleep and circadian
rhythms we have begun to examine ERa knock-out mice
(ERKO). Male ERa knock-out mice have an increase in daytime
activity and a delayed activity onset compared to wild-type coun-
terparts. Female wild-type mice have a larger behavioral phase
shift in response to a light pulse than ERa knock-out females. Yet
in the absence of photic cues, ERa and WT animals do not differ
with respect to their free running period in constant darkness (M.
Mahoney and M. Blattner, unpublished data). By examining
these parameters in gonadectomized ERKOs, we will gain insight
into the organizational and activational roles of estradiol. Addi-
tionally, it will be intriguing to determine whether the distribu-
tion of steroid hormone receptors within the SCN differs in
ArKO compared to WT animals, as has been shown previously in
other mouse models (Karatsoreos and Silver, 2007).

Beyond gonadal hormones: influence of chromosomal complement
Asmentioned above, men and women sleep differently, but is this
due to hormonal modulations of the sleep-wake regulatory
mechanisms or are there inherent sex differences? Recent work in
mice suggests that both hormone-dependent and -independent
components underlie sex differences in sleep (Paul et al., 2006,
2009a,b). Sex differences in sleep—wake amount, distribution,
and intensity are dependent upon the presence of gonads (Paul et
al., 2006). Female mice exhibit 1.5 h/d more wakefulness, more
consolidated sleep—wake patterns with fewer arousals from sleep
during their quiescent phase, and more sustained bouts of wake-
fulness during their normal active period than male mice. This
increase in time spent awake is at the expense of non-REMS.
Gonadectomy of male and female mice eliminates the sex differ-
ences in wake and non-REMS. Comparison of gonadectomized
mice to intact mice of the same sex reveals that sex differences in
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Figure 3.  Schematic of four core genotype mouse model. This mouse line was initiated by a
spontaneous deletion of the testis-determining gene “Sry” from the Y chromosome and the
subsequent insertion of the Sry transgene onto an autosome (Mahadevaiah et al., 1998). In the
absence of the Sry gene, testis development fails to occur. Thus, XY — mice develop ovaries and
are phenotypically female. When XY ~ mice have an Sry autosomal transgene (XY ~*7), they
develop normal-functioning testes. The four genotypes are derived by from the crossing of
XY ~*7 fathers and XX (wild-type) mothers: XX (genetic and phenotypic female), XY ~ (genetic
male, phenotypic female), XX*” (phenotypic male, genetic female) and XY ~ (genetic and
phenotypic male). This allows a 2 X 2 comparison of genes versus hormones. Differences seen
inmice with the same environmental milieu (such as XXand XY ) may be attributed to possible
chromosomal effects. Redrawn from Arnold and Chen (2009).

sleep—wake amounts are likely driven by ovarian hormone mod-
ulation of sleep—wake duration in females since ovariectomy de-
creases wake and increases non-REMS and castration had no
significant affect on sleep—wake amounts. Moreover, estradiol
replacement restores (i.e., suppresses) non-REMS amount in
ovariectomized mice to levels observed in intact mice (Paul et al.,
2009a). Curiously, testosterone replacement in males increases
spontaneous non-REMS amount and enhances non-REM recov-
ery from sleep restriction but no has effect on REM sleep (Paul et
al., 2009a).

Additionally, homeostatic responses are sexually differenti-
ated (Paul et al., 2006, 2009b). Following 6 h of sleep deprivation
during the last part of the light phase, the relative increase of
recovery non-REMS over baseline levels is greater in females than
in males, even though recovery non-REMS or REMS amounts are
not different. Consequently, females exhibit more proportional
non-REMS because they have less sleep during baseline recording
than males. Most interestingly, mice display sex differences in
SWA during recovery from sleep deprivation. During the first 2 h
of the recovery period, males exhibit higher normalized SWA
than females. As sleep drive dissipates during the recovery period,
SWA in males decreases more rapidly than in females. However,
females end the recovery period with higher values than males.
Similar sex differences in responses of SWA to sleep restriction
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have been reported in humans (Armitage et al., 2001) as dis-
cussed above.

A surprising finding that arose from these hormone replace-
ment studies is that several sex differences in sleep patterns are
not dependent on circulating gonadal hormones (Paul et al.,
2009a). During the early dark phase, ovariectomized female mice
had more NREM sleep than castrated males. There were also sex
differences in more discrete ranges of EEG spectral power that
were not eliminated by gonadectomy. Specifically, in the low end
of non-REM delta frequencies (.5-2 Hz), spectral power was
greater in ovariectomized females than castrated males during
spontaneous sleep. These basic sex differences could result from
the organizational effects of gonadal steroids (discussed above).
Alternatively, genetic sex, that is, a difference in chromosome
complement (XY or XX), may contribute to the sex differences.

An exciting model, the four core genotypes (FCG; Fig. 3), in
which the sex chromosome complement is the opposite of go-
nadal sex, now enables studies that directly examine the impact of
genetic sex on the sleep—wake cycle (for review, see Arnold,
2004). Studies to unmask the effects of genetic sex and pheno-
typic sex interactions on sleep-wake regulation in this mouse
model are ongoing and suggest that chromosomal complement
influences sleep (K. Paul, unpublished data). In fact, the FCG
mouse model has been successful in determining the contribu-
tion of sex chromosomes and gonadal hormones to behavioral
and neuroanatomical phenotypes and behavior phenotypes
(Carruth et al., 2002; De Vries et al., 2002; McPhie-Lalmansingh
et al., 2008; Barker et al., 2010) (see also for review Arnold and
Chen, 2009). Sex differences in aggressive behavior (Gatewood et
al., 2006) and autoantigen-specific immune responses (Palaszyn-
ski et al., 2005) are two salient examples where chromosomal sex
acts independently of the gonads as both have influences on the
sleep—wake cycle.

Future directions

The importance of sex and gonadal steroids in influencing sleep
and circadian rhythms is gaining recognition with the increasing
awareness of sleep disparities among men and women. As dis-
cussed, in subjective sleep studies, women report significantly
more sleep problems than men, yet this perception of a poorer
sleep quality in women is not reflected in objective PSG measures.
This raises some intriguing questions. Do women’s sleep needs
differ from men’s? If so, then are comparisons of PSG measures
between men and women an accurate assessment of sleep quality?
Our understanding of how gonadal steroids and sex are influenc-
ing sleep and biological rhythms is advancing through basic and
clinical investigation. Nevertheless, more work is needed to fur-
ther our understanding about the cellular and molecular mecha-
nisms through which gonadal steroids and genetic sex are
working as well as a comparison of these mechanisms in both
sexes. With these advances, therapeutic targets may be elucidated
that will help to alleviate the sleep pathologies associated with
neuroendocrine dysfunctions.
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