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On the basis of sex and sleep: the 
influence of the estrous cycle and 
sex on sleep-wake behavior
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The recurrent hormonal fluctuations within reproductive cycles impact sleep-
wake behavior in women and in rats and mice used in preclinical models of 
sleep research. Strides have been made in sleep-related clinical trials to 
include equal numbers of women; however, the inclusion of female rodents 
in neuroscience and sleep research is lacking. Female animals are commonly 
omitted from studies over concerns of the effect of estrus cycle hormones on 
measured outcomes. This review highlights the estrous cycle’s broad effects on 
sleep-wake behavior: from changes in sleep macroarchitecture to regionally 
specific alterations in neural oscillations. These changes are largely driven by 
cycle-dependent ovarian hormonal fluctuations occurring during proestrus and 
estrus that modulate neural circuits regulating sleep-wake behavior. Removal 
of estrous cycle influence by ovariectomy ablates characteristic sleep changes. 
Further, sex differences in sleep are present between gonadally intact females 
and males. Removal of reproductive hormones via gonadectomy in both sexes 
mitigates some, but not all sex differences. We examine the extent to which 
reproductive hormones and sex chromosomes contribute to sex differences 
in sleep-wake behavior. Finally, this review addresses the limitations in our 
understanding of the estrous cycle’s impact on sleep-wake behavior, gaps in 
female sleep research that are well studied in males, and the implications that 
ignoring the estrous cycle has on studies of sleep-related processes.
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The estrous cycle

The estrous cycle is a recurrent pattern of hormonal changes that mediate fertility in 
several species of mammals. The recurrent cyclical progression through the phases of the 
estrous cycle is regulated by hormonal release from the hypothalamic–pituitary-gonadal 
(HPG) axis (Figure  1). Gonadotropin-releasing hormone (GnRH) neurons in the 
hypothalamus serve as a central common pathway for reproductive regulation in both females 
and males (Christian and Moenter, 2010). In females, pulsatile release of GnRH stimulates the 
release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the anterior 
pituitary (Marshall and Griffin, 1993). LH and FSH regulate ovarian follicle maturation and 
the production of ovarian steroids, estradiol and progesterone. These ovarian steroids feedback 
on kisspeptin neurons, the upstream regulators of GnRH neurons, modulating GnRH neuron 
activity and controlling GnRH release (Christian and Moenter, 2010).

In female rats and mice the estrous cycle is approximately 4–5 days in length and is divided 
into four phases: metestrus, diestrus, proestrus, and estrus (Miller and Takahashi, 2014). 
During metestrus and diestrus, infrequent GnRH pulses produce FSH and low levels of 
LH. FSH increases ovarian follicle maturation resulting in increased release of estradiol from 
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ovarian follicles. During proestrus, elevated estradiol increases GnRH 
pulse frequency, triggering a surge of LH release (Park and Ramirez, 
1989; Sarkar et al., 1976). Notably, increases in GnRH pulse frequency 
occur during the later portion of the light phase of proestrus with the 
LH surge taking place within the hours adjacent to the transition to 
the dark phase (Chappell, 2005; Miller et al., 2004) (Figure 1). In the 
ovary, this LH surge induces ovulation, the release of the oocyte from 
the primary follicle, 10–12 h post-LH surge (Paccola et al., 2013) and 
is marked by a rapid decrease in estradiol. The remnants of the 
primary ovarian follicle become the corpus luteum, which releases 
progesterone and prepares the uterus for implantation should 
fertilization occur (Niswender, 2002; Niswender et al., 1994). Peak 
fertility occurs directly following ovulation and during estrus. If 
fertilization and pregnancy does not occur during estrus, the corpus 
luteum breaks down, progesterone levels decrease, and the cycle 
begins anew. One key difference between mice and rats is the release 
pattern of progesterone across the estrous cycle. While rats display an 
increase in progesterone following the LH surge, progesterone peaks 

earlier in mice during diestrus (Wood et al., 2007; McLean et al., 2012) 
(Figure 1).

While estrous cycle phases are commonly diagramed as being 
equal in length, phase length varies within and across species. Rat 
estrous cycle phase lengths are approximately: metestrus 6–21 h, 
diestrus 48–72 h, proestrus 12–14 h, and estrus 12–48 h (Paccola et al., 
2013; Ajayi and Akhigbe, 2020). Meanwhile, mice estrous cycle 
lengths are approximately: metestrus 2–24 h, diestrus 48–72 h, 
proestrus less than 24 h, and estrus 12–48 h (Ajayi and Akhigbe, 2020). 
Common methods for determining estrous cycle in mice and rats are 
outlined in Byers et al. (2012) and Ajayi and Akhigbe (2020).

The estrous cycle alters sleep-wake 
behavior

Electroencephalographic recordings in the 1960’s by Sawyer and 
colleagues identified changes in sleep-wake behavior across the estrous 

FIGURE 1

Schematic of the hypothalamic–pituitary-gonadal axis activity across the rat and the mouse estrous cycle over a four-day (96  h) period. Each day is 
composed of a 12-h light 12-h dark cycle with ZT0 representing lights on and ZT12 representing lights off. While cycle phases are displayed as equal in 
length occurring over a single 24-h (12-light, 12-dark) period, actual phase lengths vary (Paccola et al., 2013; Ajayi and Akhigbe, 2020). Further phase 
onset and offset is not locked to transitions between light and dark. During metestrus and diestrus, infrequent GnRH pulses cause FSH and low levels 
of LH release from the anterior pituitary. During proestrus, elevated estradiol increases GnRH pulse frequency, triggering a surge of LH release inducing 
ovulation and decreasing in estradiol. Elevated progesterone feedback to kisspeptin (Kiss) neurons which modulate GnRH pulses, decreasing their 
frequency. Relative hormone levels for rats taken from Scharfman and MacLusky (2006) and Smith et al. (1975) and for mice from McLean et al. (2012).
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cycle in female Sprague–Dawley rats (Colvin et al., 1968; Yokoyama et al., 
1965). During the dark/active phase of proestrus, female rats displayed 
reduced amounts of non-rapid eye movement (NREM) sleep and rapid 
eye movement (REM) sleep. Decreased sleep was accompanied by 
prolonged periods of wakefulness with enhanced arousal behavior and 
locomotor activity compared to analogous periods in other estrous 
phases. These sleep-wake changes coincided with estrous phases where 
increases in LH and FSH occurred—suggesting that reproductive 
hormones modulate sleep-wake rhythms (Colvin et  al., 1968). Over 
50 years later, the suppression of NREM sleep and REM sleep during 
proestrus has been replicated in several rat strains (Fang and Fishbein, 
1996; Schwierin et al., 1998; Zhang et al., 1995; Hadjimarkou et al., 2008; 
Swift et al., 2019; Tóth et al., 2024; Kostin et al., 2020). During the dark 
phase of proestrus, the length and frequency of REM sleep bouts is 
decreased, and REM sleep is disproportionately suppressed compared to 
NREM sleep. Following proestrus, some studies have identified a rebound 
in either NREM sleep, REM sleep, or both during the subsequent light 
phase of estrus (Yokoyama et al., 1965; Schwierin et al., 1998; Swift et al., 
2019). This rebound sleep is more consolidated with longer bouts of 
NREM and REM sleep and decreased NREM bout frequency (Swift et al., 
2019). Sleep changes have also been reported during metestrus and 
diestrus, but broadly, proestrus and estrus have the largest impact on sleep 
in rats (Figure 2).

The impact of the estrous cycle on sleep in mice is less defined. 
Early research established that sleep in mice is largely influenced by 
genetic background (Valatax et al., 1972). Similarly, a mouse’s genetic 
background determines the extent to which sleep is affected by the 
estrous cycle. A seminal study by Koehl et al. (2003) compared sleep 
in Balb/cJ, C57BL/6J, and C3H/HeJ mice across the estrous cycle. 
Similar to rats, C57BL/6 J mice had decreased REM sleep during the 
dark phase of proestrus compared to diestrus but did not show a sleep 
rebound during estrus. C3H/HeJ mice displayed a rebound in NREM 
sleep during the light phase of estrus, but also had decreased REM 
sleep during the light phase of diestrus. Sleep-wake behavior in Balb/

cJ mice was widely unaffected by the estrous cycle. A study of orexin 
knock-out C57BL/6 J used to study cataplexy found that the estrous 
cycle had no impact on sleep in female mice (Arthaud et al., 2022). 
Altogether, the estrous cycle has mixed effects on sleep in mice and 
these effects are highly dependent on strain (Figure 2).

Ovarian hormones produce 
cycle-specific changes in sleep

Early work hypothesized that ovarian release of estradiol and 
progesterone is necessary for the phase-dependent sleep changes 
during proestrus and estrus. Removing hormonal influence via 
ovariectomy (OVX) largely ablates the characteristic NREM and REM 
sleep changes seen within intact cycling females (Kleinlogel, 1983; 
Choi et al., 2021). However, OVX produces mixed effects on sleep-
waking behavior. An initial study found that OVX rats had less REM 
sleep than intact female rats during estrus and diestrus (Yokoyama 
et al., 1965). In contrast, subsequent studies found that OVX rats had 
increased REM sleep during the dark phase compared to intact 
females (Fang and Fishbein, 1996; Kleinlogel, 1983; Li and Satinoff, 
1996). One study found that OVX increased the total sleep time over 
a 24-h period—specifically by increasing dark phase NREM and REM 
sleep while decreasing waking (Colvin et al., 1969). A separate study 
found that OVX rats had increased NREM sleep in the light phase and 
less NREM in the dark phase alongside increased REM sleep during 
both light and dark phases (Li and Satinoff, 1996). Studies of OVX 
mice display decrease waking and increased NREM sleep across 24 h 
(Choi et al., 2021; Paul et al., 2006).

Reintroducing estradiol and progesterone into OVX animals 
produce sleep changes similar to those seen in proestrus and estrus 
(Figure  2). Further, the changes in sleep resulting from the 
reintroduction of ovarian hormones are more consistent than the 
changes following OVX. Administering estradiol to OVX rats and 

FIGURE 2

Summary figure outlining broad changes in sleep-wake behavior, sleep architecture, and sleep neural oscillations across the estrous cycle in mice and 
rats. The estrous cycle is displayed across a four-day period with each day encapsulating a different phase. Subsequent panels represent the effect of 
ovariectomy (OVX) and OVX with hormone supplementation over the course of day. Each phase has a light and a dark phase. Changes displayed in 
light or dark designate when they took place. Changes measured across a 24-h period rather than solely a light or a dark phase are labeled as such. E2 
designated estradiol; P4 designates progesterone. *Strain specific effects in mice (Koehl et al., 2003).
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mice reduces REM sleep, NREM sleep, and increases waking (Choi 
et  al., 2021; Colvin et  al., 1969; Matsushima and Takeichi, 1990; 
Cusmano et al., 2014; Deurveilher et al., 2009, 2011; Paul et al., 2009; 
Schwartz and Mong, 2013; Schwartz and Mong, 2011; Pawlyk et al., 
2008a,b). Moreover, these REM sleep and waking changes were most 
notable during the dark phase (Schwartz and Mong, 2013; Schwartz 
and Mong, 2011; Pawlyk et  al., 2008b; Matsushima and Takeichi, 
1990). Reintroducing progesterone also suppresses REM sleep during 
the dark phase (Deurveilher et  al., 2009). The administration of 
estradiol and progesterone together produces an equal or 
synergistically greater suppression of REM and NREM sleep than 
estradiol alone (Deurveilher et al., 2009; Branchey et al., 1971). Taken 
together this suggests that elevated levels of estradiol and progesterone 
during proestrus are largely responsible for the suppression of sleep 
that normally occurs during this time.

Reproductive hormones also contribute to the development of 
sleep-wake circuitry in both males and females. Administering 
estradiol and progesterone to adult male rats that were castrated as 
neonates suppresses dark phase NREM and REM sleep similar to 
females (Branchey et  al., 1973). This sleep suppression by 
administering ovarian hormones does not occur in males castrated as 
adults suggesting that the development of sleep-wake circuitry is 
influenced by perinatal reproductive hormones. Another study 
exposed neonatal females to masculinizing levels of testosterone and 
examined their sleep as adults (Cusmano et al., 2014). Masculinized 
adult females displayed reduced expression of neural activity marker 
c-fos in sleep-active neurons in ventral lateral preoptic area (VLPO) 
compared to control females (Cusmano et al., 2014). Administering 
ovarian hormones to these masculinized females also did not suppress 
sleep. Moreover, administering estradiol to females that were 
ovariectomized just prior to puberty or post-puberty as adults yields 
similar effects on sleep—suggesting that the effect of estradiol on sleep 
circuitry organization is specific to early development rather than 
puberty (Cusmano et al., 2014). As such, reproductive hormones help 
orchestrate the organization of sleep-wake circuitry during early 
development and are necessary for sleep’s modulation by reproductive 
hormones during puberty and adulthood.

Mechanisms of sleep modulation by 
ovarian hormones

Current evidence points to several different mechanisms by which 
ovarian hormones regulate sleep-waking behavior. First, elevated 
levels of estradiol promote wakefulness by suppressing activity in 
sleep-promoting brain regions. Work by Mong and colleagues has 
demonstrated that estradiol decreases activity in sleep-active neural 
population in the VLPO and median preoptic nucleus (MnPN) (Mong 
et al., 2011; Mong and Cusmano, 2016). Administration of estradiol 
in OVX rats decreases c-fos expression in VLPO neurons 
(Hadjimarkou et  al., 2008; Deurveilher et  al., 2008). Additionally, 
estradiol suppresses sleep-promoting prostaglandin D2. This 
suppression is driven by estradiol decreasing both prostaglandin D2 
mRNA and the enzyme (lipcaline-type prostaglandin D synthase) 
responsible for its synthesis in VLPO neurons (Hadjimarkou et al., 
2008; Mong et al., 2003; Urade and Hayaishi, 2011; Ueno et al., 1982; 
Mong et  al., 2003). The suppression of REM sleep specifically by 
estradiol is partially due to its action in the MnPN. Blocking estrogen 

receptors in the MnPN prevents the estradiol-induced suppression of 
REM sleep (Mong and Cusmano, 2016; Cusmano et  al., 2011). 
Estradiol also promotes wakefulness by enhancing activity in arousal 
centers. Administering estradiol increases c-fos expression in the 
tuberomammillary nucleus (TMN) arousal center (Hadjimarkou 
et al., 2008). As the VLPO and the TMN have reciprocal inhibitory 
connections (Saper et al., 2011), an increase in TMN neuron activity 
inhibits sleep-promoting VLPO neurons. Thus, estradiol promotes 
arousal by inhibiting sleep-promoting neurons and activating neurons 
in wake-promoting regions (Hadjimarkou et al., 2008).

The mechanisms by which progesterone modulate sleep are less 
clear. Progesterone has sleep inducing effects in rats and humans 
(Lancel et  al., 1997). These effects are caused by progesterone’s 
neuroactive metabolites, allopregnanolone and pregnenolone, acting 
as positive allosteric modulators of the GABAA receptor, rather than 
progesterone acting on its endogenous receptor (Lancel et al., 1996; 
Lancel, 1999). This action is similar to that of benzodiazepines and is 
hypothesized to be the mechanism by which progesterone promotes 
sleep. Administering progesterone, allopregnanolone, or pregnanolone 
in male rats decreases NREM sleep latency (Lancel et al., 1996, 1997; 
Edgar et al., 1997). In contrast, administering progesterone to female 
rats, particularly with or following daily doses of estradiol, promotes 
wakefulness and suppresses sleep (Deurveilher et al., 2009; Branchey 
et al., 1971). The impact of progesterone’s influence on sleep when 
administered with estradiol is confounding, but perhaps necessary. 
Progesterone receptor expression is dependent on estrogen receptor 
gene expression (Quadros and Wagner, 2008); i.e., the absence of 
estradiol decreases progesterone receptor expression. This complicates 
studies that reintroduce solely progesterone in OVX animals and see 
no effect on sleep as progesterone receptor density is likely diminished 
without estradiol. Another consideration is the release pattern of 
progesterone between mice and rats. In rats, estradiol and progesterone 
release is largely concurrent during proestrus, whereas mice display 
maximal progesterone release earlier during diestrus (McLean et al., 
2012; Scharfman and MacLusky, 2006). This separate release of 
estradiol and progesterone in mice allows a more granular evaluation 
of the impact of ovarian hormones and sleep-wake activity. However, 
it may also contribute to more variation on how sleep changes across 
the estrous cycle in mice.

A separate hypothesis suggests that progesterone suppresses sleep 
by increasing body temperature (Boivin and Shechter, 2010). 
Progesterone decreases neural activity in preoptic heat-sensitive 
neurons and increases activity in preoptic cold-sensing neurons, 
resulting in a net upward shift in the thermoregulatory set point and 
an overall increase in body temperature (Nakayama et  al., 1975). 
Elevated levels of endogenous progesterone during the estrous cycle 
and the menstrual cycle increase body temperature (Marrone et al., 
1976; Driver et al., 1996). Administration of exogenous progesterone 
elicits similar effects (Marrone et  al., 1976; Driver et  al., 1996; 
Stachenfeld et al., 2000). Increases in body temperature are associated 
with sleep disruption, REM sleep suppression, and insomnia (Lack 
et al., 2008). Women report the highest incidence of sleep disturbances 
during the luteal phase preceding menstruation when progesterone 
levels peak and core body temperature is elevated (Manber and 
Bootzin, 1997). However, the effect of progesterone on human sleep 
is also mixed. Administration of progesterone decreases sleep 
disturbances in postmenopausal women and increases NREM sleep 
in men (Caufriez et al., 2011; Friess et al., 1997; Schüssler et al., 2008; 
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Wiedemann et  al., 2017). However, progesterone receptor agonist 
megestrol acetate decreases REM sleep in men in an inverted 
U-shaped manner, i.e., high and low doses suppress REM to a lesser 
magnitude than medium doses (Wiedemann et al., 1998). Future work 
is necessary to better understand the mechanisms by which 
progesterone alters sleep.

Finally, ovarian hormones may also influence sleep by altering 
neuromodulatory output from arousal centers. The cholinergic basal 
forebrain, dopaminergic ventral tegmental area, noradrenergic locus 
coeruleus, serotonergic dorsal raphe, and the orexinergic lateral 
hypothalamus all modulate sleep-wake behavior. Moreover, 
optogenetic activation of these brain regions promotes wakefulness 
and prevents sleep (Carter et  al., 2010; Zant et  al., 2016; Eban-
Rothschild et al., 2016; Moriya et al., 2021; De Luca et al., 2022).

Progesterone and estradiol receptors are expressed within these 
neuromodulator centers (Mong and Cusmano, 2016; Shughrue et al., 
1997; Curran-Rauhut and Petersen, 2002) and their receptor density 
can fluctuate across the estrous cycle (Haywood et al., 1999). These 
fluctuations in receptor density, and ovarian hormones, likely impact 
neuromodulator tone. Furthermore, these neuromodulator centers 
also regulate mating behavior and sexual receptivity (Uphouse, 2014; 
Melis and Argiolas, 1995; Clemens et al., 1989; Muschamp et al., 2007; 
Etgen and Morales, 2002). Although the interplay of neuromodulators 
is more complex in mating behavior, maximal sexual receptivity in 
females occurs following ovulation during the night of proestrus 
where longer bouts of wake are common (Powers, 1970). It is likely 
that elevated neuromodulatory tone promotes both the increased 
wakefulness and sexual receptivity—potentially to maximize mating 
opportunities. However, there is a paucity of studies recording 
electrical activity or calcium transients from these arousal centers 
throughout the estrous cycle and further studies are necessary to 
determine how they are influenced by ovarian hormones.

The effect of prolactin on sleep

Prolactin is a peptide hormone released from the anterior 
pituitary which is responsible for regulating lactation in mammals 
(Bachelot and Binart, 2007). Prolactin release changes across the 
estrous cycle with levels remaining low through metestrus and 
diestrus, but increase dramatically during proestrus and remain 
elevated through estrus, particularly in mice (McLean et al., 2012; 
Freeman et  al., 2000). In mice, prolactin release displays a brief 
pre-ovulatory increase before reaching its highest levels during estrus 
(McLean et al., 2012). In rats, peak prolactin release coincides with the 
LH surge during proestrus. Rats prolactin levels also display a diurnal 
rhythm with increased release during sleep (Sassin et al., 1972; Bethea 
and Neili, 1979). Moreover, the increased release of prolactin during 
sleep is dependent on sleep state rather than the time of day (Sassin 
et al., 1973). Prolactin levels are highest during NREM sleep, and 
decrease during REM sleep (Parker et al., 1974) due to modulation by 
hypothalamic dopamine (Freeman et al., 2000). Low dopamine during 
NREM sleep allows prolactin release while increased dopamine 
during REM sleep inhibits release (Spiegel et  al., 1994). Despite 
prolactin’s release pattern during sleep and across the estrous cycle, 
little is known about the interplay between prolactin, sleep, and the 
estrous cycle phase. In rats, prolactin levels are higher during the dark 
phase than the light phase (Dunn et al., 1976; Laakso et al., 1988; Roky 

et al., 1995; Wong et al., 1983). Injections of prolactin during the light 
phase increase the amount of REM sleep, whereas administration 
during the dark phase increases waking and suppresses REM sleep—
specifically by decreasing the number of REM sleep bouts (Roky et al., 
1993, 1994). This REM sleep suppression is notable as it suggests that 
elevated prolactin may contribute to the decrease in REM sleep during 
dark phase of proestrus. However, to our knowledge, there is no study 
examining the effect of exogenous prolactin on sleep in either in 
gonadally-intact female rats or mice across the estrous cycle or in 
OVX animals.

Estrous cycle & sleep neural 
oscillations

Delta waves or slow waves are high amplitude 0.5–4 Hz oscillatory 
activity which occur within NREM sleep as the result of the 
simultaneous activation and subsequent inactivation of large neural 
populations. Slow waves are functionally important for sleep-
dependent memory consolidation, cerebrospinal fluid circulation, and 
metabolite clearance in the brain during sleep (Xie et al., 2013; Huber 
et al., 2004; Fattinger et al., 2017; Boespflug and Iliff, 2018). Although 
studies in women have found no difference in NREM slow wave 
power or slow wave activity (SWA) across the menstrual cycle (Driver 
et al., 1996; Baker and Lee, 2018; Driver et al., 2008), NREM SWA 
does change across the estrous cycle in rats. A study of female rats 
found SWA was decreased during proestrus compared to other estrous 
phases (Schwierin et al., 1998), with SWA activity reaching the lowest 
level during the transitions period from the light to the dark phase. In 
contrast, another study found that SWA activity was increased in 
multiple brain regions during the dark phase of proestrus compared 
to all other estrous phases (Swift et al., 2019). However, both studies 
identified increased NREM delta power during the light phase of 
estrus. In mice there was no effect of estrous cycle phase or mouse 
strain (Balb/cJ, C57BL/6 J, C3H/HeJ) on NREM SWA (Koehl 
et al., 2003).

Hippocampal ripples are transient (~100 msec) periods of 
100–250 Hz high frequency oscillatory activity that result from the 
activation of hippocampal pyramidal neurons primarily during 
NREM sleep and waking inactivity (Wilson and Mcnaughton, 1994; 
Roux et  al., 2017; Jadhav et  al., 2012). During sleep, ripples are 
important for the replay and stabilization of hippocampal memories 
encoded during waking (Girardeau et al., 2009; Gridchyn et al., 2020). 
Our understanding of hippocampal ripples in humans comes from 
studies of seizure patients implanted with focal electrodes (Wixted 
et al., 2014, 2018; Staresina et al., 2015); however, none of these studies 
have compared differences in ripple density or frequency between 
men and women. Numerous studies have recorded ripples from 
rodent hippocampi, but to our knowledge, no study exists comparing 
ripple characteristics in rats or mice between sexes or within females 
across the estrous cycle. One factor that could impact ripples is 
adenosine; activation of adenosine receptors decreases ripple 
incidence (Ortiz and Gutiérrez, 2015; Jarosch et al., 2015). Female rats 
display increased CA1 adenosine concentrations during proestrus 
compared to other cycle phases and males (Borgus et al., 2020), which 
could cause cycle-dependent variations in ripple incidence. 
Additionally, there is substantial evidence that ovarian hormones alter 
memory function and hippocampal cell morphology. Changes in 
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estradiol and progesterone levels across the estrous cycle alter CA1 
synaptic function and spine density (Woolley and McEwen, 1993; 
Woods and McEwen, 1992) and between sexes, estradiol acts 
differentially to potentiate synapses in males versus females 
(Oberlander and Woolley, 2017; Jain et  al., 2019). Hippocampal 
memory function also changes across the estrous cycle with elevated 
levels of estradiol associated with enhanced memory performance 
(Luine, 2014). As ovarian hormones have broad and differing effects 
on hippocampal processes, future work should consider ripples and 
memory replay when examining sex differences in 
hippocampal function.

Sleep spindles are transient (0.5–2 s) of 10–15 Hz neural oscillatory 
activity that wax and wane in amplitude. Sleep spindles are generated 
during NREM sleep by reciprocal inter- and intra-circuit connections 
between thalamic and cortical neural circuits (Steriade et al., 1993; 
Clawson et  al., 2016). In humans, rodents, and other mammals, 
spindles have been implicated in the consolidation of memories 
(Iotchev et al., 2017; Swift et al., 2018; Fogel and Smith, 2006; Mednick 
et al., 2013); either directly or via the coupling of spindles with NREM 
slow waves and hippocampal ripples (Siapas and Wilson, 1998; 
Wierzynski et al., 2009; Maingret et al., 2016). Women have a higher 
sleep spindle density (spindles/min) than men, with a greater 
percentage of spindles occurring in the left frontal cortex (Gaillard 
and Blois, 1981; Huupponen et al., 2002). Additionally, spindle density, 
length, frequency of spindle oscillations, and their spectral power 
change across the menstrual cycle (Driver et al., 1996; Ishizuka et al., 
1994; De Zambotti et  al., 2015). In female rats, spindle density 
increases during the light phase of proestrus compared to diestrus and 
estrus and the frequency of spindle oscillations peak during the light 
phase of proestrus and metestrus (Swift et  al., 2019). Changes in 
spindles across the estrous cycle may be  partially attributed to 
fluctuations in progesterone. Administration of progesterone and 
allopregnanolone in rats increases NREM sleep spindle power and the 
amount of intermediate or pre-REM sleep—a spindle-rich state that 
often precedes REM sleep in rats (Lancel et al., 1996, 1997). However, 
future work is necessary to confirm the potential impact of 
reproductive hormones on sleep spindles.

The beta (16–30 Hz) and gamma (30–100 Hz) bands are less 
commonly studied during sleep as they are often associated with 
waking or insomnia (Perlis et al., 2001). Menstrual cycle phase has a 
mild effect on NREM sleep beta with higher beta power during the 
luteal phase compared to the follicular phase (Driver et al., 1996). This 
study did not examine frequencies greater than 25 Hz, so it is unclear 
whether the menstrual cycle alters sleeping gamma power. However, 
NREM beta and gamma power are affected by the estrous cycle 
(Schwierin et  al., 1998; Swift et  al., 2019) with increases in both 
frequency bands during the dark phase of proestrus in rats. In mice, 
REM sleep gamma (30–120 Hz) is increased during estrus compared 
to diestrus (Barth et al., 2014). The increase in higher frequency bands 
(>16 Hz) during sleep may be partially attributed to elevated levels of 
progesterone. Administration of progesterone and allopregnanolone 
in rats increase 16–40 Hz spectral power during NREM and REM 
sleep (Lancel et  al., 1996, 1997). Further, progesterone increases 
NREM beta power in men (Friess et  al., 1997). The functional 
significance of increases in the beta and gamma bands during the dark 
phase of proestrus remains unknown but may represented increased 
waking pressure, potentially to maximize reproductive opportunities 
following ovulation.

REM sleep theta (5–9 Hz) emanates from the hippocampus and is 
generated by cholinergic and parvalbumin interneuron projections 
from the medial septum to the hippocampus (Ognjanovski et al., 2017; 
Simon et al., 2006). Frequency power within the REM sleep theta band 
varies across the estrous cycle phase (Schwierin et al., 1998). However, 
changes in REM theta were of small magnitude, regionally-specific, 
and occurred at isolated times within the cycle (Swift et al., 2019). The 
impact of OVX and hormone replacement on REM sleep theta is 
mixed. One study found that neither ovariectomy nor administering 
estradiol, progesterone, or both to OVX rats affected REM sleep theta 
power (Deurveilher et al., 2011). In contrast, four days of estradiol 
treatment reduced REM sleep theta power in OVX rats during the 
dark phase (Pawlyk et  al., 2008a). Another study found that 
administering progesterone to male rats reduced 7–8 Hz theta in a 
dose dependent manner (Lancel et al., 1996). Together these studies 
demonstrate that while ovarian hormones may affect REM sleep theta 
further work is necessary to understand their relationship.

Sleep homeostasis and the estrous 
cycle

The homeostatic rebound in sleep amount and SWA following 
extended periods of wake is well documented in rodents and humans 
(Choi et al., 2021; Borbely and Achermann, 1999). SWA rebound 
following sleep deprivation is increased in women compared to men 
(Armitage and Hoffmann, 2001; Hajali et al., 2019). To our knowledge, 
no study has examined SWA rebound following sleep deprivation 
during specific menstrual phases; although different phases of the 
menstrual cycle are more prone to sleep disturbances (Manber and 
Bootzin, 1997). In mice, females show a greater rebound in NREM 
sleep following sleep deprivation compared to males (Paul et  al., 
2006). However, gonadectomy (GDX) attenuates the increased NREM 
sleep rebound when comparing GDX males and GDX females. Four 
days of REM sleep deprivation produces REM rebound in male and 
in female rats regardless of estrous phase. However, females entering 
proestrus following REM deprivation were the slowest to recover as 
demonstrated by prolonged period of REM sleep rebound (Andersen 
et al., 2008). It is likely that rats undergoing REM recovery during 
proestrus had prolonged recovery due to competing mechanisms: 
REM rebound following deprivation and REM suppression commonly 
seen during proestrus. In contrast, the SWA response to sleep 
deprivation is largely unaffected by the estrous cycle. Sleep deprivation 
during the light phase of proestrus or estrus produces a similar SWA 
response (Schwierin et  al., 1998). However, ovarian hormones 
themselves can alter the response to sleep deprivation. Treating OVX 
females with estradiol, progesterone or a combination attenuates the 
SWA response to sleep deprivation (Deurveilher et  al., 2009). All 
treatment groups displayed normal NREM and REM sleep rebound, 
but OVX rats treated with solely estradiol had a greater relative 
increase in REM sleep recovery.

Circadian influences on the estrous 
cycle

Light–dark (LD) cycles serve as cues which entrain molecular 
biological pacemakers. While all tissues contain pacemaker activity, 
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the suprachiasmatic nuclei (SCN) in the hypothalamus is broadly the 
master pacemaker (Miller and Takahashi, 2014; Mohawk et al., 2012). 
Within the estrous cycle, both the release of ovarian hormones and 
proper SCN circadian signaling are necessary to elicit GnRH surges 
triggering ovulation. Lesioning the SCN abolishes circadian release of 
GnRH and produces aovulatory cycles (Wiegand and Terasawa, 1982). 
Ablation of ipsilateral SCN inputs to kisspeptin expressing neurons, 
the upstream regulators of GnRH neuron activity, decreases c-fos 
expression in GnRH neurons (Smarr et al., 2012). Further, bursts of 
GnRH neural activity which trigger the LH surge are under circadian 
regulation. In gonadally-intact females, LH surges are largely confined 
to the end of the light phase of proestrus (Miller and Takahashi, 2014; 
Chappell, 2005). Treating OVX female rats chronically with estradiol 
produces LH surges on multiple days, but notably, the surges are 
restricted to the end of the light phase (Legan and Karsch, 1975). Even 
altering the LD cycle does not greatly change the time within a day 
when LH surges occur. Animals housed under different LD cycles 
(e.g., L:D 12:12, 16:8) display LH surges at similar times in relation to 
the increased activity occurring at dark phase onset—regardless of the 
length of the LD cycle (Christian and Moenter, 2010; Moline et al., 
1981). Moreover, ovulation occurs at similar times within the day 
regardless of whether animals are kept on a LD cycle, constant light, 
or constant dark (Mccormack and Sridaran, 1977).

Circadian rhythms also play a role in fertility and pregnancy. 
Circadian disruption can detrimentally affect reproductive health, 
particularly in women where it can cause irregular menstrual cycle 
and decreased fertility (Lawson et al., 2011; Wang et al., 2016; Lawson 
et al., 2015; Mínguez-Alarcón et al., 2017). Circadian disruption also 
affects the estrous cycle in rats and mice (Miller and Takahashi, 2014). 
Rotating LD cycles every 3, 6, or 12 days to model shift work increases 
the estrous cycle length in mice (Yoshinaka et al., 2017). Further, the 
magnitude of cycle disruption and the proportion of mice with 
disrupted cycles is dependent on the frequency of LD reversals. 
Mutations to the Clock gene, a key component of the molecular 
pacemaker, can also be used as a model of circadian disruption. Clock 
mutant females display dampened LH surges (<1.8 ng compared to 
>10 ng in controls), and loss of cyclicity of the estrous cycle compared 
to controls (Miller et al., 2004). When pregnant, Clock mutants have a 
higher rate of fetal resorption and failure to deliver the pups at full 
term (Miller et al., 2004). These pregnancy complications occur in the 
presence of no change in breeding behavior between mutants and 
controls. A similar relationship between circadian disruption and 
pregnancy complications in women has also been reported. A study 
of over 20,000 women found that night work the week prior increases 
the risk of miscarriage in a dose dependent manner (Begtrup et al., 
2019)—suggesting that the detrimental effects of circadian disruption 
are well conserved across species.

Sex differences in sleep: sex 
chromosomes vs. gonadal function

Sleep in gonadally-intact males and females is most notably 
different during proestrus and estrus when females have less NREM 
and REM sleep and more waking compared to males (Fang and 
Fishbein, 1996; Swift et al., 2019; Kostin et al., 2020). Proestrus also 
marks sex differences in sleep microarchitecture, particularly in REM 
sleep. Even sex differences studies that do not account for the estrous 

cycle still identify differences between male and female sleep (Choi 
et  al., 2021; Paul et  al., 2006). These sex differences are largely 
dependent on gonadal function and the majority of differences 
disappear between sexes in GDX rats and GDX mice (Paul et al., 
2006; Cusmano et al., 2014). Hormone replacement via testosterone 
treatment to GDX males and estradiol to GDX females largely restore 
sex differences in sleep and waking (Choi et  al., 2021; Paul 
et al., 2009).

Despite this, not all sex differences in sleep disappear between 
male and female GDX rats and mice (Paul et al., 2006; Cusmano et al., 
2014). GDX male mice have increased REM sleep recovery and 
decreased NREM delta power following sleep deprivation compared 
to GDX female mice (Paul et al., 2006). Another study found that 
GDX males have increase waking, and decreased NREM and REM 
sleep during the dark phase compared to GDX females (Choi et al., 
2021). Interestingly, replacing endogenous hormones in GDX rats 
does not have equal effects across GDX males and female rats. 
Administering estradiol to GDX females suppresses sleep, particularly 
REM sleep, whereas infusion of testosterone into GDX males has little 
effect on sleep (Cusmano et al., 2014). Together these results suggest 
that sex differences in sleep are caused by factors outside of gonadal 
hormones, such as sex chromosomes.

The four-core genotype model is a tool that tests the influence of 
sex chromosomes or sex-linked traits independent of gonadal 
development and function. Within the model the SRY gene [whose 
absence or presence determines gonadal development regardless of 
sex chromosome (Berta et al., 1990; Sekido and Lovell-Badge, 2009)] 
is added to XX-females causing the development of male gonads. 
Similarly, the SRY gene is removed from XY-males to produce female 
gonads (Ehlen et al., 2013). The result is four genotypes: XY-male 
(+SRY, testes, male), XY-female (-SRY, ovaries, female), XX-male 
(+SRY, testes, male), and XX-female (-SRY, ovaries, female). One 
study used the model to determine whether sex chromosomes account 
for sex differences in sleep which persist after GDX (Ehlen et  al., 
2013). The study found that gonadally intact XX-females and 
XY-females have less NREM sleep during the dark phase compared to 
XY-males and XX-males. Following gonadectomy, GDX XX-males 
had more sleep than GDX XX-females during the dark phase. There 
was no differences between GDX XY-males or GDX XY-females 
(Ehlen et al., 2013). Finally, following 6hours of sleep deprivation, 
GDX XY-females had increased amounts NREM sleep and enhanced 
NREM SWA in comparison to GDX XX-females, suggesting Y-linked 
traits are responsible for increased homeostatic response to sleep 
deprivation. This study provides the first evidence that both hormones 
and sex chromosomes contribute to overall sex differences in sleep.

The four-core genotype model is currently only available in mice 
although a rat model is in preliminary development (Arnold et al., 
2023). One consideration for the four-core genotype study (Ehlen 
et al., 2013) is that it utilized C57BL/6 J mice which show limited 
changes in sleep across the estrous cycle, but the authors dismissed 
these changes and did not control for the estrous phase (Paul et al., 
2006). As estrous phase has a greater impact on sleep in rats, 
performing the same experiments in rats using a four-core genotype 
approach as well as controlling for the estrous phase may provide 
further insight. Preliminary results from the rat four-core model 
suggest that XY-female and XX-female rats both display normal 
estrous cycles with high fertility so replication of previous work in rats 
may yield novel results (Arnold et al., 2023).
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Considerations and future directions

Sleep and memory consolidation

Extensive work supports the relationship between sleep and 
memory formation (Rasch and Born, 2013; Poe, 2017), as well as 
between ovarian hormones and memory formation (Luine, 2014). 
However, the intersection between hormonally driven sleep-wake 
changes and their influence on sleep-dependent memory consolidation 
remain unexplored. Previous studies have shown that memory 
formation and learning strategies are affected by estrous phase (Korol 
et al., 2004; Kirry et al., 2018). Memory improvements, particularly 
during proestrus have been attributed to increased estradiol promoting 
synaptic plasticity in hippocampal circuits, but the impact of sleep is 
uncertain. Increased spindle density during the light phase of proestrus 
and a suppression of REM during the dark phase represent 
physiologically relevant periods where variations in synaptic plasticity 
may alter memory consolidation (Fang and Fishbein, 1996; Schwierin 
et al., 1998; Swift et al., 2019). The suppression of sleep during the dark 
phase of proestrus, and the subsequent sleep rebound during the 
morning of estrus present unique periods to examine how physiological 
changes in sleep may impact sleep-dependent memory processes. For 
instance, females in the dark phase of proestrus may perform poorly 
on REM sleep-dependent tasks as REM sleep is almost completely 
suppressed during that time. The enhanced spindle density in the 
mPFC during proestrus may also serve to improve memory function—
potentially by improving hippocampal connectivity via enhanced 
spindle-ripple coupling. Future work in gonadally-intact and OVX 
females should examine the impact estrous phase and ovarian 
hormones on sleep oscillations and how they impact sleep dependent 
memory consolidation.

Sleep and post-traumatic stress

Post-traumatic stress disorder (PTSD) and other anxiety disorders 
are more common in women compared to men (Kessler et al., 2017). 
Among other factors, this difference in prevalence has been partially 
attributed to changes in ovarian hormone levels promoting resilience 
or susceptibly to psychological stressors. Low hormone levels in the 
early follicular phase are purported to cause enhanced fear extinction 
in women compared to those in the late-follicular phase when 
hormone levels are elevated (Milad et  al., 2006). In rats, females 
display increased levels of fear extinction retention during proestrus 
when estradiol and progesterone are elevated (Milad et al., 2009). 
Moreover, administering estradiol and/or progesterone to female rats 
in metestrus significantly improved fear extinction recall (Milad et al., 
2009). In parallel, a separate body of work suggests that sleep 
disruption also contributes to mental health issues. Rats with 
disrupted sleep display enhanced anxiety-like behaviors and insomnia 
is bidirectionally related to anxiety in humans (Alvaro et al., 2013; 
Grubac et al., 2019; Krause et al., 2017). Despite both hormonal milieu 
and sleep impacting mental health, little work has examined the 
intersection of how sleep changes due to ovarian hormone fluctuations 
contribute trauma-related mental health disorders. Sleep disturbances 
preceding or following a trauma increase the likelihood of developing 
mental health disorders, particularly PTSD (Bryant et al., 2010; Koren 
et al., 2002). Sleep disturbances are commonly reported during the late 

luteal phase and menstruation in women (Baker and Driver, 2007). 
Further, sleep disturbances are also common during the transition to 
menopause when ovarian hormones decrease. These periods of 
disturbed sleep where ovarian hormone levels decrease may 
be potential windows of increased vulnerability to trauma, and as 
such, may contribute to the increased incidence of PTSD in women. 
However, few studies have evaluated this intersect. Only a single study 
in male rats (Vanderheyden et al., 2015) examined sleep in models of 
PTSD and no study has examined how estrus-related sleep changes 
impact behavior in PTSD models.

Combatting a male bias

Despite mandates for the inclusion of both sexes in future studies, 
the discrepancy between sexes persists today—particularly in 
neuroscience (Shansky, 2019; McCarthy et  al., 2017; Shansky and 
Woolley, 2016). A reoccurring motif throughout this review is the 
absence of citable studies using female rodents. Indeed, even within 
the field of sleep research several fundamental physiological processes 
(e.g., sleep neural oscillatory activity) have not been studied in female 
rodents, much less female rodents across the estrous cycle. These 
fundamental physiological processes are often assumed to be  1) 
equivalent to those occurring in males or 2) unaffected by the estrous 
cycle. This assumption does a disservice to the field by promoting a 
male bias, and more perniciously, in some instances may be entirely 
false. Further, as these fundamental physiological processes (e.g., 
hippocampal ripples) impact higher order processes (e.g., memory 
consolidation) it becomes evident that a significant majority of our 
understanding of the neuroscience of sleep is solely derived from the 
male brain.

The reluctance to include female animals in studies partly stems 
from concern that females and estrus cycle hormones will increase 
variability on a measured outcomes (Shansky, 2019). However, 
previous studies have shown that including females does not 
inherently increase variability. Rocks et al. (2022) demonstrated that 
when not controlling for estrous cycle phase, certain behaviors are not 
significantly different between males and females. In the same merit, 
controlling for estrous phase may identify a previously masked sex 
difference or further elucidate an existing sex difference that is 
apparent when the cycle is not controlled for. While the inclusion of 
female animals and systematic estrous cycle tracking presents some 
challenges their inclusion in study design enhances relevancy and the 
scientific merit of the results.

Conclusion

The estrous cycle and reproductive hormones modulate sleep-
wake behavior and play a vital role in the development of sleep neural 
circuitry. From sex chromosomes to gonads, reproductive processes 
influence female sleep creating a sex-specific milieu that is often quite 
distinct from males. Despite this, our understanding of sleep-wake 
processes is categorically biased towards males. While significant 
strides have been made towards including female animals in research, 
we have just begun to scratch the surface of studying foundational 
neurological processes in female animals. Researchers must view the 
inclusion of female animals in preclinical studies not as a burden, but 
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as an opportunity and a necessity to those who their research informs. 
Doing so will holistically improve our understanding of sleep 
physiology alongside the more important goal of better understanding 
and improving women’s health.

Author contributions

KS: Conceptualization, Supervision, Writing – original draft, 
Writing – review & editing. PU: Writing – review & editing. NG: 
Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

The authors would like to thank Dr. Sue Moenter (University of 
Michigan) for her insights and input on estrous cycle physiology. 
Additionally, the authors thank Staff Sergeant Lucas Wentlandt for his 
feedback on the manuscript.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Author disclaimer

Material has been reviewed by the Walter Reed Army Institute 
of Research. There is no objection to its presentation and/
publication. The opinions or assertions contained herein are the 
private views of the authors and are not to be construed as official 
or reflecting the view of the Department of the Army or the 
Department of Defense.

References
Ajayi, A. F., and Akhigbe, R. E. (2020). Staging of the estrous cycle and induction of 

estrus in experimental rodents: an update. Fertil. Res. Pract. 6, 5–15. doi: 10.1186/
s40738-020-00074-3

Alvaro, P. K., Roberts, R. M., and Harris, J. K. (2013). A systematic review assessing 
bidirectionality between sleep disturbances, anxiety, and depression. Sleep 36, 
1059–1068. doi: 10.5665/sleep.2810

Andersen, M. L., Antunes, I. B., Silva, A., Alvarenga, T. A. F., Baracat, E. C., and 
Tufik, S. (2008). Effects of sleep loss on sleep architecture in Wistar rats: gender-specific 
rebound sleep. Prog. Neuro.-Psychopharmacology. Biol. Psychiatry 32, 975–983. doi: 
10.1016/j.pnpbp.2008.01.007

Armitage, R., and Hoffmann, R. F. (2001). Sleep EEG, depression and gender. Sleep 
Med. Rev. 5, 237–246. doi: 10.1053/smrv.2000.0144

Arnold, A. P., Chen, X., Grzybowski, M. N., Ryan, J. M., Sengelaub, D. R., Mohanroy, T., 
et al. (2023). A “four Core genotypes” rat model to distinguish mechanisms underlying 
sex-biased phenotypes and diseases. bioR 10:2023.02.09.527738. doi: 
10.1101/2023.02.09.527738

Arthaud, S. D. S., Villalba, M., Blondet, C., Morel, A. L., and Peyron, C. (2022). Effects 
of sex and estrous cycle on sleep and cataplexy in narcoleptic mice. Sleep 45, 1–12. doi: 
10.1093/sleep/zsac089

Bachelot, A., and Binart, N. (2007). Reproductive role of prolactin. Reproduction 133, 
361–369. doi: 10.1530/REP-06-0299

Baker, F. C., and Driver, H. S. (2007). Circadian rhythms, sleep, and the menstrual 
cycle. Sleep Med. 8, 613–622. doi: 10.1016/j.sleep.2006.09.011

Baker, F. C., and Lee, K. A. (2018). Menstrual cycle effects on sleep. Sleep Med. Clin. 
13, 283–294. doi: 10.1016/j.jsmc.2018.04.002

Barth, A. M. I., Ferando, I., and Mody, I. (2014). Ovarian cycle-linked plasticity of 
d-GABAA receptor subunits in hippocampal interneurons affects gamma oscillations 
in vivo. Front. Cell. Neurosci. 8:222. doi: 10.3389/fncel.2014.00222

Begtrup, L. M., Specht, I. O., Hammer, P. E. C., Flachs, E. M., Garde, A. H., Hansen, J., 
et al. (2019). Night work and miscarriage: a Danish nationwide register-based cohort 
study. Occup. Environ. Med. 76, 302–308. doi: 10.1136/oemed-2018-105592

Berta, P., Hawkins, J. R., Sinclair, A. H., Taylor, A., Griffiths, B. L., Goodfellow, P. N., 
et al. (1990). Genetic evidence equating SRY and testis-determining factor. Nature 348, 
448–450. doi: 10.1038/348448a0

Bethea, C. L., and Neili, J. D. (1979). Prolactin secretion after cervical stimulation of 
rats maintained in constant dark or constant light. Endocrinology 104, 870–876. doi: 
10.1210/endo-104-4-870

Boespflug, E. L., and Iliff, J. J. (2018). The emerging relationship between interstitial 
fluid-cerebrospinal fluid exchange, amyloid-β, and sleep. Biol. Psychiatry 83, 328–336. 
doi: 10.1016/j.biopsych.2017.11.031

Boivin, D. B., and Shechter, A. (2010). Sleep, hormones, and circadian rhythms 
throughout the menstrual cycle in healthy women and women with premenstrual 
dysphoric disorder. Int. J. Endocrinol. 2010:259345. doi: 10.1155/2010/259345

Borbely, A. A., and Achermann, P. (1999). Sleep homeostasis and models of sleep 
regulation. J. Biol. Rhythm. 14, 559–570. doi: 10.1177/074873099129000894

Borgus, J. R., Puthongkham, P., and Venton, B. J. (2020). Complex sex and estrous 
cycle differences in spontaneous transient adenosine. J. Neurochem. 153, 216–229. doi: 
10.1111/jnc.14981

Branchey, M., Branchey, L., and Nadler, R. D. (1971). Effects of estrogen and progesterone 
on sleep patterns of female rats. Physiol. Behav. 6, 743–746. doi: 10.1016/0031-9384(71)90267-8

Branchey, L., Branchey, M., and Nadler, R. D. (1973). Effects of sex hormones on sleep 
patterns of male rats gonadectomized in adulthood and in the neonatal period. Physiol. 
Behav. 11, 609–611. doi: 10.1016/0031-9384(73)90244-8

Bryant, R. A., Creamer, M., O’Donnell, M., Silove, D., and McFarlane, A. C. (2010). 
Sleep disturbance immediately prior to trauma predicts subsequent psychiatric disorder. 
Sleep 33, 69–74. doi: 10.1093/sleep/33.1.69

Byers, S. L., Wiles, M. V., Dunn, S. L., and Taft, R. A. (2012). Mouse estrous cycle 
identification tool and images. PLoS One 7, 2–6. doi: 10.1371/journal.pone.0035538

Carter, M. E., Yizhar, O., Chikahisa, S., Nguyen, H., Adamantidis, A., Nishino, S., et al. 
(2010). Tuning arousal with optogenetic modulation of locus coeruleus neurons. Nat. 
Neurosci. 13, 1526–1533. doi: 10.1038/nn.2682

Caufriez, A., Leproult, R., L’Hermite-Balériaux, M., Kerkhofs, M., and Copinschi, G. 
(2011). Progesterone prevents sleep disturbances and modulates GH, TSH, and 
melatonin secretion in postmenopausal women. J. Clin. Endocrinol. Metab. 96, E614–
E623. doi: 10.1210/jc.2010-2558

Chappell, P. E. (2005). Clocks and the block box: circadian influences on 
gonadotropin-releasing hormone secretion. J. Neuroendocrinol. 17, 119–130. doi: 
10.1111/j.1365-2826.2005.01270.x

Choi, J., Kim, S. J., Fujiyama, T., Miyoshi, C., Park, M., Suzuki-Abe, H., et al. (2021). 
The role of reproductive hormones in sex differences in sleep homeostasis and arousal 
response in mice. Front. Neurosci. 15, 1–14. doi: 10.3389/fnins.2021.739236

Christian, C. A., and Moenter, S. M. (2010). The neurobiology of preovulatory and 
estradiol-induced gonadotropin- releasing hormone surges. Endocr. Rev. 31, 544–577. 
doi: 10.1210/er.2009-0023

https://doi.org/10.3389/fnins.2024.1426189
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s40738-020-00074-3
https://doi.org/10.1186/s40738-020-00074-3
https://doi.org/10.5665/sleep.2810
https://doi.org/10.1016/j.pnpbp.2008.01.007
https://doi.org/10.1053/smrv.2000.0144
https://doi.org/10.1101/2023.02.09.527738
https://doi.org/10.1093/sleep/zsac089
https://doi.org/10.1530/REP-06-0299
https://doi.org/10.1016/j.sleep.2006.09.011
https://doi.org/10.1016/j.jsmc.2018.04.002
https://doi.org/10.3389/fncel.2014.00222
https://doi.org/10.1136/oemed-2018-105592
https://doi.org/10.1038/348448a0
https://doi.org/10.1210/endo-104-4-870
https://doi.org/10.1016/j.biopsych.2017.11.031
https://doi.org/10.1155/2010/259345
https://doi.org/10.1177/074873099129000894
https://doi.org/10.1111/jnc.14981
https://doi.org/10.1016/0031-9384(71)90267-8
https://doi.org/10.1016/0031-9384(73)90244-8
https://doi.org/10.1093/sleep/33.1.69
https://doi.org/10.1371/journal.pone.0035538
https://doi.org/10.1038/nn.2682
https://doi.org/10.1210/jc.2010-2558
https://doi.org/10.1111/j.1365-2826.2005.01270.x
https://doi.org/10.3389/fnins.2021.739236
https://doi.org/10.1210/er.2009-0023


Swift et al. 10.3389/fnins.2024.1426189

Frontiers in Neuroscience 10 frontiersin.org

Clawson, B. C., Durkin, J., and Aton, S. J. (2016). Form and function of sleep spindles 
across the lifespan. Neural Plast. 2016, 1–16. doi: 10.1155/2016/6936381

Clemens, L., Barr, P., and Dohanich, G. (1989). Cholinergic regulation of female sexual 
behavior in rats demonstrated by manipulation of endogenous acetylcholine. Physiol. 
Behav. 45, 437–442. doi: 10.1016/0031-9384(89)90152-2

Colvin, G., Whitmoyer, D., Lisk, R., Walter, D., and Sawyer, C. (1968). Changes in 
sleep-wakefulness in female rates during circadian and estrous cycles. Brain Res. 7, 
173–181. doi: 10.1016/0006-8993(68)90095-4

Colvin, G. B., Whitmoyer, D. I., and Sawyer, C. H. (1969). Circadian sleep-wakefulness 
patterns in rats after ovariectomy and treatment with estrogen. Exp. Neurol. 25, 616–625. 
doi: 10.1016/0014-4886(69)90104-6

Curran-Rauhut, M. A., and Petersen, S. L. (2002). The distribution of progestin 
receptor mRNA in rat brainstem. Brain Res. Gene Expr. Patterns 1, 151–157. doi: 
10.1016/S1567-133X(02)00011-X

Cusmano, D. M., Hadjimarkou, M. M., and Mong, J. A. (2014). Gonadal steroid 
modulation of sleep and wakefulness in male and female rats is sexually differentiated 
and neonatally organized by steroid exposure. Endocrinology 155, 204–214. doi: 10.1210/
en.2013-1624

Cusmano, D. M., Viechweg, S., and Mong, J. A. (2011). Blockade of estrogenic action 
in the MNPN disrupts sleep/wake behavior in the female rat. Sleep 36:A0020.

De Luca, R., Nardone, S., Grace, K. P., Venner, A., Cristofolini, M., Bandaru, S. S., et al. 
(2022). Orexin neurons inhibit sleep to promote arousal. Nat. Commun. 13:4163. doi: 
10.1038/s41467-022-31591-y

De Zambotti, M., Willoughby, A. R., Sassoon, S. A., Colrain, I. M., and Baker, F. C. 
(2015). Menstrual cycle-related variation in physiological sleep in women in the early 
menopausal transition. J. Clin. Endocrinol. Metab. 100, 2918–2926. doi: 10.1210/
jc.2015-1844

Deurveilher, S., Cumyn, E. M., Rusak, B., Semba, K., and Peers, T. (2008). Estradiol 
replacement enhances sleep deprivation-induced c-Fos immunoreactivity in forebrain 
arousal regions of ovariectomized rats. Am. J. Physiol. Integr. Comp. Physiol. 295, R1328–
R1340. doi: 10.1152/ajpregu.90576.2008

Deurveilher, S., Rusak, B., and Semba, K. (2009). Estradiol and progesterone modulate 
spontaneous sleep patterns and recovery from sleep deprivation in ovariectomized rats. 
Sleep 32, 865–877

Deurveilher, S., Rusak, B., and Semba, K. (2011). Female reproductive hormones 
alter sleep architecture in ovariectomized rats. Sleep 34, 519–530. doi: 10.1093/
sleep/34.4.519

Driver, H. S., Dijk, D. J., Werth, E., Biedermann, K., and Borbély, A. A. (1996). 
Sleep and the sleep electroencephalogram across the menstrual cycle in young 
healthy women. J. Clin. Endocrinol. Metab. 81, 728–735. doi: 10.1210/
jcem.81.2.8636295

Driver, H. S., Werth, E., Dijk, D. J., and Borbély, A. A. (2008). Menstrual cycle effects 
on sleep. Sleep Med. Clin. 3, 1–11. doi: 10.1016/j.jsmc.2007.10.003

Dunn, J. D., Hess, M., and Johnson, D. C. (1976). Effect of thyroidectomy on rhythmic 
gonadotropin release. Proc. Soc. Exp. Biol. Med. 151, 22–27. doi: 
10.3181/00379727-151-39135

Eban-Rothschild, A., Rothschild, G., Giardino, W. J., Jones, J. R., and de Lecea, L. 
(2016). VTA dopaminergic neurons regulate ethologically relevant sleep-wake 
behaviors. Nat. Neurosci. 19, 1356–1366. doi: 10.1038/nn.4377

Edgar, D. M., Seidel, W. F., Gee, K. W., Lan, N. C., Field, G., Xia, H., et al. (1997). 
CCD-3693: an orally bioavailable analog of the endogenous neuroactive steroid, 
pregnanolone, demonstrates potent sedative hypnotic actions in the rat. J. Pharmacol. 
Exp. Ther. 282, 420–429

Ehlen, J. C., Hesse, S., Pinckney, L., and Paul, K. N. (2013). Sex chromosomes regulate 
nighttime sleep propensity during recovery from sleep loss in mice. PLoS One 8, e62205–
e62219. doi: 10.1371/journal.pone.0062205

Etgen, A. M., and Morales, J. C. (2002). Somatosensory stimuli evoke norepinephrine 
release in the anterior ventromedial hypothalamus of sexually receptive female rats. J. 
Neuroendocrinol. 14, 213–218. doi: 10.1046/j.0007-1331.2001.00764.x

Fang, J., and Fishbein, W. (1996). Sex differences in paradoxical sleep: influences 
of estrus cycle and ovariectomy. Brain Res. 734, 275–285. doi: 
10.1016/0006-8993(96)00652-X

Fattinger, S., De Beukelaar, T. T., Ruddy, K. L., Volk, C., Heyse, N. C., Herbst, J. A., 
et al. (2017). Deep sleep maintains learning efficiency of the human brain. Nat. Commun. 
8:15405. doi: 10.1038/ncomms15405

Fogel, S. M., and Smith, C. T. (2006). Learning-dependent changes in sleep spindles 
and stage 2 sleep. J. Sleep Res. 15, 250–255. doi: 10.1111/j.1365-2869.2006.00522.x

Freeman, M. E., Kanyicska, B., Lerant, A., and Nagy, G. (2000). Prolactin: structure, 
function, and regulation of secretion. Physiol. Rev. 1, 1526–1631. doi: 10.1016/
B978-012515400-0/50037-3

Friess, E., Tagaya, H., Trachsel, L., Holsboer, F., and Rupprecht, R. (1997). 
Progesterone-induced changes in sleep in male subjects. Am. J. Phys. 272, E885–E891. 
doi: 10.1152/ajpendo.1997.272.5.E885

Gaillard, J. M., and Blois, R. (1981). Spindle density in sleep of normal subjects. Sleep 
4, 385–391. doi: 10.1093/sleep/4.4.385

Girardeau, G., Benchenane, K., Wiener, S. I., Buzsáki, G., and Zugaro, M. B. (2009). 
Selective suppression of hippocampal ripples impairs spatial memory. Nat. Neurosci. 12, 
1222–1223. doi: 10.1038/nn.2384

Gridchyn, I., Schoenenberger, P., Neill, J. O., and Csicsvari, J. (2020). Assembly-
specific disruption of hippocampal replay leads to selective memory deficit article 
assembly-specific disruption of hippocampal replay leads to selective memory deficit. 
Neuron 106, 291–300.e6. doi: 10.1016/j.neuron.2020.01.021

Grubac, Z., Sutulovic, N., Ademovic, A., Velimirovic, M., Rasic-Markovic, A., Macut, D., 
et al. (2019). Short-term sleep fragmentation enhances anxiety-related behavior: the role of 
hormonal alterations. PLoS One 14, e0218920–e0218916. doi: 10.1371/journal.pone.0218920

Hadjimarkou, M. M., Benham, R., Schwarz, J. M., Holder, M. K., and Mong, J. A. 
(2008). Estradiol suppresses rapid eye movement sleep and activation of sleep-active 
neurons in the ventrolateral preoptic area. Eur. J. Neurosci. 27, 1780–1792. doi: 10.1111/j.
1460-9568.2008.06142.x

Hajali, V., Andersen, M. L., Negah, S. S., and Sheibani, V. (2019). Sex differences in 
sleep and sleep loss-induced cognitive deficits: the influence of gonadal hormones. 
Horm. Behav. 108, 50–61. doi: 10.1016/j.yhbeh.2018.12.013

Haywood, S. A., Simonian, S. X., Van der Beek, E. M., Bicknell, R. J., and 
Herbison, A. E. (1999). Fluctuating estrogen and progesterone receptor expression in 
brainstem norepinephrine neurons through the rat estrous cycle. Endocrinology 140, 
3255–3263. doi: 10.1210/endo.140.7.6869

Huber, R., Ghilardi, M. F., Massimini, M., and Tononi, G. (2004). Local sleep and 
learning. Nature 430, 78–81. doi: 10.1038/nature02663

Huupponen, E., Himanen, S.-L., Värri, A., Hasan, J., Lehtokangas, M., and Saarinen, J. 
(2002). A study on gender and age differences in sleep spindles. Neuropsychobiology 45, 
99–105. doi: 10.1159/000048684

Iotchev, I. B., Kis, A., Bódizs, R., Van Luijtelaar, G., and Kubinyi, E. (2017). EEG 
transients in the sigma range during non-REM sleep predict learning in dogs. Sci. Rep. 
7, 1–11. doi: 10.1038/s41598-017-13278-3

Ishizuka, Y., Pollak, C. P., Shirakawa, S., Kakuma, T., Azumi, K., Usui, A., et al. (1994). 
Sleep spindle frequency changes during the menstrual cycle. J. Sleep Res. 3, 26–29. doi: 
10.1111/j.1365-2869.1994.tb00100.x

Jadhav, S. P., Kemere, C., German, P. W., and Frank, L. M. (2012). Awake hippocampal 
sharp-wave ripples support spatial memory. Science 336, 1454–1458. doi: 10.1126/
science.1217230

Jain, X. A., Huang, G. Z., and Woolley, X. C. S. (2019). Latent sex differences in 
molecular signaling that underlies excitatory synaptic potentiation in the Hippocampus. 
Neuroscience 39, 1552–1565. doi: 10.1523/JNEUROSCI.1897-18.2018

Jarosch, M. S., Gebhardt, C., Fano, S., Huchzermeyer, C., ul Haq, R., Behrens, C. J., 
et al. (2015). Early adenosine release contributes to hypoxia-induced disruption of 
stimulus-induced sharp wave-ripple complexes in rat hippocampal area CA3. Eur. J. 
Neurosci. 42, 1808–1817. doi: 10.1111/ejn.12941

Kessler, R. C., Aguilar-Gaxiola, S., Alonso, J., Benjet, C., Bromet, E. J., Cardoso, G., 
et al. (2017). Trauma and PTSD in the WHO world mental health surveys. Eur. J. 
Psychotraumatol. 8:1353383. doi: 10.1080/20008198.2017.1353383

Kirry, A. J., Durigan, D. J., Twining, R. C., and Gilmartin, M. R. (2018). Estrous cycle 
stage gates sex differences in prefrontal muscarinic control of fear memory formation. 
Neurobiol. Learn. Mem. 161, 26–36. doi: 10.1016/j.nlm.2019.03.001

Kleinlogel, H. (1983). The female rat’s sleep during oestrous cycle. Neuropsychobiology 
10, 228–237. doi: 10.1159/000118016

Koehl, M., Battle, S. E., and Turek, F. W. (2003). Sleep in female mice: a strain 
comparison across the estrous cycle. Sleep 26, 267–272. doi: 10.1093/sleep/26.3.267

Koren, D., Arnon, I., Lavie, P., and Klein, E. (2002). Sleep complaints as early 
predictors of posttraumatic stress disorder: a 1-year prospective study of injured 
survivors of motor vehicle accidents. Am. J. Psychiatry 159, 855–857. doi: 10.1176/appi.
ajp.159.5.855

Korol, D. L., Malin, E. L., Borden, K. A., Busby, R. A., and Couper-Leo, J. (2004). Shifts 
in preferred learning strategy across the estrous cycle in female rats. Horm. Behav. 45, 
330–338. doi: 10.1016/j.yhbeh.2004.01.005

Kostin, A., Alam, A., Siegel, J., McGinty, D., and Alam, N. (2020). Sex- and age-
dependent differences in sleep-wake characteristics of Fisher-344 rats. Neuroscience 427, 
29–42. doi: 10.1016/j.neuroscience.2019.11.046

Krause, A. J., Ben, S. E., Mander, B. A., Greer, S. M., Saletin, J. M., 
Goldstein-Piekarski, A. N., et al. (2017). The sleep-deprived human brain. Nat. Rev. 
Neurosci. 18, 404–418. doi: 10.1038/nrn.2017.55

Laakso, M.-L., Porkka-Heiskanen, T., Alila, A., Peder, M., and Johansson, G. (1988). 
Twenty-four-hour patterns of pineal melatonin and pituitary and plasma prolactin in 
male rats under ‘natural’ and artificial lighting conditions. Neuroendocrinology 48, 
308–313. doi: 10.1159/000125027

Lack, L. C., Gradisar, M., Van Someren, E. J. W., Wright, H. R., and Lushington, K. 
(2008). The relationship between insomnia and body temperatures. Sleep Med. Rev. 12, 
307–317. doi: 10.1016/j.smrv.2008.02.003

Lancel, M. (1999). Role of GABA(a) receptors in the regulation of sleep: initial sleep 
responses to peripherally administered modulators and agonists. Sleep 22, 33–42. doi: 
10.1093/sleep/22.1.33

https://doi.org/10.3389/fnins.2024.1426189
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1155/2016/6936381
https://doi.org/10.1016/0031-9384(89)90152-2
https://doi.org/10.1016/0006-8993(68)90095-4
https://doi.org/10.1016/0014-4886(69)90104-6
https://doi.org/10.1016/S1567-133X(02)00011-X
https://doi.org/10.1210/en.2013-1624
https://doi.org/10.1210/en.2013-1624
https://doi.org/10.1038/s41467-022-31591-y
https://doi.org/10.1210/jc.2015-1844
https://doi.org/10.1210/jc.2015-1844
https://doi.org/10.1152/ajpregu.90576.2008
https://doi.org/10.1093/sleep/34.4.519
https://doi.org/10.1093/sleep/34.4.519
https://doi.org/10.1210/jcem.81.2.8636295
https://doi.org/10.1210/jcem.81.2.8636295
https://doi.org/10.1016/j.jsmc.2007.10.003
https://doi.org/10.3181/00379727-151-39135
https://doi.org/10.1038/nn.4377
https://doi.org/10.1371/journal.pone.0062205
https://doi.org/10.1046/j.0007-1331.2001.00764.x
https://doi.org/10.1016/0006-8993(96)00652-X
https://doi.org/10.1038/ncomms15405
https://doi.org/10.1111/j.1365-2869.2006.00522.x
https://doi.org/10.1016/B978-012515400-0/50037-3
https://doi.org/10.1016/B978-012515400-0/50037-3
https://doi.org/10.1152/ajpendo.1997.272.5.E885
https://doi.org/10.1093/sleep/4.4.385
https://doi.org/10.1038/nn.2384
https://doi.org/10.1016/j.neuron.2020.01.021
https://doi.org/10.1371/journal.pone.0218920
https://doi.org/10.1111/j.1460-9568.2008.06142.x
https://doi.org/10.1111/j.1460-9568.2008.06142.x
https://doi.org/10.1016/j.yhbeh.2018.12.013
https://doi.org/10.1210/endo.140.7.6869
https://doi.org/10.1038/nature02663
https://doi.org/10.1159/000048684
https://doi.org/10.1038/s41598-017-13278-3
https://doi.org/10.1111/j.1365-2869.1994.tb00100.x
https://doi.org/10.1126/science.1217230
https://doi.org/10.1126/science.1217230
https://doi.org/10.1523/JNEUROSCI.1897-18.2018
https://doi.org/10.1111/ejn.12941
https://doi.org/10.1080/20008198.2017.1353383
https://doi.org/10.1016/j.nlm.2019.03.001
https://doi.org/10.1159/000118016
https://doi.org/10.1093/sleep/26.3.267
https://doi.org/10.1176/appi.ajp.159.5.855
https://doi.org/10.1176/appi.ajp.159.5.855
https://doi.org/10.1016/j.yhbeh.2004.01.005
https://doi.org/10.1016/j.neuroscience.2019.11.046
https://doi.org/10.1038/nrn.2017.55
https://doi.org/10.1159/000125027
https://doi.org/10.1016/j.smrv.2008.02.003
https://doi.org/10.1093/sleep/22.1.33


Swift et al. 10.3389/fnins.2024.1426189

Frontiers in Neuroscience 11 frontiersin.org

Lancel, M., Faulhaber, J., Holsboer, F., and Rupprecht, R. (1996). Progesterone 
induces changes in sleep comparable to those of agonistic GABA(a) receptor 
modulators. Am. J. Physiol. – Endocrinol. Metab. 271, E763–E772. doi: 10.1152/
ajpendo.1996.271.4.e763

Lancel, M., Faulhaber, J., Schiffelholz, T., Romeo, E., di Michele, F., Holsboer, F., et al. 
(1997). Allopregnanolone affects sleep in a benzodiazepine-like fashion. J. Pharmacol. 
Exp. Ther. 282, 1213–1218

Lawson, C. C., Johnson, C. Y., Chavarro, J. E., Lividoti Hibert, E. N., Whelan, E. A., 
Rocheleau, C. M., et al. (2015). Work schedule and physically demanding work in 
relation to menstrual function: the nurses’ health study 3. Scand. J. Work Environ. Health 
41, 194–203. doi: 10.5271/sjweh.3482

Lawson, C. C., Whelan, E. A., Hibert, E. N., Spiegelinan, D., and Rich-Edwards, J. W. 
(2011). Rotating shift work and menstrual cycle characteristics. Epidemiology 22, 
305–312. doi: 10.1097/EDE.0b013e3182130016

Legan, S. J., and Karsch, F. J. (1975). A daily signal for the LH surge in the rat. 
Endocrinology 96, 57–62. doi: 10.1210/endo-96-1-57

Li, H., and Satinoff, E. (1996). Body temperature and sleep in intact and 
ovariectomized female rats. Am. J. Physiol. Integr. Comp. Physiol. 271, R1753–R1758. doi: 
10.1152/ajpregu.1996.271.6.r1753

Luine, V. N. (2014). Estradiol and cognitive function: past, present and future. Horm. 
Behav. 66, 602–618. doi: 10.1016/j.yhbeh.2014.08.011

Maingret, N., Girardeau, G., Todorova, R., Goutierre, M., and Zugaro, M. (2016). 
Hippocampo-cortical coupling mediates memory consolidation during sleep. Nat. 
Neurosci. 19, 959–964. doi: 10.1038/nn.4304

Manber, R., and Bootzin, R. R. (1997). Sleep and the menstrual cycle. Health Psychol. 
16, 209–214. doi: 10.1037/0278-6133.16.3.209

Marrone, B. L., Thomas Gentry, R., and Wade, G. N. (1976). Gonadal hormones and 
body temperature in rats: effects of estrous cycles, castration and steroid replacement. 
Physiol. Behav. 17, 419–425. doi: 10.1016/0031-9384(76)90101-3

Marshall, G., and Griffin, M. (1993). The role of changing pulse frequency in the 
regulation of ovulation. Hum. Re. 8, 57–61. doi: 10.1093/humrep/8.suppl_2.57

Matsushima, M., and Takeichi, M. (1990). Effects of intraventricular implantation of 
crystalline estradiol benzoate on the sleep-wakefulness Orcadian rhythm of 
Ovariectomized rats. Psychiatry Clin. Neurosci. 44, 111–121. doi: 
10.1111/j.1440-1819.1990.tb00448.x

McCarthy, M. M., Woolley, C. S., and Arnold, A. P. (2017). Incorporating sex as a 
biological variable in neuroscience: what do we gain? Nat. Rev. Neurosci. 18, 707–708. 
doi: 10.1038/nrn.2017.137

Mccormack, C. E., and Sridaran, R. (1977). Timing of ovulation in rats during 
exposure to continuous light: evidence for a circadian rhythm of luteinizing hormone 
secretion. Endocrinology 76, 135–144. doi: 10.1677/joe.0.0760135

McLean, A. C., Valenzuela, N., Fai, S., and Bennett, S. A. L. (2012). Performing vaginal 
lavage, crystal violet staining, and vaginal cytological evaluation for mouse estrous cycle 
staging identification. J. Vis. Exp. 67, 4–9. doi: 10.3791/4389

Mednick, S. C., Mcdevitt, E. A., Walsh, J. K., Wamsley, E., Paulus, M., Kanady, J. C., 
et al. (2013). The critical role of sleep spindles in hippocampal-dependent memory: a 
pharmacology study. J. Neurosci. 33, 4494–4504. doi: 10.1523/
JNEUROSCI.3127-12.2013

Melis, M., and Argiolas, A. (1995). Dopamine and sexual behavior. Neurosci. Biobehav. 
Rev. 19, 19–38. doi: 10.1016/0149-7634(94)00020-2

Milad, M. R., Igoe, S. A., Lebron-Milad, K., and Novales, J. E. (2009). Estrous cycle 
phase and gonadal hormones influence conditioned fear extinction. Neuroscience 164, 
887–895. doi: 10.1016/j.neuroscience.2009.09.011

Milad, M. R., Orr, S. P., Klibanski, A., Wedig, M. M., Klibanski, A., Pitman, R. K., et al. 
(2006). Fear conditioning and extinction: influence of sex and menstrual cycle in healthy 
humans. Behav. Neurosci. 120, 1196–1203. doi: 10.1037/0735-7044.120.5.1196

Miller, B. H., Losee-Olson, S., Turek, F. W., Levine, J. E., Horton, T., and Takahashi, J. S. 
(2004). Circadian clock mutation disrupts estrous Cyclicity and maintenance of 
pregnancy. Curr. Biol. 14, 1367–1373. doi: 10.1016/j.cub.2004.07.055

Miller, B. H., and Takahashi, J. S. (2014). Central circadian control of female 
reproductive function. Front. Endocrinol. (Lausanne) 4:195. doi: 10.3389/
fendo.2013.00195

Mínguez-Alarcón, L., Souter, I., Williams, P. L., Ford, J. B., Hauser, R., Chavarro, J. E., 
et al. (2017). Occupational factors and markers of ovarian reserve and response among 
women at a fertility center. Occup. Environ. Med. 74, 426–431. doi: 10.1136/
oemed-2016-103953

Mohawk, J. A., Green, C. B., and Takahashi, J. S. (2012). Central and peripheral 
circadian clocks in mammals. Annu. Rev. Neurosci. 35, 445–462. doi: 10.1146/annurev-
neuro-060909-153128

Moline, M. L., Albers, H. E., Todd, R. B., and Moore-Ede, M. C. (1981). Light-dark 
entrainment of proestrous LH surges and circadian locomotor activity in female 
hamsters. Horm. Behav. 15, 451–458. doi: 10.1016/0018-506X(81)90009-X

Mong, J. A., Baker, F. C., Mahoney, M. M., Paul, K. N., Schwartz, M. D., Semba, K., 
et al. (2011). Sleep, rhythms, and the endocrine brain: influence of sex and gonadal 
hormones. J. Neurosci. 31, 16107–16116. doi: 10.1523/JNEUROSCI.4175-11.2011

Mong, J. A., and Cusmano, D. M. (2016). Sex differences in sleep: impact of biological 
sex and sex steroids. Philos. Trans. R Soc. B Biol. Sci. 371:20150110. doi: 10.1098/
rstb.2015.0110

Mong, J. A., Devidze, N., Frail, D. E., O'Connor, L. T., Samuel, M., Choleris, E., et al. 
(2003). Estradiol differentially regulates lipocalin-type prostaglandin D synthase 
transcript levels in the rodent brain: evidence from high-density oligonucleotide arrays 
and in situ hybridization. Proc. Natl. Acad. Sci. 100, 318–323. doi: 10.1073/
pnas.262663799

Mong, J. A., Devidze, N., Goodwillie, A., and Pfaff, D. W. (2003). Reduction of 
lipocalin-type prostaglandin D synthase in the preoptic area of female mice mimics 
estradiol effects on arousal and sex behavior. Proc. Natl. Acad. Sci. 100, 15206–15211. 
doi: 10.1073/pnas.2436540100

Moriya, R., Kanamaru, M., Okuma, N., Yoshikawa, A., Tanaka, K. F., Hokari, S., et al. 
(2021). Optogenetic activation of DRN 5-HT neurons induced active wakefulness, not 
quiet wakefulness. Brain Res. Bull. 177, 129–142. doi: 10.1016/j.
brainresbull.2021.09.019

Muschamp, J. W., Dominguez, J. M., Sato, S. M., Shen, R.-Y., and Hull, E. M. (2007). 
A role for Hypocretin (orexin) in male sexual behavior. Neuroscience 27, 2837–2845. doi: 
10.1523/jneurosci.4121-06.2007

Nakayama, T., Suzuki, M., and Ishizuka, N. (1975). Action of progesterone on preoptic 
thermosensitive neurones. Nature 258:80. doi: 10.1038/258080a0

Niswender, G. D. (2002). Review molecular control of luteal secretion of 
progesterone *. Reproduction 123, 333–339. doi: 10.1530/rep.0.1230333

Niswender, G. D., Juengel, J. L., Mcguire, W. J., Belfiore, C. J., and Wiltbank, M. C. 
(1994). Luteal function: the estrous cycle and early pregnancy. Biol. Reprod. 50, 239–247. 
doi: 10.1095/biolreprod50.2.239

Oberlander, X. J. G., and Woolley, C. S. (2017). 17B-estradiol acutely potentiates 
glutamatergic synaptic transmission in the Hippocampus through distinct mechanisms 
in males and females. Neuroscience 37, 12314–12327. doi: 10.1523/
JNEUROSCI.3011-17.2017

Ognjanovski, N., Schaeffer, S., Wu, J., Mofakham, S., Maruyama, D., Zochowski, M., 
et al. (2017). Parvalbumin-expressing interneurons coordinate hippocampal network 
dynamics required for memory consolidation. Nat. Commun. 8, 1–13. doi: 10.1038/
ncomms15039

Ortiz, F., and Gutiérrez, R. (2015). Entorhinal cortex lesions result in adenosine-
sensitive high frequency oscillations in the hippocampus. Exp. Neurol. 271, 319–328. 
doi: 10.1016/j.expneurol.2015.06.009

Paccola, C. C., Resende, C. G., Stumpp, T., Miraglia, S. M., and Cipriano, I. (2013). 
The rat estrous cycle revisited: a quantitative and qualitative analysis. Anim. Reprod. 10, 
677–683.

Park, O., and Ramirez, V. (1989). Spontaneous changes in LHRH release during 
the rat estrous cycle, as measured with repetitive push-pull perfusions of the 
pituitary gland in the same female rats. Neuroendocrinology 50, 66–72. doi: 
10.1159/000125203

Parker, D. C., Rossman, L. G., and Vanderlaan, E. F. (1974). Relation of sleep-entrained 
human prolactin release to REM-NonREM cycles. J. Clin. Endocrinol. Metab. 38, 
646–651. doi: 10.1210/jcem-38-4-646

Paul, K. N., Dugovic, C., Turek, F. W., and Laposky, A. D. (2006). Diurnal sex 
differences in the sleep-wake cycle of mice are dependent on gonadal function. Sleep 29, 
1211–1223. doi: 10.1093/sleep/29.9.1211

Paul, K. N., Laposky, A. D., and Turek, F. W. (2009). Reproductive hormone 
replacement alters sleep in mice. Neurosci. Lett. 463, 239–243. doi: 10.1016/j.
neulet.2009.07.081

Pawlyk, A. C., Alfinito, P. D., and Deecher, D. C. (2008a). Effect of 17α-ethinyl 
estradiol on active phase rapid eye movement sleep microarchitecture. Eur. J. Pharmacol. 
591, 315–318. doi: 10.1016/j.ejphar.2008.06.084

Pawlyk, A. C., Alfinito, P. D., Johnston, G. H., and Deecher, D. C. (2008b). Subchronic 
17α-ethinyl estradiol differentially affects subtypes of sleep and wakefulness in 
ovariectomized rats. Horm. Behav. 53, 217–224. doi: 10.1016/j.yhbeh.2007.09.018

Perlis, M. L., Smith, M. T., Andrews, P. J., Orff, H., and Giles, D. E. (2001). Beta/
gamma EEG activity in patients with primary and secondary insomnia and good sleeper 
controls. Sleep 24, 110–117. doi: 10.1093/sleep/24.1.110

Poe, G. R. (2017). Sleep Is for Forgetting. J. Neurosci. 37, 464–473. doi: 10.1523/
JNEUROSCI.0820-16.2017

Powers, J. B. (1970). Hormonal control of sexual receptivity during the estrous cycle 
of the rat. Physiol. Behav. 5, 831–835. doi: 10.1016/0031-9384(70)90167-8

Quadros, P. S., and Wagner, C. K. (2008). Regulation of progesterone receptor 
expression by estradiol is dependent on age, sex and region in the rat brain. 
Endocrinology 149, 3054–3061. doi: 10.1210/en.2007-1133

Rasch, B., and Born, J. (2013). About Sleep’s role in memory. Physiol. Rev. 93, 681–766. 
doi: 10.1152/physrev.00032.2012

Rocks, D., Cham, H., and Kundakovic, M. (2022). Why the estrous cycle matters for 
neuroscience. Biol. Sex Differ. 13, 62–14. doi: 10.1186/s13293-022-00466-8

Roky, R., Obál, F., Valatx, J. L., Bredow, S., Fang, J., Pagano, L. P., et al. (1995). Prolactin 
and rapid eye movement sleep regulation. Sleep 18, 536–542

https://doi.org/10.3389/fnins.2024.1426189
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1152/ajpendo.1996.271.4.e763
https://doi.org/10.1152/ajpendo.1996.271.4.e763
https://doi.org/10.5271/sjweh.3482
https://doi.org/10.1097/EDE.0b013e3182130016
https://doi.org/10.1210/endo-96-1-57
https://doi.org/10.1152/ajpregu.1996.271.6.r1753
https://doi.org/10.1016/j.yhbeh.2014.08.011
https://doi.org/10.1038/nn.4304
https://doi.org/10.1037/0278-6133.16.3.209
https://doi.org/10.1016/0031-9384(76)90101-3
https://doi.org/10.1093/humrep/8.suppl_2.57
https://doi.org/10.1111/j.1440-1819.1990.tb00448.x
https://doi.org/10.1038/nrn.2017.137
https://doi.org/10.1677/joe.0.0760135
https://doi.org/10.3791/4389
https://doi.org/10.1523/JNEUROSCI.3127-12.2013
https://doi.org/10.1523/JNEUROSCI.3127-12.2013
https://doi.org/10.1016/0149-7634(94)00020-2
https://doi.org/10.1016/j.neuroscience.2009.09.011
https://doi.org/10.1037/0735-7044.120.5.1196
https://doi.org/10.1016/j.cub.2004.07.055
https://doi.org/10.3389/fendo.2013.00195
https://doi.org/10.3389/fendo.2013.00195
https://doi.org/10.1136/oemed-2016-103953
https://doi.org/10.1136/oemed-2016-103953
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1016/0018-506X(81)90009-X
https://doi.org/10.1523/JNEUROSCI.4175-11.2011
https://doi.org/10.1098/rstb.2015.0110
https://doi.org/10.1098/rstb.2015.0110
https://doi.org/10.1073/pnas.262663799
https://doi.org/10.1073/pnas.262663799
https://doi.org/10.1073/pnas.2436540100
https://doi.org/10.1016/j.brainresbull.2021.09.019
https://doi.org/10.1016/j.brainresbull.2021.09.019
https://doi.org/10.1523/jneurosci.4121-06.2007
https://doi.org/10.1038/258080a0
https://doi.org/10.1530/rep.0.1230333
https://doi.org/10.1095/biolreprod50.2.239
https://doi.org/10.1523/JNEUROSCI.3011-17.2017
https://doi.org/10.1523/JNEUROSCI.3011-17.2017
https://doi.org/10.1038/ncomms15039
https://doi.org/10.1038/ncomms15039
https://doi.org/10.1016/j.expneurol.2015.06.009
https://doi.org/10.1159/000125203
https://doi.org/10.1210/jcem-38-4-646
https://doi.org/10.1093/sleep/29.9.1211
https://doi.org/10.1016/j.neulet.2009.07.081
https://doi.org/10.1016/j.neulet.2009.07.081
https://doi.org/10.1016/j.ejphar.2008.06.084
https://doi.org/10.1016/j.yhbeh.2007.09.018
https://doi.org/10.1093/sleep/24.1.110
https://doi.org/10.1523/JNEUROSCI.0820-16.2017
https://doi.org/10.1523/JNEUROSCI.0820-16.2017
https://doi.org/10.1016/0031-9384(70)90167-8
https://doi.org/10.1210/en.2007-1133
https://doi.org/10.1152/physrev.00032.2012
https://doi.org/10.1186/s13293-022-00466-8


Swift et al. 10.3389/fnins.2024.1426189

Frontiers in Neuroscience 12 frontiersin.org

Roky, R., Valatax, J., and Jouvet, M. (1993). Effect of prolactin on the sleep-wake cycle 
in rat. Neurosci. Lett. 156, 117–120. doi: 10.1016/0304-3940(93)90453-R

Roky, R., Valatx, J. L., Paut-Pagano, L., and Jouvet, M. (1994). Hypothalamic injection 
of prolactin or its antibody alters the rat sleep-wake cycle. Physiol. Behav. 55, 1015–1019. 
doi: 10.1016/0031-9384(94)90382-4

Roux, L., Hu, B., Eichler, R., Stark, E., and Buzsáki, G. (2017). Sharp wave ripples 
during learning stabilize the hippocampal spatial map. Nat. Neurosci. 20, 845–853. doi: 
10.1038/nn.4543

Saper, C. B., Fuller, P. M., Pedersen, N. P., Lu, J., and Scammell, T. E. (2011). Sleep state 
switching. Neuron 68, 1023–1042. doi: 10.1016/j.neuron.2010.11.032.Sleep

Sarkar, D. K., Chiappa, S. A., Fink, G., and Sherwood, N. M. (1976). Gonadotropin-
releasing hormone surge in pro-oestrous rats. Nature 264, 461–463. doi: 10.1038/264461a0

Sassin, J. F., Frantz, A. G., Kapen, S., and Weitzman, E. D. (1973). The nocturnal rise 
of human prolactin is dependent on sleep. J. Clin. Endocrinol. Metab. 37, 436–440. doi: 
10.1210/jcem-37-3-436

Sassin, J. F., Frantz, A. G., Weitzman, E. D., and Kapen, S. (1972). Human prolactin: 
24-hour pattern with increased release during sleep. Science 177, 1205–1207. doi: 
10.1126/science.177.4055.1205

Scharfman, H. E., and MacLusky, N. J. (2006). The influence of gonadal hormones on 
neuronal excitability, seizures, and epilepsy in the female. Epilepsia 47, 1423–1440. doi: 
10.1111/j.1528-1167.2006.00672.x

Schüssler, P., Kluge, M., Yassouridis, A., Dresler, M., Held, K., Zihl, J., et al. (2008). 
Progesterone reduces wakefulness in sleep EEG and has no effect on cognition in healthy 
postmenopausal women. Psychoneuroendocrinology 33, 1124–1131. doi: 10.1016/j.
psyneuen.2008.05.013

Schwartz, M. D., and Mong, J. A. (2011). Estradiol suppresses recovery of REM sleep 
following sleep deprivation in ovariectomized female rats. Physiol. Behav. 104, 962–971. 
doi: 10.1016/j.physbeh.2011.06.016

Schwartz, M. D., and Mong, J. A. (2013). Estradiol modulates recovery of REM sleep 
in a time-of-day-dependent manner. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, 
R271–R280. doi: 10.1152/ajpregu.00474.2012

Schwierin, B., Borbély, A. A., and Tobler, I. (1998). Sleep homeostasis in the female 
rat during the estrous cycle. Brain Res. 811, 96–104. doi: 10.1016/S0006-8993(98)00991-3

Sekido, R., and Lovell-Badge, R. (2009). Sex determination and SRY: down to a wink 
and a nudge? Trends Genet. 25, 19–29. doi: 10.1016/j.tig.2008.10.008

Shansky, R. M. (2019). Are hormones a “female problem” for animal research? Science 
364, 825–826. doi: 10.1126/science.aaw7570

Shansky, R. M., and Woolley, C. S. (2016). Considering sex as a biological variable will 
be  valuable for neuroscience research. J. Neurosci. 36, 11817–11822. doi: 10.1523/
JNEUROSCI.1390-16.2016

Shughrue, P. J., Lane, M. V., and Merchenthaler, I. (1997). Comparative distribution of 
estrogen receptor-alpha and -beta mRNA in the rat central nervous system. J. Comp. Neurol. 
388, 507–525. doi: 10.1002/(sici)1096-9861(19971201)388:4<507::aid-cne1>3.0.co;2-6

Siapas, A. G., and Wilson, M. A. (1998). Coordinated interactions between 
hippocampal ripples and cortical spindles during slow-wave sleep. Neuron 21, 
1123–1128. doi: 10.1016/S0896-6273(00)80629-7

Simon, A. P., Poindessous-Jazat, F., Dutar, P., Epelbaum, J., and Bassant, M.-H. (2006). 
Firing properties of anatomically identified neurons in the medial septum of 
anesthetized and Unanesthetized restrained rats. Neuroscience 26, 9038–9046. doi: 
10.1523/JNEUROSCI.1401-06.2006

Smarr, B. L., Morris, E., and De La Iglesia, H. O. (2012). The dorsomedial 
suprachiasmatic nucleus times circadian expression of Kiss1 and the luteinizing 
hormone surge. Endocrinology 153, 2839–2850. doi: 10.1210/en.2011-1857

Smith, M. S., Freeman, M. E., and Neill, J. D. (1975). The control of progesterone 
secretion during the estrous cycle and early pseudopregnancy in the rat: prolactin, 
gonadotropin and steroid levels associated with rescue of the corpus luteum of 
pseudopregnancy. Endocrinology 96, 219–226. doi: 10.1210/endo-96-1-219

Spiegel, K., Follenius, M., Simon, C., Saini, J., Ehrhart, J., and Brandenberger, G. 
(1994). Prolactin secretion and sleep. Sleep 17, 20–27. doi: 10.1093/sleep/17.1.20

Stachenfeld, N. S., Silva, C., and Keefe, D. L. (2000). Estrogen modifies the temperature 
effects of progesterone. J. Appl. Physiol. 88, 1643–1649. doi: 10.1152/jappl.2000.88.5.1643

Staresina, B. P., Bergmann, T. O., Bonnefond, M., van der Meij, R., Jensen, O., Deuker, L., 
et al. (2015). Hierarchical nesting of slow oscillations, spindles and ripples in the human 
hippocampus during sleep. Nat. Neurosci. 18, 1679–1686. doi: 10.1038/nn.4119

Steriade, M., McCormick, D., and Sejnowski, T. (1993). Thalamocortical oscillations 
in the sleeping and aroused brain. Science 262, 679–685. doi: 10.1126/science.8235588

Swift, K. M., Gross, B. A., Frazer, M. A., Bauer, D. S., Clark, K. J. D., Vazey, E. M., et al. 
(2018). Abnormal locus Coeruleus sleep activity alters sleep signatures of memory 
consolidation and impairs place cell stability and spatial memory. Curr. Biol. 28, 
3599–3609.e4. doi: 10.1016/j.cub.2018.09.054

Swift, K. M., Keus, K., Echeverria, C. G., Cabrera, Y., Jimenez, J., Holloway, J., et al. 
(2019). Sex differences within sleep in gonadally intact rats. Sleep 43:zsz289. doi: 
10.1093/sleep/zsz289

Tóth, A., Traub, M., Bencsik, N., Détári, L., Hajnik, T., and Dobolyi, A. (2024). Sleep- 
and sleep deprivation-related changes of vertex auditory evoked potentials during the 
estrus cycle in female rats. Sci. Rep. 14, 1–18. doi: 10.1038/s41598-024-56392-9

Ueno, R., Ishikawa, Y., Nakayama, T., and Hayaishi, O. (1982). Prostaglandin D2 
induces sleep when microinjected into the preoptic area of conscious rats. Biochem. 
Biophys. Res. Commun. 109, 576–582. doi: 10.1016/0006-291X(82)91760-0

Uphouse, L. (2014). Pharmacology of serotonin and female sexual. Pharmacol. 
Biochem. Behav. 121, 31–42. doi: 10.1016/j.pbb.2013.11.008

Urade, Y., and Hayaishi, O. (2011). Prostaglandin D 2 and sleep / wake regulation. 
Sleep Med. Rev. 15, 411–418. doi: 10.1016/j.smrv.2011.08.003

Valatax, J., Bugat, R., and Jouvet, M. (1972). Genetic studies of sleep in mice. Nature 
238, 226–227. doi: 10.1038/238226a0

Vanderheyden, W. M., George, S. A., Urpa, L., Kehoe, M., Liberzon, I., and Poe, G. R. 
(2015). Sleep alterations following exposure to stress predict fear-associated memory 
impairments in a rodent model of PTSD. Exp. Brain Res. 233, 2335–2346. doi: 10.1007/
s00221-015-4302-0

Wang, Y., Gu, F., Deng, M., Guo, L., Lu, C., Zhou, C., et al. (2016). Rotating shift work 
and menstrual characteristics in a cohort of Chinese nurses. BMC Womens Health 16, 
24–29. doi: 10.1186/s12905-016-0301-y

Wiedemann, K., Hirschmann, M., Knaudt, K., Rupprecht, R., Seier, F. E., and 
Holsboer, F. (1998). Sleep endocrine effects of megestrol acetate in healthy men. J. 
Neuroendocrinol. 10, 719–727. doi: 10.1046/j.1365-2826.1998.00259.x

Wiedemann, K., Lauer, C. J., Hirschmann, M., Knaudt, K., and Holsboer, F. (2017). 
Sleep-endocrine effects of mifepristone and megestrol acetate in healthy men. Am. J. 
Physiol. Metab. 274, E139–E145. doi: 10.1152/ajpendo.1998.274.1.e139

Wiegand, S., and Terasawa, E. (1982). Discrete lesions reveal functional heterogeneity 
of Suprachiasmatic structures in regulation of gonadotropin secretion in the female rat. 
Neuroendocrinology 34, 395–404. doi: 10.1159/000123335

Wierzynski, C. M., Lubenov, E. V., Gu, M., and Siapas, A. G. (2009). State-dependent 
spike-timing relationships between hippocampal and prefrontal circuits during sleep. 
Neuron 61, 587–596. doi: 10.1016/j.neuron.2009.01.011

Wilson, M. A., and Mcnaughton, B. L. (1994). Reactivation of hippocampal ensemble 
memories during sleep. Science 265, 676–679. doi: 10.1126/science.8036517

Wixted, J. T., Goldinger, S. D., Squire, L. R., Kuhn, J. R., Papesh, M. H., Smith, K. A., 
et al. (2018). Coding of episodic memory in the human hippocampus. Proc. Natl. Acad. 
Sci. 115, 1093–1098. doi: 10.1073/pnas.1716443115

Wixted, J. T., Squire, L. R., Jang, Y., Papesh, M. H., Goldinger, S. D., Kuhn, J. R., et al. 
(2014). Sparse and distributed coding of episodic memory in neurons of the human 
hippocampus. Proc. Natl. Acad. Sci. 111, 9621–9626. doi: 10.1073/pnas.1408365111

Wong, C.-C., Dohler, K.-D., Geerlings, H., and von Zur, M. A. (1983). Influence of 
age, strain and season on Orcadian periodicity of pituitary, gonadal and adrenal 
hormones in the serum of male laboratory rats. Horm. Res. 17, 202–215. doi: 
10.1159/000179699

Wood, G. A., Fata, J. E., Watson, K. L. M., and Khokha, R. (2007). Circulating 
hormones and estrous stage predict cellular and stromal remodeling in murine uterus. 
Reproduction 133, 1035–1044. doi: 10.1530/REP-06-0302

Woods, C. S., and McEwen, B. S. (1992). Estradiol mediates fluctuation in hippocampal 
synapse density during the estrous cycle in the adult rat. Neuroscience 12, 2549–2554. 
doi: 10.1523/JNEUROSCI.12-07-02549.1992

Woolley, C. S., and McEwen, B. S. (1993). Roles of estradiol and progesterone in 
regulation of hippocampal dendritic spine density during the estrous cycle in the rat. J. 
Comp. Neurol. 336, 293–306. doi: 10.1002/cne.903360210

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013). Sleep 
drives metabolite clearance from adult brain. Science 342, 373–377. doi: 10.1126/
science.1241224.Sleep

Yokoyama, A., Domingo Ramirez, V., and Sawyer, C. H. (1965). Sleep and wakefulness 
in female rats under various hormonal and physiological conditions. Gen. Comp. 
Endocrinol. 7, 10–17. doi: 10.1016/0016-6480(66)90082-7

Yoshinaka, K., Yamaguchi, A., Matsumura, R., Node, K., Tokuda, I., and Akashi, M. 
(2017). Effect of different light–dark schedules on estrous cycle in mice, and implications 
for mitigating the adverse impact of night work. Genes Cells 22, 876–884. doi: 10.1111/
gtc.12522

Zant, J. C., Kim, T., Prokai, L., Szarka, S., McNally, J., McKenna, J. T., et al. (2016). 
Cholinergic neurons in the basal forebrain promote wakefulness by actions on 
neighboring non-cholinergic neurons: an opto-dialysis study. J. Neurosci. 36, 2057–2067. 
doi: 10.1523/JNEUROSCI.3318-15.2016

Zhang, S. Q., Kimura, M., and Inoué, S. (1995). Sleep patterns in cyclic and 
pseudopregnant rats. Neurosci. Lett. 193, 125–128. doi: 10.1016/0304-3940(95)11685-P

https://doi.org/10.3389/fnins.2024.1426189
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/0304-3940(93)90453-R
https://doi.org/10.1016/0031-9384(94)90382-4
https://doi.org/10.1038/nn.4543
https://doi.org/10.1016/j.neuron.2010.11.032.Sleep
https://doi.org/10.1038/264461a0
https://doi.org/10.1210/jcem-37-3-436
https://doi.org/10.1126/science.177.4055.1205
https://doi.org/10.1111/j.1528-1167.2006.00672.x
https://doi.org/10.1016/j.psyneuen.2008.05.013
https://doi.org/10.1016/j.psyneuen.2008.05.013
https://doi.org/10.1016/j.physbeh.2011.06.016
https://doi.org/10.1152/ajpregu.00474.2012
https://doi.org/10.1016/S0006-8993(98)00991-3
https://doi.org/10.1016/j.tig.2008.10.008
https://doi.org/10.1126/science.aaw7570
https://doi.org/10.1523/JNEUROSCI.1390-16.2016
https://doi.org/10.1523/JNEUROSCI.1390-16.2016
https://doi.org/10.1002/(sici)1096-9861(19971201)388:4<507::aid-cne1>3.0.co;2-6
https://doi.org/10.1016/S0896-6273(00)80629-7
https://doi.org/10.1523/JNEUROSCI.1401-06.2006
https://doi.org/10.1210/en.2011-1857
https://doi.org/10.1210/endo-96-1-219
https://doi.org/10.1093/sleep/17.1.20
https://doi.org/10.1152/jappl.2000.88.5.1643
https://doi.org/10.1038/nn.4119
https://doi.org/10.1126/science.8235588
https://doi.org/10.1016/j.cub.2018.09.054
https://doi.org/10.1093/sleep/zsz289
https://doi.org/10.1038/s41598-024-56392-9
https://doi.org/10.1016/0006-291X(82)91760-0
https://doi.org/10.1016/j.pbb.2013.11.008
https://doi.org/10.1016/j.smrv.2011.08.003
https://doi.org/10.1038/238226a0
https://doi.org/10.1007/s00221-015-4302-0
https://doi.org/10.1007/s00221-015-4302-0
https://doi.org/10.1186/s12905-016-0301-y
https://doi.org/10.1046/j.1365-2826.1998.00259.x
https://doi.org/10.1152/ajpendo.1998.274.1.e139
https://doi.org/10.1159/000123335
https://doi.org/10.1016/j.neuron.2009.01.011
https://doi.org/10.1126/science.8036517
https://doi.org/10.1073/pnas.1716443115
https://doi.org/10.1073/pnas.1408365111
https://doi.org/10.1159/000179699
https://doi.org/10.1530/REP-06-0302
https://doi.org/10.1523/JNEUROSCI.12-07-02549.1992
https://doi.org/10.1002/cne.903360210
https://doi.org/10.1126/science.1241224.Sleep
https://doi.org/10.1126/science.1241224.Sleep
https://doi.org/10.1016/0016-6480(66)90082-7
https://doi.org/10.1111/gtc.12522
https://doi.org/10.1111/gtc.12522
https://doi.org/10.1523/JNEUROSCI.3318-15.2016
https://doi.org/10.1016/0304-3940(95)11685-P

	On the basis of sex and sleep: the influence of the estrous cycle and sex on sleep-wake behavior
	The estrous cycle
	The estrous cycle alters sleep-wake behavior
	Ovarian hormones produce cycle-specific changes in sleep
	Mechanisms of sleep modulation by ovarian hormones
	The effect of prolactin on sleep
	Estrous cycle & sleep neural oscillations
	Sleep homeostasis and the estrous cycle
	Circadian influences on the estrous cycle
	Sex differences in sleep: sex chromosomes vs. gonadal function
	Considerations and future directions
	Sleep and memory consolidation
	Sleep and post-traumatic stress
	Combatting a male bias

	Conclusion

	 References

