Neurobiology of Sleep and Circadian Rhythms 11 (2021) 100068

Contents lists available at ScienceDirect

OF
CIRCADIAN RHYTHMS

Neurobiology of Sleep and Circadian Rhythms

y A

ELSEVIER journal homepage: www.elsevier.com/locate/

A review of the current state of knowledge on sex differences in sleep and
circadian phenotypes in rodents

Rama Dib *", Nicole J. Gervais ¢, Valérie Mongrain "

@ Department of Neuroscience, Université de Montréal, Montréal, QC, Canada

b Center for Advanced Research in Sleep Medicine, Centre intégré universitaire de santé et de services sociaux du Nord-de-1'Tle-de-Montréal (CIUSSS-NIM), Montréal, QC,
Canada

¢ Rotman Research Institute - Baycrest Centre, North York, ON, Canada

ARTICLE INFO ABSTRACT
Keywords: Sleep is a vital part of our lives as it is required to maintain health and optimal cognition. In humans, sex dif-
Sex differences ferences are relatively well-established for many sleep phenotypes. However, precise differences in sleep phe-

Sleep architecture
Electroencephalographic activity
Sleep deprivation

Circadian rhythm

Estrous cycle

notypes between male and female rodents are less documented. The main goal of this article is to review sex
differences in sleep architecture and electroencephalographic (EEG) activity during wakefulness and sleep in
rodents. The effects of acute sleep deprivation on sleep duration and EEG activity in male and female rodents will
also be covered, in addition to sex differences in specific circadian phenotypes. When possible, the contribution
of the female estrous cycle to the observed differences between males and females will be described. In general,
male rodents spend more time in non-rapid eye movement sleep (NREMS) in comparison to females, while other
differences between sexes in sleep phenotypes are species- and estrous cycle phase-dependent. Altogether, the
review illustrates the need for a sex-based perspective in basic sleep and circadian research, including the
consideration of sex chromosomes and gonadal hormones in sleep and circadian phenotypes.

compared to men (Husby and Lingjaerde, 1990; Li et al., 2002; Lindberg
et al., 1997; Mong et al., 2011). Paradoxically, objective sleep measures
show that compared to men, women have longer total sleep time (Bixler
etal., 2009; Redline et al., 2004; Ursin et al., 2005), and higher power in
the high sigma range (14-16 Hz) during NREMS (Carrier et al., 2001;
Mongrain et al., 2005). In fact, it has been shown that women have
higher EEG power in most frequencies during both NREMS and REMS
(Carrier et al., 2001; Dijk et al., 1989). Several sex differences in sleep
phenotypes persist in older individuals, such as the higher amplitude
and longer duration of NREMS spindles in women compared to men
(Carrier et al., 2017). In addition, the litterature suggests that circadian
functions may differ between sexes with, in particular, circadian phase
generally occurring earlier relative to clocktime and endogenous period
being shorter in women than in men (Cain et al., 2010; Campbell et al.,
1989; Duffy et al., 2011; Mongrain et al., 2004). Lastly, sex differences in
the consequences of chronic insufficient sleep, such as a higher risk of
hypertension in women than in men (Cappuccio et al., 2007), have also
been reported.

There is important support for the role of gonadal hormones in
mediating sex differences in sleep phenotypes in humans. Indeed, in

1. Introduction

Adequate sleep is required for health, metabolic function, and
cognition (Durmer and Dinges, 2005; Klinzing et al., 2019; Spiegel et al.,
1999). In mammals, two main sleep states, non-rapid eye movement
sleep (NREMS) and rapid eye movement sleep (REMS), alternate with
wakefulness, and both their relative amount and quality are generally
acknowledged to be determined by the interactions of circadian and
homeostatic regulatory processes (Borbély, 1982; Borbély et al., 2016;
Daan et al., 1984; Dijk and Czeisler, 1995; Dijk et al., 1997). The
circadian process is driven by an internal clock synchronizing the
sleep-wake cycle to the external light-dark cycle, whereas the homeo-
static process controls a pressure for sleep that is reflected by the dy-
namics of slow wave activity (SWA: ~0.75-4.5 Hz) measured from the
NREMS electroencephalogram (EEG) (Borbély et al., 2016; Dijk et
Czeisler, 1995; Dijk and Lockley, 2002).

In human adults, various sex differences in sleep have been noted
(Carrier et al., 2017). For instance, women report having more frequent
insomnia symptoms, reduced sleep quality, and difficulty staying asleep
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List of abbreviations

CAl cornu ammonis area 1 of the hippocampus
FCG four core genotype
GDX gonadectomy

E2 17p-estradiol

EEG electroencephalographic

KO knockout

Npas2  neuronal PAS (Per-Arnt-Sim) domain protein 2 gene

NREMS non-rapid eye movement sleep
OvVX ovariectomized

P progesterone

PER2::LUC Period 2::Luciferase

PFC prefrontal cortex

Pcdh10 Protocadherin 10 gene

REMS rapid eye movement sleep
SCN suprachiasmatic nucleus

Sry sex-determining region of the Y chromosome
SWA slow wave activity

WT wild-type

V2 secondary visual cortex

women, periods of hormonal fluctuations, including puberty, menstrual
cycle, pregnancy and menopause, are associated with an increased
prevalence of sleep disturbances and modifications in EEG-measured
sleep (Baker et al., 1997, 2002; Brown and Gervais, 2020; Brunner
et al., 1994; Erkkola et al., 1991; Gervais et al., 2017; Johnson et al.,
2006; Mong et al., 2011). In view of this knowledge, sleep and circadian
research in rodents have traditionally mainly excluded females, limiting
our understanding of the mechanisms behind sex differences. Indeed, a
rapid overview of PubMed literature suggests that around 25% of
non-human sleep studies have considered females in the past 5 years. A
similar search performed for rhythms has previously reported <20% of
studies including females (Kuljis et al., 2013), and a recent meta-analysis
found that <7% of rodent studies concerned with circadian phase shift
have included females (Lee et al., 2021). Nevertheless, some specific
sex-based analyses of sleep and circadian phenotypes in rodents have
been applied, and will be reviewed in the present article. More precisely,
we are synthesizing findings from mice and rats that compare males and
females on wakefulness/sleep architecture and EEG activity. We also
discuss the differential effect of sleep deprivation on EEG activity, with a
particular focus on SWA, in males and females, and how specific vari-
ables associated to the functioning of the circadian system differ be-
tween sexes in different rodents species (including species other than
mice and rats). Factors contributing to sex differences in sleep and
circadian phenotypes in rodents, including circulating gonadal hor-
mones, gonadal phenotype, and sex chromosomes will also be
considered.

2. Wake/sleep architecture
2.1. Wakefulness amount

We found three studies in mice showing that males spend less time in
wakefulness than females (Ehlen et al., 2013; Koehl et al., 2006; Paul
et al., 2006). This observation was made for C57BL/6 mice when
comparing sexes during the dark period, corresponding to the active
period in mice (Koehl et al., 2006; Paul et al., 2006), during the light
period (mostly rest in mice) and during a full 24-h period (Koehl et al.,
2006). More precisely, Koehl et al. (2006) showed that across the
nychthemeron, males spent 46.7% of their time awake, whereas females
spent 52.5% of their time in wakefulness (i.e., ~83 min difference be-
tween sexes). However, we identified two other studies not specifically
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designed to investigate sex differences that found no sex difference in
time spent awake in the same mouse strain (Gronli et al., 2016; Hui-
tron-Resendiz et al., 2018). In rats, a shorter time spent awake in males
was also found in comparison to females but this difference depends on
the phase of the estrous cycle. Indeed, females spend more time awake
than males during the light and early dark period when they are in
proestrus (Swift et al., 2020), but generally not in other phases (Kostin
et al., 2020; Swift et al., 2020), and not when the phase of the estrous
cycle is not considered and only a part of the nychthemeron (i.e., 6 h
during the middle of the light period) is analyzed (Garner et al., 2018).
Given that females will generally spend 20-25% of their time in the
proestrus phase, EEG monitoring not considering the estrous cycle is
more likely to occur outside this phase, and therefore to report similar
time spent awake in male and female rats. Overall, studies specifically
designed to investigate sex differences in rodents have reported a
generally lower wakefulness amount in males than females (Fig. 1),
which predominates in the dark period in mice and when females are in
proestrus in rats.

Importantly, mice and rats submitted to gonadectomy (GDX) show
no sex difference in time spent in wakefulness (Cusmano et al., 2014;
Paul et al., 2006), suggesting that circulating gonadal hormones
modulate wake/sleep amount in both rodent species. In particular,
findings by Paul et al. (2006) suggest a predominant effect of ovarian
hormones on time spent awake given that GDX did not significantly alter
wakefulness amount in males but significantly decreased it in females.
This is supported by the observation of an impact of 17f-estradiol (E2)
replacement on time spent in wakefulness. Indeed, E2 increases wake-
fulness in the dark period in ovariectomized (OVX) female rats (Cus-
mano et al., 2014; Deurveilher et al., 2011), but not in castrated males or
females with masculinized brain organization (Cusmano et al., 2014).
Thus, according to Cusmano et al. (2014), the effects of E2 are restricted
to female-specific brain organization. As illustrated below, sex differ-
ences in wakefulness are mirrored by sex differences in NREMS.

2.2. NREMS amount

To our knowledge, there is only one study showing that male mice
have an overall shorter resting period than females (Franken et al.,
2006), and another in rats showing less NREMS in males when compared
to females in the estrus phase (Kostin et al., 2020). An absence of sex
difference in time spent in NREMS in mice was reported by one study
using a piezoelectric assessment of sleep (no EEG quantification; Wang
et al., 2020), two studies underpowered to assess sex differences (e.g., n
= 3 males) (Brankack et al., 2010; Hellman et al., 2010), and two other
studies not designed to primarily investigate sex differences (Gronli
et al., 2016; Huitron-Resendiz et al., 2018). In contrast, we found seven
studies having shown that male mice and rats spend more time in
NREMS than females (Ehlen et al., 2013; Franken et al., 2006; Koehl
etal., 2006; Nichols et al., 2020; Paul et al., 2006; Saré et al., 2020; Swift
et al., 2020). In particular, compared to females, C57BL/6 male mice
spend more time in NREMS during the dark period, which also brings
their daily percentage of NREMS to a greater level (Paul et al., 2006). In
line with this, Koehl et al. (2006) showed that male mice spend more
time in NREMS during both the dark and light periods in comparison to
females in diestrus, and Franken et al. (2006) reported more time spent
in NREMS in males than females only when considering the full 24-h
period (i.e., no significant sex difference for the light and dark periods
analyzed separately). In rats, males spent more time in NREMS during
the light period and first half of the dark period when compared to fe-
males in proestrus (Swift et al., 2020). In sum, rodent studies have
generally reported higher NREMS amount in males than females (Fig. 1),
which applies to females in proestrus in rats and seems to lack a strong
predominance for a specific part of the nychthemeron in both mice and
rats.

This difference has been specifically attributed to gonadal hormones.
First, animals submitted to GDX show no sex difference in time spent in
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Fig. 1. Summary of the main sex differences observed in the time spent in wakefulness, NREMS and REMS in mice (A) and rats (B). (A) Sex differences in
mice have been compiled from light, dark and/or 24-h periods datasets of Franken et al. (2006), Koehl et al. (2006) Paul et al. (2006), Ehlen et al. (2013), Nichols
et al. (2020), and Saré et al. (2020). Of note is that an absence of sex difference have been reported for wakefulness and NREMS by Gronli et al. (2016) and
Huitron-Resendiz et al. (2018). (B) Sex differences in rats have been compiled from light, dark and/or 24-h periods datasets of Cusmano et al. (2014), Fang and
Fishbein (1996), and Swift et al. (2020). Of note is that sex differences in opposite directions have been reported for NREMS and REMS when females rats are in the

estrus phase (Kostin et al., 2020; Swift et al., 2020).

NREMS (Cusmano et al., 2014; Paul et al., 2006), which was proposed,
similar to time spent awake, to be mostly driven by ovarian hormones
rather than by androgens (Cusmano et al., 2014; Paul et al., 2006). To
tease apart the effects of sex chromosomes (XY vs XX) from that of
gonadal phenotype (testes vs. ovaries), the four core genotype (FCG)
model, whose sex chromosomes (XY/XX) are independent of the
gonadal phenotype (testes/ovaries; driven by a Sry gene dissociated
from the Y chromosome), has been used (Ehlen et al., 2013; Nichols
et al., 2020). Males with XX or XY chromosomes spent more time in
NREMS than XX or XY females, confirming that gonadal phenotype/-
hormones regulate NREMS (Ehlen et al., 2013; Nichols et al., 2020).
However, although GDX greatly reduced this difference in the first study
(Ehlen et al., 2013), the difference persists in the latter (Nichols et al.,
2020). Therefore, these results seem to indicate that male rodents have
more NREMS than females, and that this sex difference is influenced by
circulating gonadal hormones and Sry expression, and not by sex chro-
mosomes. It seems interesting to point out that more time spent in
NREMS in male compared to female rodents contrasts with the frequent
reports of lower sleep quality and shorter time spent in deep NREMS in
men than women when sleep is objectively measured in humans (Carrier
et al., 2017).

2.3. REMS amount

In mice, we identified four studies showing that the time spent in
REMS is equivalent in both sexes (Ehlen et al., 2013; Franken et al.,
2006; Gronli et al., 2016; Paul et al., 2006). In this same line, sex
chromosomes did not significantly impact REMS in mice with intact
gonads (Ehlen et al., 2013). Nevertheless, observations reported by four
other studies indicate that males spend more time in REMS particularly
during the light period (Huitron-Resendiz et al., 2018; Koehl et al., 2006;
Paul et al., 2009a) or the dark period (Nichols et al., 2020). Given the
same number of mouse studies reporting a sex differences in REMS and
an absence of such difference, the schematic representation of sex dif-
ferences in Fig. 1A is not emphasizing any clear difference for this state.
Interestingly, a genotype change in mice was shown to create a sex
difference in time spent in REMS that was not observed in wild-type
(WT) mice (Franken et al., 2006). More precisely, male mice knockout

(KO) for the neuronal PAS domain protein 2 (NpasZ_/ 7) spend less time
in REMS than NpasZ’/ ~ females (Franken et al., 2006). Given that the
Npas2 gene codes for a trancription factor implicated in the regulation of
endogenous circadian timekeeping (DeBruyne et al., 2007), the finding
by Franken et al. (2006) support that the relationship between molec-
ular circadian clock components and sleep amount is modulated by sex.
This research clearly underlines the importance of investigating the
consequences of genetic modifications in both males and females since
mutations can affect wake/sleep variables differently in the two sexes.

Unlike observations in mice, REMS data in rats seem more consistent
in supporting a higher REMS amount in males compared to females
(Fig. 1B). Indeed, male rats were found to spend more time in REMS than
females, a difference that is observed during both the light and dark
periods (Fang and Fishbein, 1996). A recent study also shows a pre-
dominance of REMS in males, when compared to females in proestrus,
specifically during the second half of the light period and the first half of
the dark period (Swift et al., 2020). Of importance is that the difference
disappears (Kostin et al., 2020), or is reversed during the second half of
the dark period (Swift et al., 2020), when females are in estrus (E2 levels
at their lowest), or when the estrous cycle is not considered (Garner
et al.,, 2018 but see Fang and Fishbein. 1996). These overall findings
suggest that in female rats, higher levels of E2 suppress time spent in
REMS. This is corroborated by comparisons of OVX females without E2
replacement to those with replacement or with intact ovaries (Cusmano
et al., 2014; Deurveilher et al., 2011; Fang and Fishbein, 1996; see also
Paul et al., 2009b for mice), and by effects of the estrous cycle (Hadji-
markou et al., 2008; Koehl et al., 2003; Schwierin et al., 1998; Swift
et al., 2020). Fig. 2 depicts concurrent fluctuations in ovarian hormones
and in approximate time spent in wakefulness and sleep states across the
estrous cycle in female rats. Notably, E2 level is fluctuating together
with progesterone (P) level, which could also contribute to the observed
estrous cycle phase-dependent sex difference and effects of OVX in rats.
This is notably supported by the observation of less time spent in REMS
under P supplementation in comparison to control females (Deurveilher
et al., 2011). Taken together, these findings indicate that sex differences
in REMS are modulated by gonadal hormones, in particular ovarian
hormones, and are possibly species dependent.



R. Dib et al.

= 17B-Estradiol
— Progesterone

Wake
NREMS
= REMS

High
alop

Hormone level
s$s97
saje}s aoue|IBIA ul Juads awi]

Low

A = 0 Tnm

Diestrus Proestrus Estrus Metestrus

Fig. 2. Time spent in wakefulness and sleep states represented together
with fluctuations of 17f-estradiol (E2) and progesterone (P) in the course
of the estrous cycle in rats. Levels of E2 and levels of P have been adapted
from the review of Hussain et al. (2014). Histogram of time spent in wakeful-
ness, non-rapid eye movement sleep (NREMS) and rapid eye movement sleep
(REMS) have been compiled from Fang and Fishbein (1996), Schwierin et al.
(1998), Swift et al. (2020), and Yamaoka et al. (1980). The figure shows that
during proestrus in comparison to other phases of the estrous cycle, female rats
have higher levels of E2 and P, spend more time awake and less time in NREMS
and REMS.

2.4. Wakefulness and sleep consolidation/fragmentation

Another variable associated with wake/sleep architecture impacted
by biological sex is the consolidation/fragmentation of wakefulness and
sleep. In general, longer and fewer episodes of vigilance states reflect
greater consolidation, while shorter and more frequent episodes indicate
fragmentation. More fragmentation in male mice in comparison to fe-
males is supported by three main studies. First, shorter individual
NREMS episodes during the dark period and more REMS episodes during
the light period have been reported in males compared to females
(Huitron-Resendiz et al., 2018). Second, Paul et al. (2006) found shorter
wake episodes and higher number of transitions between wakefulness,
NREMS and REMS during the dark period in males than females (Paul
et al., 2006). These latter differences were no longer significant after
GDX (Paul et al., 2006). Third, in the FCG model, male mice (XX and XY
with Sry gene and born with testies) submitted to GDX showed more
brief arousals, NREMS episodes, and state transitions during the dark
period in comparisons to OVX females (XX and XY without Sry and born
with ovaries) (Nichols et al., 2020). However, we found one study
showing fewer NREMS-REMS transitions and NREMS episodes of less
than 1 min in male mice in comparison to females (light and dark pe-
riods combined; Franken et al., 2006). It was also observed that male
mice have fewer bouts of activity than females during the light period
(Ruby et al., 2018), which could be indicative of more consolidated
wakefulness and sleep alternations. Thus, sex differences in the con-
solidation/fragmentation of wakefulness and sleep states seem to exist
in mice with, among articles using EEG measurements, three pointing to
more fragmentation/less consolidation of wakefulness and sleep in
males particularly during the dark period (Huitron-Resendiz et al., 2018;
Nichols et al., 2020; Paul et al., 2006), and one showing indication of the
opposite (Franken et al., 2006).

In rats, sex differences in wakefulness and sleep consolidation/
fragmentation were shown to depend on the estrous cycle phase as was
the case for time spent in each state. When compared to females in
estrus, males show fewer NREMS episodes of relatively long duration; 2-
5 min during the light period and >10 min during the dark period
(Kostin et al., 2020); and less REMS episodes during the dark period
(Swift et al., 2020). When compared to females in proestus, male rats
show fewer episodes of wake during the light and more REMS episodes
during the dark, shorter wake episodes during the dark, and globally
longer episodes of NREMS and REMS (Swift et al., 2020). It is likely that
the shorter wake episodes and longer NREMS/REMS episodes observed
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in male rats in comparison to females in proestrus is contributing to the
sex differences in time spent in wakefulness (less in males) and sleep
states (more in males) reported above (that are particularly noticeable
when females are in proestrus). Of note is that sex differences in
wake/sleep fragmentation/consolidation are also observed when
comparing males to OVX females with hormone replacement (but not
when the estrous cycle is not considered; Garner et al., 2018). Indeed, a
higher number of brief awakenings and/or NREMS episodes was found
in males in comparison to OVX female rats receiving low E2, high E2 or
low E2 with high P (Deurveilher et al., 2011). Therefore, male rats could
show indications of higher wake/sleep fragmentation than female rats
(similar to mice), and this difference also seems to strongly depend on
gonadal (in particular ovarian) hormones. Interestingly, it is also
generally recognized from human sleep research that men show less
sleep consolidation in comparison to women, as indicated by more
wakefulness and light NREMS during their main sleep episode (Carrier
et al., 2017).

3. EEG activity

EEG activity measured over different areas of the cerebral cortex (e.
g., frontal, somatosensory, or visual cortex) is used to identify wake-
fulness and sleep states. In addition, EEG activity over different cortical
areas within each vigilance state can reflect state quality and be indic-
ative of the underlying neurophysiology/network connectivity. An
earlier study has indicated that male rats express less delta and more
theta (3.4-7.3 Hz) power than females during a 2-h EEG recording
(Juarez et al., 1995). While it is unclear whether this difference occurred
during wakefulness, NREMS or REMS, this demonstrates that biological
sex modulates EEG-measured synchronized brain activity. It is inter-
esting to note that sex differences in synchronized neuronal activity
resembling NREMS were also reported for ex vivo slice recording of the
mouse somatosensory cortex (Sigalas et al., 2017). We will next discuss
studies that have reported differences in EEG activity in well-defined
vigilance states, starting with wakefulness and REMS before present-
ing a more detailed perspective about NREMS, on which most rodent
studies have focussed. For this section and the followings, SWA
(generally 0.75-4.5 Hz) and delta (1-4 Hz) activity data will be collec-
tively referred to as delta power given the major frequency overlap
between the two.

Considering the light and dark periods of the nychthemeron com-
bined, it has been shown that compared to females, male mice have
more theta (5-10 Hz) power during wakefulness, and more delta and
sigma (10-15 Hz) power during REMS (Franken et al., 2006). Given that
wakefulness enriched with theta (and gamma [55-80 Hz]) activity has
been linked to orexin signaling and sleep need (Vassalli and Franken,
2017), higher waking theta in male mice could contribute to their
reduced time spent awake and increased time spent in NREMS reported
in sections 2.1 and 2.2 above. However, we identified three other mouse
studies reporting no significant effect of sex on wakefulness and REMS
power spectra computed up to 60 Hz also for 24 h (Grgnli et al., 2016;
Hellman et al., 2010-potentially underpowered to assess sex difference;
Huitron-Resendiz et al., 2018). During the resting-state (comparable to
quiet wakefulness), another study showed that male mice have less ac-
tivity in gamma (60-100 Hz) frequencies than females, while no sex
difference was reported for the other frequencies (Port et al., 2017). This
last study also emphasizes the need to investigate genotype effects in
both males and females, given that female mice heterozygous for Pro-
tocadherin-10 (Pcdh10" 7), coding for a cell surface molecule with tumor
suppressor activity (Xu et al., 2015), were shown to have a stronger
activity coupling between alpha and gamma frequencies when
compared to WT females (and to Pcdhl ot~ males), whereas no such
genotype difference was found in males (Port et al., 2017). Since the
coupling of alpha and gamma EEG activity was proposed to be indicative
of the excitability of neuronal ensembles (Wagner et al., 2019), the
finding by Port et al. (2017) may point to a sex-specific genotype effect
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in information processing.

In rats, a higher global EEG power between 0 and 100 Hz in the
frontal cortex was recently reported for females (unspecified estrous
cycle phase) in comparison to males during quiet wakefulness (Wong
et al., 2020). Of note is that this global sex difference in waking EEG
activity was reversed in animals KO for Fmrl (Wong et al., 2020), a gene
linked to Fragile X syndrome, morphological and neurological symp-
toms in humans. Concerning REMS, an absence of difference in EEG
power spectrum (0.5-20 Hz) was reported between males and OVX fe-
males submitted to different gonadal hormone treatments (Deurveilher
etal., 2011). This contrasts with the significant effect of the estrous cycle
phase on REMS EEG activity previously reported (Schwierin et al.,
1998), and recently described for the prefrontal cortex (PFC) and visual
cortex (V2), showing, in particular, an increase in REMS theta activity
during the dark period in proestrus (Swift et al., 2020). It overall seems
that there is insufficient data concerning sex differences in EEG activity
during wakefulness and REMS in rodents, which should be more sys-
tematically integrated in future studies.

3.1. NREMS EEG activity in mice

In mice, the general NREMS EEG power spectrum was shown to be
similar between males and females (Gronli et al., 2016; Hellman et al.,
2010-but underpowered), except specifically concerning delta and
sigma power (Franken et al., 2006; Koehl et al., 2006; Paul et al., 2006).
With regard to delta power, sex differences have been reported for total
power (Franken et al., 2006), but were also shown to be specific to
different parts of the nychthemeron (Koehl et al., 2006; Paul et al.,
2006). First, considering NREMS delta power summed over the 24-h day
(i.e., combined light and dark periods), male mice were shown to have
less power than females in one study (Franken et al., 2006), whereas no
sex difference was reported by four other studies (Koehl et al., 2006;
Gronli et al., 2016; Paul et al., 2006; Nichols et al., 2020). Second, when
considering the time course of NREMS delta power over the 24-h day
(frequently used as a marker of homeostatic sleep pressure dynamics),
males were shown to have higher power than females at the very
beginning of the dark period and lower power for some precise intervals
later in the dark period (Koehl et al., 2006; Paul et al., 2006). Further-
more, compared to females, male mice were shown to begin the light
period with lower NREMS delta power (Paul et al., 2006). According to
the known homeostatic regulation of NREMS delta power (Dijk and
Czeisler, 1995; Dijk and Lockley, 2002), these time-dependent sex dif-
ferences in delta power could be driven by the time-dependent differ-
ences in time spent in NREMS reported in section 2.2 (see also Fig. 1).
Indeed, the greater time spent asleep in males during the dark period is
likely resulting in less delta power during subsequent NREMS (easier to
capture using a time course analysis in comparison to a full day average
measurement).

Sex differences in the time course of delta power were shown to be
eliminated by GDX in mice (Paul et al., 2006), which implies that
gonadal hormones are contributing to time-dependent sex differences in
NREMS delta activity. However, it should be noted that we found two
studies reporting an absence of sex difference in the time course of delta
power in mice (Franken et al., 2006; Grgnli et al., 2016). Interestingly,
one of these studies showed that a change in genotype creates a
time-specific sex difference in delta power that was not observed in WT
(Franken et al., 2006). In fact, Npasz_/ ~ male mice have less NREMS
delta power during some intervals of the mid and late light period when
compared to Npas2’/ ~ females (Franken et al., 2006). This emphasizes
once more the need to consider sex as a regulating factor in assessing
genotype effects on sleep phenotypes. Overall, we have described above
three studies that have found a decreased NREMS delta power in male
compared to female mice, either globally or at specific time intervals
during the light-dark cycle (Franken et al., 2006; Koehl et al., 2006; Paul
et al., 2006), and two studies reporting an absence of sex differences in
total delta power and/or its time course (Grgnli et al., 2016; Nichols
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et al., 2020).

In addition, a sex difference in the NREMS EEG was reported for
sigma frequencies in mice (Franken et al., 2006), although another study
did not detect such a difference (Gronli et al., 2016). Franken et al.
(2006) specifically showed that male mice have less NREMS sigma
(10-15 Hz) power than females, a difference that predominates during
the light period and that may be indicative of differences in circadian or
homeostatic sleep regulation (Dijk and Czeisler, 1995). Nevertheless,
more research is definitely required before clear conclusions can be
made regarding the impact of sex on the activity in EEG frequencies
outside of delta during NREMS in mice. In summary, male mice may
express less NREMS sigma and delta power than females, which is
generally time of day-dependent, and influenced by genotype and the
presence of gonadal hormones in the case of delta. It is interesting to
note that these sex differences are in the same direction as the differ-
ences in EEG activity observed in delta and sigma frequencies between
men and women (Carrier et al., 2001; Dijk et al., 1989; Mongrain et al.,
2005), although the EEG is recorded above the skull in humans and
generally directly on the cortical surface in rodents.

3.2. NREMS EEG activity in rats

In rats, no significant sex difference was reported for NREMS delta
activity or its time course using a 6-h recording centered on the middle
of the light period (Garner et al., 2018). Similarly, no difference was
found in the NREMS EEG power spectrum (0.5-50 Hz) between males
and OVX females supplemented or not with gonadal hormones (Deur-
veilher et al., 2011). However, NREMS EEG activity was shown to be
altered by the estrous cycle in females (Schwierin et al., 1998; Swift
et al., 2020). For instance, when compared to the other phases, rats in
proestrus showed a decreased delta power and increased activity in
10-25 Hz frequencies (Schwierin et al., 1998). A more recent study also
shows higher NREMS delta power during proestrus, which was
restricted to the dark period and continued into the beginning of the
light period of the estrus phase (Swift et al., 2020). Accordingly, the
phase of the estrous cycle in females influences whether sex differences
in NREMS EEG activity are observed in different brain regions in rats.
Indeed, Swift et al. (2020) recorded EEG activity in three regions (CA1,
medial PFC, V2) across the estrous cycle of females and in males over the
same time frame, and observed sex differences that were sensitive to
region, time of day, and estrous cycle phase. For instance, at the very end
of the dark period, males were shown to have significantly more NREMS
delta power than females in estrus in the secondary visual cortex (V2)
and CA1l region, but not in the medial PFC (Swift et al., 2020).
Furthermore, NREMS slow gamma (31-60 Hz) activity in the medial PFC
and V2 was observed to be lower in males than in females in proestrus
during the early dark period, which was not statistically significant in
CA1 (Swift et al., 2020). Taken together, sex differences in NREMS EEG
activity are detectable when female rats are stratified by the estrous
cycle phase. The region-specific effects are particularly novel and war-
rant further investigation, as it will help elucidate sex differences in
sleep regulation and eventually improve the specificity of treatments
regarding sleep pathologies.

4. Response to sleep deprivation

Rodent sleep research has also explored whether males and females
respond to sleep deprivation differently. Our review will focus on sex
differences in sleep architecture and EEG activity following acute (total)
sleep deprivation of 6-8 h. While some studies have examined sex dif-
ferences in memory performance following acute sleep deprivation (e.g.,
Baratta et al., 2018) or in sleep phenotypes in response to sleep re-
striction or chronic (often mostly paradoxical) sleep deprivation (e.g.,
Gonzalez-Castaneda et al., 2016; Matos et al., 2013), they will not be
reviewed here.
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4.1. Rebound in NREMS amount

Typically, sleep deprivation generates an increase in time spent in
NREMS during the following 12 h in comparison to baseline amount
(Franken et al., 2006; Hor et al., 2019; Koehl et al., 2006; Kostin et al.,
2020; Paul et al., 2006), which can be referred to as the NREMS
rebound. On the one hand, a lower NREMS rebound has been reported in
male mice compared to females (Paul et al., 2006). This sex difference,
which was abolished by GDX (Paul et al., 2006), could originate from the
longer time spent in NREMS in males under baseline (Fig. 1A) rendering
more difficult for males to increase NREMS time under recovery from
sleep loss. Sex chromosomes were shown to modulate time spent in
NREMS following sleep deprivation (Ehlen et al., 2013; Nichols et al.,
2020), with a delayed NREMS rebound being increased by the presence
of the Y chromosomes in females (Ehlen et al., 2013). On the other hand,
an absence of sex difference in NREMS rebound in WT mice was re-
ported by two studies (Franken et al., 2006; Koehl et al., 2006), although
the KO of Npas2 was shown to reveal a sex difference, with Npas2™/~
males having a lower NREMS rebound than Npas2 ™~ females (Franken
et al., 2006).

In rats, a lower NREMS rebound was reported in adult (3-4 mo)
males in comparison to females in estrus when considering the first 3 h
following sleep deprivation (Kostin et al., 2020). Interestingly, no sex
difference was observed in an older (24-25 mo) group (Kostin et al.,
2020). Considering that older females are acyclic, these results suggest
that sex differences in young animals are due to hormonal fluctuations in
females. However, the percent increase from baseline in the duration
and number of individual NREMS episodes after sleep deprivation was
shown to be statistically similar between males and OVX females sub-
mitted or not to hormone replacement (Deurveilher et al., 2011), but the
NREMS rebound was not specifically investigated in this study. Alto-
gether, the aforementioned mouse and rat findings could suggest that
the NREMS rebound after sleep deprivation is sensitive to biological sex
(i.e., five rodent studies pointing to a sex difference versus one showing
none), and that age, genotype, sex chromosomes and gonadal hormones
contribute to differences between males and females.

4.2. Rebound in REMS amount

There is also support for a significant REMS rebound after acute sleep
deprivation (Franken et al., 2006; Hor et al., 2019; Koehl et al., 2006;
Paul et al., 2006). In mice, we found two datasets showing no sex dif-
ference in REMS rebound (Ehlen et al., 2013; Paul et al., 2006), versus
another in which males showed a larger REMS rebound than females for
both WT and NpasZ’/ ~ mice (Franken et al., 2006). While these findings
are inconsistent, it is important to note that mice in the first two studies
were sleep deprived for 6 h (Ehlen et al., 2013; Paul et al., 2006),
whereas those in the later experienced 8 h of sleep deprivation (Franken
et al., 2006). With regard to rats, sex differences in REMS rebound are
definitely understudied. Even if REMS rebound (total time spent in
REMS in recovery relative to baseline) was not directly investigated, the
percent increase from baseline in the duration and number of individual
REMS episodes after sleep deprivation was shown to be similar between
males and OVX females receiving E2 with or without P replacement
(Deurveilher et al., 2011). Overall, there is a need for more in-
vestigations to understand the effect of biological sex on the response of
REMS to sleep deprivation, which includes EEG activity during REMS.

4.3. Rebound in NREMS EEG activity

The increase in EEG delta power is probably the most striking effect
observed during recovery NREMS after sleep deprivation (Franken et al.,
2006; Hor et al., 2019; Koehl et al., 2006; Kostin et al., 2020; Paul et al.,
2006). In fact, during the first 30 min of recovery NREMS, EEG power is
increased compared to baseline across all frequencies between 0.5 and
25 Hz in male mice, whereas in females, the 9.5-17.5 Hz range is
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unaffected by sleep deprivation (Franken et al., 2006). Nevertheless, this
study shows that delta power is similarly increased in males and females
(Franken et al., 2006), which also seems to be the case in another dataset
(Koehl et al., 2006). In addition to the relative increase from baseline, an
absence of sex difference in the absolute delta power level during the
first 3 h of recovery NREMS after sleep deprivation was reported (Grgnli
et al., 2016).

Contrary to these three independent articles pointing to an absence
of sex difference in delta power after sleep deprivation conducted early
during the light period, another study has shown sex differences in delta
power after acute sleep loss when sleep deprivation was scheduled at the
end of the light period (Paul et al., 2006). Specifically, male mice
expressed higher NREMS delta power than females in the first 2-h in-
terval of recovery sleep, but lower NREMS delta power 7 to 10 h after the
end of sleep deprivation (Paul et al., 2006). These differences were
reduced by GDX (Paul et al., 2006). In fact, OVX appears to alter the
dynamics of NREM delta power in females while castrated males were
comparable to intact males (Paul et al., 2006), suggesting that circu-
lating ovarian hormones are mainly responsible for sex differences in
homeostatic sleep regulation in this study. However, sex chromosomes
and gonadal phenotype were also shown to influence the NREMS delta
power rebound after sleep deprivation in FCG mice (Ehlen et al., 2013),
with XX females showing lower power than XX males at the beginning of
recovery sleep, and higher power than XY females 4 h later (Ehlen et al.,
2013). Together, these last findings could suggest that the buildup
during prolonged wakefulness and the dissipation during recovery sleep
of NREMS delta power is influenced both by ovarian hormones and sex
chromosomes. This assumption could also be supported by findings in
rats showing that NREMS delta power during the first 2-3 h of recovery
following sleep deprivation is lower in males than females in estrus
(Kostin et al., 2020), and affected by ovarian hormones in OVX females
(Deurveilher et al., 2011).

It has also been shown that, when compared to baseline, male mice
have a larger increase in NREMS sigma/spindle activity (11-16 Hz) after
sleep deprivation in comparison to females (Franken et al., 2006). Un-
fortunately, no other studies have addressed sex differences in spindle
activity during recovery sleep in rodents. Altogether, there are in-
dications of sex differences in the EEG activity response to sleep depri-
vation in rodents. For NREMS delta activity in particular, four of the
rodent datasets described above suggest a sex difference/effect of
ovarian hormones, while three are rather providing support for an
absence of difference between sexes. Given that sleep architecture is
altered by the estrous cycle, future studies are needed to precisely
determine whether the dynamics of EEG activity in a wide range of
frequencies during recovery NREMS and REMS are similarly sensitive to
fluctuating ovarian hormones.

5. Circadian functions

In this section, we present some of the sex differences that have been
reported in variables associated to the functioning of the circadian
timing system in rodents. The focus will be on these specific circadian
variables derived from locomotor activity and wheel-running activity
patterns: the phase angle of activity onset, the length of the endogenous
period, and the shift in activity onset following light pulses. As such,
variables related to, for instance, the adaptation to non-24 h light-dark
cycle will not be covered. It should also be noted that many studies in
rodents other than mice and rats are available and discussed here.

5.1. Phase angle of activity onset

The phase angle of activity onset defines the time interval between
the start of the main period of locomotor (or wheel-running) activity and
the beginning of the dark period for nocturnal rodents. The angle is
calculated relative to the start of the light period for diurnal rodents (e.
g., Octodon Degus, a diurnal rodent with longer estrous cycle and lifespan



R. Dib et al.

than other rodents). It generally reflects circadian entrainment to
normal light-dark conditions. We identified three studies reporting no
sex difference in prepubertal juvenile and adult degus (Lee et al., 2004),
young adult degus (Hummer et al., 2007), and in adolescent mice
(Stowie and Glass, 2015). However, an earlier activity onset (i.e., longer
phase angle) was found in male degus in comparison to females when
tested at 9-11 months old, a difference that was eliminated by GDX
(Hummer et al., 2007). In contrast, adult and middle age male mice and
adult hamsters (both generally nocturnal) were shown to have a later
activity onset (i.e., shorter phase angle or larger negative angle) in
comparison to females (Davis et al., 1983; Ruby et al., 2018; Stowie and
Glass, 2015), a difference also reduced by GDX in hamsters (Davis et al.,
1983). The phase angle of activity onset was not shown to significantly
differ, however, between sexes in PER2::LUC (Period 2::Luciferase)
knock-in mice, even if males have a more precise and constant activity
onset than females (Kuljis et al., 2013). These datasets indicate that the
direction of the sex difference varies with developmental age and spe-
cies, and that the presence of a sex difference is influenced by gonadal
hormones.

Despite an effect of GDX on sex difference in hamsters, the phase
angle was shown not to fluctuate across the estrous cycle in females
(Davis et al., 1983). However, female degus have an earlier activity
onset in estrus than in metestrus (Labyak and Lee, 1995). Similarly, in
rats, the activity onset of females in estrus was shown to be prior the
start of the dark period, whereas in the other phases, it generally occurs
after the dark period onset (Albers et al., 1981; Wollnik and Turek,
1988). An effect of gonadal hormones is supported by additional ob-
servations made independently in females and males. First, E2
replacement in OVX female mice and hamsters was shown to advance
the activity onset (Blattner and Mahoney, 2014; Morin et al., 1977).
Second, circulating androgens were shown to alter the activity onset of
males, with a direction that seems to depend on whether the species is
nocturnal or diurnal, but generally resulting in a lower magnitude of the
phase angle of entrainment (i.e., higher magnitude under GDX). For
instance, in male degus (diurnal), GDX was reported to advance the
activity onset (and thus lengthen the phase angle; Jechura et al., 2000),
whereas GDX in male mice (nocturnal) delays the activity onset
(Brockman et al., 2011). Altogether, the literature supports a modula-
tory role of gonadal hormones on the entrainment of the activity rhythm
to the light-dark cycle. It should be noted, however, that different
light-dark cycles have been used in the aforementioned studies (e.g.,
14-h light:10-h dark versus 12-h light:12-h dark), which may impact sex
differences.

5.2. Endogenous period

The endogenous period of the circadian system is driven by the in-
ternal clock in the suprachiasmatic nucleus (SCN) of the hypothalamus
in mammals (Moore and Eichler, 1972; Ralph et al., 1990). In constant
darkness, locomotor activity in rodents follows a circadian rhythm with
a period length of about 24 h (Pittendrigh and Daan, 1976). In hamsters,
rats and mice (three different articles), males were reported to have a
longer endogenous period than females, although this sex difference did
not always reach statistical significance (Davis et al., 1983; Schull et al.,
1989; Sterniczuk et al., 2010). In parallel, we found four studies
reporting no significant sex difference for this circadian variable in adult
and older mice (Iwahana et al., 2008; Kuljis et al., 2013, 2016; Wisor
et al., 2005). In the Octodon Degus, the length of the endogenous period
has been shown to be similar in males and females within the first year of
life, but shorter in males than females at 12 month old (Hummer et al.,
2007; Lee et al., 2004). This ‘later-life’ sex difference (i.e., at 12 months)
was eliminated by GDX conducted at 5-6 week old (Hummer et al.,
2007), which appears to impact males in particular (GDX males
resembling both intact and GDX females). Similarly, in rats and golden
hamsters, GDX animals were shown to have an equivalent length of the
endogenous circadian period (Albers, 1981; Zucker et al., 1980).
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However, other studies have shown that in GDX hamsters and mice,
males have a longer free-running period than females (Davis et al., 1983;
Iwahana et al., 2008), even if the difference was not significant in intact
animals (Iwahana et al., 2008). Taken together, while most findings are
not supporting a sex difference in the endogenous circadian period in
mice, some datasets could nevertheless suggest that the endogenous
period is longer in males than females in other nocturnal rodents, such as
rats and hamsters. Interestingly, together with sex differences in the
phase angle of entrainment reported above, male gonadal hormones are
likely to contribute to this sex difference. A more in depth survey of the
effect of gonadal hormones on the endogenous period is specifically
offered in the next paragraph.

There is support for the endogenous circadian period of females to be
sensitive to the estrous cycle phase. In rats, the period was shown to be
shorter during estrus and longer during metestrus (Albers et al., 1981;
Wollnik and Turek, 1988). In addition, E2 was found to shorten the
period in females in different rodent species, but not in males nor in
females with masculinized brain organization (Albers, 1981; Blattner
and Mahoney, 2014; Morin et al., 1977; Takahashi and Menaker, 1980;
Zucker et al., 1980). An association between a higher level of E2 and a
reduced endogenous period length in females is also supported by the
observation of a shorter period in WT mice than in aromatase KO fe-
males lacking the E2 production enzyme (Brockman et al., 2011). As
emphasized earlier, there is also support for an effect of androgens on
the endogenous period in males. Hummer et al. (2007) showed that GDX
increased the period in 12 month old male degus (but see Jechura et al.,
2000). GDX was also shown to significantly lengthen the period in male
mice (Brockman et al., 2011; Daan et al., 1975). This effect is due, at
least in part, to the loss of androgens as the administration of testos-
terone or the non-aromatizable androgen dihydrotestosterone elimi-
nates the effect of GDX on the circadian period in male mice (Daan et al.,
1975; Iwahana et al., 2008). Therefore, the literature suggests that the
endogenous circadian period length is influenced by testosterone in
males and E2 in females.

5.3. Response to a light pulse

The circadian rhythm of locomotor (or wheel-running) activity
measured under constant darkness conditions can be advanced by a light
pulse applied during the late active period or delayed by a light pulse
applied during the early active period (e.g., Davies et al., 1983). The
phase shift response of the circadian system in particular to a delaying
light pulse was shown to be modulated by sex. First, a full phase
response curve to light constructed in hamsters has reported a higher
magnitude (~30 min) of delaying shifts in males than in females (Davies
et al., 1983). However, in mice, phase delaying shifts were reported to
be smaller in males in comparison to females at approximately 6 month
old (Blattner and Mahoney, 2013; Kuljis et al., 2016), but not at 3
months (Kuljis et al., 2016). It was also found, using the mouse FCG
model, that phenotypic males (XY and XX with testes) were having
smaller delaying phase shifts than phenotypic females (XX and XY with
ovaries; Kuljis et al., 2013), suggesting that the smaller phase delays in
males are mediated by gonadal hormones and not chromosomal sex.
This is corroborated by their findings that the sex difference is elimi-
nated by GDX (Kuljis et al., 2013). In fact, GDX male mice demonstrate a
larger delaying phase shift when compared to intact males, an effect that
is reversed by the administration of dihydrotestosterone (Karastoreos
et al., 2011). It should be noted, however, that other mouse studies not
directly comparing males and females have observed relatively similar
magnitude of phase delays in the two sexes (Ruby et al., 2018; Ster-
niczuk et al., 2010). In addition, there could be some level of species
specificity, as castration did not seem to significantly change the
response to different light pulses in degus (Jechura et al., 2000).

There could also be indication of an effect of ovarian hormones on
phase advancing light stimuli. In OVX mice, high (but not low) E2 was
shown to facilitate phase-advancing shifts (Blattner and Mahoney,
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2014), an effect that was not significant in estrogen receptor KO mice
(Blattner and Mahoney, 2014). Altogether, it is difficult to establish a
direction of sex differences in the circadian response to light pulse
considering between-species differences, and the fact that many reports
have focused on the effects of gonadal hormones within one sex, with
few studies directly comparing the sexes. As such, a relatively large
knowledge gap remains in terms of whether males and females respond
differently to phase shifting stimuli (Lee et al., 2021), even if the liter-
ature may suggest an impact of sex.

6. Conclusion

This review summarizes the rodent literature concerning sex differ-
ences in sleep and circadian phenotypes. In general, males appear to
spend less time in wakefulness and more in NREMS than females in mice
and rats (Fig. 1). A similar sex difference is found for REMS, although not
as consistent in mice, and sex differences in wake/sleep consolidation
and fragmentation may point to more fragmentation in male rodents.
With regard to EEG activity during wakefulness and sleep, male mice
appear to express less delta power during NREMS than females, whereas
in rats, sex differences are importantly influenced by the estrous cycle.
Following acute sleep deprivation, NREMS and REMS rebound, and
changes in NREMS EEG activity are different in males and females, but it
is difficult to extract a clear direction of sex differences, especially
because differences seem time-dependent. Finally, variables associated
to the functioning of the circadian system are also modulated both by sex
and gonadal hormones. In the circadian field, several studies have
focused on the effects of hormones within one sex, and few have directly
compared the sexes. Considering that mutations can have different ef-
fects in both sexes, future studies need to include sex-based analyses to
better understand how sleep and circadian variables are regulated in
both sexes. In line with this, a comprehensive sex-based approach when
considering widespread genetic variability in sleep/circadian pheno-
typing is to be favored, such as recently applied to 30 inbred mouse
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strains for the phenotyping of metabolic and energy expenditure traits
(Konig et al., 2020). This type of research will be useful to identify
strain-dependent differences between sexes, and to allow refining the
choice of genetic strain for sleep/circadian studies investigating sex
differences (given the general focus on the C57BL/6 strain for sleep
phenotyping in mice).

As discussed, gonadal hormones are likely contributing to these sex
differences in multiple ways. Striking examples are the negative effect of
E2 on the activation (indexed by c-Fos) of sleep-active neurons in the
hypothalamic ventrolateral preoptic area (Hadjimarkou et al., 2008),
and the positive effect of E2 on neuronal activation (c-Fos indexed) of
forebrain arousal regions after sleep deprivation in female rats (Deur-
veilher et al., 2008). These effects can well explain the generally
increased time spent awake in female rodents. In addition to the impact
of circulating gonadal hormones, sex differences in sleep and circadian
variables could originate from differences in brain organization
(McCarthy et al., 2012; Mong et al.,, 2011), or differences in the
expression of gonadal hormone receptors in sleep and circadian-related
brain areas (Bailey and Silver, 2014). For instance, compared to females,
male rodents were reported to have a larger SCN (Gorski et al., 1978;
Kuljis et al., 2016; Robinson et al., 1986), more androgen receptors and
less oestrogen receptors in the SCN (Iwahana et al., 2008; Mong et al.,
2011; Vida et al., 2008). Moreover, the firing rate of neurons in the
dorsal SCN was reported to be higher in males than females in the light
period (Kuljis et al., 2013). These morphological and functional sex
differences could partly explain sex differences in sleep (Fig. 3). Of in-
terest is also that sex differences persist when electrophysiological fea-
tures resembling sleep are measured in vitro in the absence of circulating
gonadal hormones (Sigalas et al., 2017), which could support sex dif-
ferences in neuronal network organization (hormone-dependent or -in-
dependent) or an effect of circulating hormones at the time of sacrifice
that would maintain itself in sliced tissue. Future research should eval-
uate molecular mechanisms underlying sex differences in sleep and
circadian phenotypes using a genome-wide approach as recently done
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Fig. 3. Schematic representation of the main factors implicated in sex differences in sleep and circadian phenotypes in rodents. Gonadal hormones, sex
chromosomes and brain organization could all contribute to sex differences, which have been shown for sleep architecture (i.e., amount and consolidation of
wakefulness, NREMS and REMS), and EEG activity during wakefulness and sleep. These factors could also explain sex differences observed in the EEG response to
acute sleep deprivation (SD) and in circadian functions. SCN = suprachiasmatic nucleus of the hypothalamus.
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for the locus coeruleus, an important sleep-regulatory region showing
>100 genes differentially expressed between male and female mice
(Mulvey et al., 2018).

While our review has focussed on sex differences in sleep and
circadian phenotypes in (relatively young) adult rodents, sex differences
have also been shown to be modulated by aging and pathology in
humans and rodents (e.g., Carrier et al., 2017; Kostin et al., 2020; Kuljis
et al., 2016; Sun et al., 2016; Wong et al., 2020), and to emerge in
pathology-associated sleep disturbances (Gjerstad et al., 2007). As
emphasized for the effect of targeted mutations, it is therefore tremen-
dously important to consider sex difference in sleep/circadian functions
in rodent models of pathology (or at least to investigate the two sexes).
Albeit most rodent species are nocturnal and showing a highly frag-
mented alternation of wakefulness and sleep states in comparison to
humans, and that rodent models of human pathologies usually recapit-
ulate only few disease features, their use enables to identify molecular,
cellular and circuit mechanisms contributing to sleep disturbances.
Considering that adequate sleep is necessary for health and cognition
(Durmer and Dinges, 2005; Klinzing et al., 2019), and that sleep prob-
lems can accelerate cognitive decline in the elderly and are linked to
neurodegenerative disease (Lim et al., 2013; Osorio et al., 2011), the
frequently reported insomnia in women, particularly important during
menopause, could have psychological and physical consequences if
untreated. Additionally, it has been suggested that ovarian hormones
protect the brain from the detrimental cognitive effects of sleep depri-
vation (Gervais et al., 2017), which would place aging women in a
particularly vulnerable position. Using rodent models to evaluate sex
differences in insomnia and its consequences is primordial to identify
sex-specific treatments against sleep disturbances.
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