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There are various sex differences in sleep/wake behaviors in mice. However, it is
unclear whether there are sex differences in sleep homeostasis and arousal responses
and whether gonadal hormones are involved in these sex differences. Here, we
examined sleep/wake behaviors under baseline condition, after sleep deprivation by
gentle handling, and arousal responses to repeated cage changes in male and female
C57BL/6 mice that are hormonally intact, gonadectomized, or gonadectomized with
hormone supplementation. Compared to males, females had longer wake time, shorter
non-rapid eye movement sleep (NREMS) time, and longer rapid eye movement sleep
(REMS) episodes. After sleep deprivation, males showed an increase in NREMS delta
power, NREMS time, and REMS time, but females showed a smaller increase. Females
and males showed similar arousal responses. Gonadectomy had only a modest effect
on homeostatic sleep regulation in males but enhanced it in females. Gonadectomy
weakened arousal response in males and females. With hormone replacement, baseline
sleep in gonadectomized females was similar to that of intact females, and baseline
sleep in gonadectomized males was close to that of intact males. Gonadal hormone
supplementation restored arousal response in males but not in females. These results
indicate that male and female mice differ in their baseline sleep–wake behavior,
homeostatic sleep regulation, and arousal responses to external stimuli, which are
differentially affected by reproductive hormones.

Keywords: sex difference, gonadal hormone, sleep homeostasis, sleep deprivation, arousal, mice

INTRODUCTION

Sleep is regulated in a homeostatic manner so that the drive for sleep becomes stronger after sleep
deprivation, resulting in compensatory increases in sleep intensity and sleep amount (Franken et al.,
2001; Suzuki A. et al., 2013). Another important feature of sleep control is the flexibility of arousal
levels depending on ambient stimuli, which allows animals to increase their odds of escaping
predators and acquiring food. The exposure to a novel cage serves as a strong arousal stimuli for
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mice (Suzuki A. et al., 2013). So far, it is known that male C57BL/6
mice exhibit shorter wake time and longer non-rapid eye
movement sleep (NREMS) time than females (Koehl et al., 2006;
Paul et al., 2006; Funato et al., 2016). Paul et al. (2006) showed
that gonadectomy of male and female mice reduced sex difference
in sleep under baseline condition and after sleep deprivation,
and Paul et al. (2009a) showed the effects of testosterone or
estradiol supplementation on baseline sleep and NREMS delta
power after sleep deprivation. However, it remains largely unclear
whether there are sex differences in the homeostatic regulation of
sleep and the arousal response to external stimuli and whether
testosterone or estradiol supplementation can fully restore sleep
changes caused by gonadectomy. We have recently reported on
sleep/wakefulness during the course of pregnancy in female mice
and showed that sleep/wake changes are very gradual until the
late stage of pregnancy despite the increase in gonadal hormones
caused by pregnancy (Komiya et al., 2018). Although estrogen
is generally thought to enhance wakefulness in mice and rats
(Paul et al., 2009a; Mong and Cusmano, 2016), whether gonadal
hormones are involved in homeostatic sleep regulation and
arousal remains largely unknown.

In the present study, we examined sleep/wake behaviors of
male and female C57BL/6 mice under the baseline condition
using hormonally intact and gonadectomized mice. Intact
females showed longer wake time and longer REMS episode
duration than males. After gonadectomy, sex differences in sleep
were reduced but not eliminated. Intact females were less affected
by 6-h sleep deprivation by gentle handling in terms of NREMS
delta power and sleep time than intact males. Arousal response
to repeated cage changes was reduced after gonadectomy in both
males and females. To further examine the effects of gonadal
hormones on sleep, castrated males and ovariectomized females
were supplemented with testosterone and estradiol, respectively.
The results showed that the effect of sex hormones depends on
the parameters of sleep.

MATERIALS AND METHODS

Animals
Male and female C57BL/6N mice (CLEA Japan) were used.
Mice were housed under a 12-h light/dark cycle with controlled
temperature and humidity conditions. Food and water were
provided ad libitum. All animal experiments in this study
were approved (approved protocol ID #21-313) and conducted
following the guidelines established by the Institutional Animal
Care and Use Committee of the University of Tsukuba.

Electroencephalogram/Electromyography
Electrode Implantation
For intact, gonadectomized, and hormone-supplemented
groups, mice were implanted electroencephalogram
(EEG)/electromyography (EMG) electrode at 7 weeks of age as
described previously (Miyoshi et al., 2019), under anesthesia
with isoflurane (4% for induction and 1% for maintenance).
Each mouse was implanted with an EEG/EMG electrode
containing four electrode pins and two flexible stainless steel

wires. EEG/EMG electrodes were lowered to the dura under
stereotaxic control. EEG electrodes were positioned over the
frontal and occipital cortices [antero-posterior (AP): 0.5 mm,
medio-lateral (ML): 1.27 mm, and dorso-ventral (DV): -1.3 mm;
AP: -4.5 mm, ML: 1.27 mm, DV: -1.3 mm] and subsequently
attached to the skull using dental cement (3M ESPE, RelyX
U200 Unicem Syringe Dental Resin Cement). EMG wires were
inserted into the neck extensor muscles. Mice were allowed at
least 7 days to recover from the surgery. After recovery, mice
were individually housed and tethered to counterbalanced arm
(Instech), which allows free movement and exerted minimal
weight for at least 7 days to habituate to the recording condition.

Gonadectomy/Hormone
Supplementation
For gonadectomized and hormone-supplemented groups, male
and female mice were gonadectomized bilaterally during
EEG/EMG electrode implantation surgery. Incision was made
at the lower abdomen and testes were pulled out and removed.
In female mice, dorsal incision above the location of the
ovary was made through skin and muscle layers. Ovaries were
pulled out to the surface and removed. Incisions were stitched,
and the mice were given 3 weeks of recovery period before
EEG/EMG recording.

For gonadal hormone supplementation, EEG/EMG-recorded
gonadectomized mice (11 weeks old) were implanted with
crystalline testosterone-filled (2.0 mg; FUJIFILM Wako Pure
Chemical Corporation, Japan) or β-estradiol-filled (0.3 mg;
Sigma-Aldrich, Japan) silicone tube (diameter outer 2.0 mm;
inner 1.5 mm; Taiyo Kogyo, Japan) (Modder et al., 2004;
Suzuki E. et al., 2013; Möller et al., 2016; Müller et al.,
2018). Each silastic tube was filled by a funnel made from
tip of Pasteur pipette and sealed using a silicone adhesive
(TES3941, Momentive Performance Materials Japan, Japan).
Mice were anesthetized with isoflurane, and hormone tube was
inserted via a small dorsal incision made through the skin.
Incision was stitched, and the mice were given 3 weeks of
recovery period before EEG/EMG sleep recording. The effects
of testosterone or estradiol supplementations were confirmed
by the restoration of male sexual behavior toward females
(Supplementary Figures 1A,B) and by the restoration of uterine
weight in ovariectomized females (Supplementary Figure 1C),
respectively. The estrous cycle of sham-operated females
was not considered. Mice tested for the effect of hormone
supplementations were not included in the sleep experiments.

Uterine Weight
C57BL/6N gonadectomized female mice (8 weeks old) were
implanted a silicone tube with different doses of estradiol (0,
0.3, 0.5, or 0.7 mg) according to a previous study (Modder
et al., 2004). Sham-operated mice were anesthetized, and dorsal
incision was made and stitched without further procedure
(Supplementary Figure 1C). At 12 weeks of age, mice were
sacrificed with cervical dislocation under isoflurane anesthesia.
The uteri were excised and weighed. Ovariectomy resulted
in reduced uterine weight, and supplementation of estradiol
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restored uterine weight to that to the same level as in sham-
operated females. Female mice used in the uteri weighing were
not included in the sleep experiments.

Male Sexual Behavior
C57BL/6N gonadectomized male mice (8 weeks old) were
implanted a silicone tube with different doses of testosterone
(0, 0.5, 2, or 9 mg). At 12 weeks of age, testosterone tube-
implanted gonadectomized male mice were assessed for sexual
behaviors during exposure to receptive female mice as previously
reported (Fujiyama et al., 2018). All tested male mice were housed
individually in a home cage, and a female mouse was placed
in the cage. The number of male sexual behaviors (mounting
attempts and mounting) was counted for 30 min under dim
red illumination. Male mice behavior of straddling the female
from behind and continuation of hip thrusting was considered as
mounting and dismounting before any thrusting movement was
considered as mounting attempts.

Sleep Recording and Data Analysis
Recording environment was kept under a 12-h light/12-h
dark cycle and a constant temperature (24–25◦C). EEG/EMG
signaling was obtained and analyzed as previously described with
some modifications (Miyoshi et al., 2019). EEG/EMG signals
were amplified, filtered (EEG: 0.3–300 Hz; EMG: 30–300 Hz) with
a multichannel amplifier (NIHON KODEN, #AB-611J), digitized
at 250-Hz sampling rate using an analog-to-digital converter
(National Instruments #PCI-6220) and LabView (National
Instruments)-based custom-made software. EEG/EMG data were
visualized and semiautomatically analyzed using a MATLAB
(MathWorks)-based, custom semi-automated staging program,
which allows classification of 20-s epoch time windows into
NREMS, REMS, and wakefulness, followed by visual inspection.
Wakefulness scoring criteria include high-amplitude and variable
EMG. NREMS was scored based on high-amplitude (1–4 Hz)
frequency EEG and low EMG tonus, and REMS was characterized
by theta (6–9 Hz)-dominant EEG oscillations and EMG atonia.
Total time spent in wakefulness, NREMS, and REMS was derived
from summing the total number of 20-s epochs in each state.
Epochs that contain movement artifacts were included in the
state totals but excluded from subsequent spectral analysis. EEG
signals were subjected to fast Fourier transform analysis from 1
to 30 Hz with a 1-Hz bin using MATLAB-based custom software.
The hourly delta density during NREMS indicates the hourly
averages of delta density, which is the ratio of delta power (1–
4 Hz) to total EEG power (1–30 Hz) at each 20-s epoch or all
epochs. NREMS delta power change was calculated as hourly
average of delta power after sleep deprivation divided by that of
the same ZT of the baseline recording.

Recording Schedule
Mice were randomly assigned to gentle handling or cage
change groups. EEG/EMG was recorded for three consecutive
days. Mean values of the first and second days were used as
baseline sleep/wakefulness. Gentle handling or cage change was
performed from ZT0 on day 3. Gentle handling was performed
during the first 6 h of the light phase (ZT0–6) to deprive of

sleep by gentle cage tapping when mice start to recline and lower
their head as previously described (Suzuki A. et al., 2013). In the
cage change group, the mice were replaced with a new cage once
every hour from ZT0 to ZT5 without additional interventions to
keep mice awake. During gentle handling or cage change, food
and water were available. After gentle handling or cage change,
mice were left to sleep freely during the recovery sleep. After
sleep recording, gonadectomized mice were subject to gonadal
hormone supplementation. Three weeks later, EEG/EMG was
recorded for three consecutive days with gentle handling or
cage change as described above. EEG/EMG recordings for
intact, gonadectomized, and hormone-supplemented mice were
conducted at 9, 11, and 15 weeks of age, respectively.

Statistics
Statistical analyses were performed using SPSS Statistics 26
(IBM). All data were tested for Gaussian distribution and
variance. Homogeneity of variance was tested with Levene’s
test. We used Student’s t-test for pairwise comparisons, one-
way repeated-measures ANOVA for multiple comparisons with
multiple data points, and two-way ANOVA for multiple
comparisons involving two independent variables. ANOVA
analyses were followed by Sidak’s test. For non-normative data,
Mann–Whitney U test and Kruskal–Wallis were performed for
two-group and three-group comparisons, respectively. Statistical
values for Figures 1–6 and Supplementary Figure 2 are
summarized in Supplementary Table 1. P < 0.05 was considered
statistically significant.

RESULTS

Effect of Gonadal Hormones on Baseline
Sleep/Wakefulness
Male C57BL/6 mice showed shorter total wake time (male,
768 ± 16 min/24 h; female, 865 ± 18 min/24 h) and longer
total NREMS time (male, 596 ± 15 min/24 h; female,
500 ± 17 min/24 h) than female mice by approximately
100 min, which was mainly due to differences during the
dark phase (Figures 1A,B and Supplementary Table 2). Sleep
time of intact females is consistent with our previous report
(Komiya et al., 2018). There was no significant difference
in total REMS time (male 76.3 ± 1.9 min/24 h; female,
74.7 ± 2.3 min/24 h) (Figure 1C) and NREMS delta density
between males and females (Figure 1D). Male C57BL/6 mice
showed shorter wake episode duration than females (Figure 2A)
as previously reported (Paul et al., 2006) without difference
in episode number (Supplementary Figure 2A). Whereas
NREMS episode duration and number were similar between
males and females (Figure 2B and Supplementary Figure 2B),
REMS episode duration of females was longer than that
of males with lower episode number (Figure 2C and
Supplementary Figure 2C).

To examine the role of gonads in sleep/wakefulness, we
performed gonadectomy for males and females. In males,
castration resulted in a decrease in daily total wake time
and wake episode duration (Figures 1E, 2D), an increase in
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FIGURE 1 | Sleep/wake behavior of intact, gonadectomized, and hormone-supplemented mice. (A–D) Total wake time (A), total non-rapid eye movement sleep
(NREMS) time (B), total REMS time (C), and NREMS delta power density (D) of intact male and female mice for 24 h; 11 male mice and 14 female mice. Two-way
ANOVA followed by Sidak’s test. (E–H) Total wake time (E), total NREMS time (F), total REMS time (G), and NREMS delta power density (H) of male mice. Two-way
ANOVA followed by Sidak’s test. (I–L) Total wake time (I), total NREMS time (J), total REMS time (K), and NREMS delta power density (L) of female mice. Two-way
ANOVA followed by Sidak’s test. (M–P) Total wake time (M), total NREMS time (N), total REMS time (O), and NREMS delta power density (P) of gonadectomized
male and female mice; 16 male mice and 14 female mice. Two-way ANOVA followed by Sidak’s test. (Q–T) Total wake time (Q), total NREMS time (R), total REMS
time (S), and NREMS delta power density (T) of gonadal hormone-supplemented gonadectomized male and female mice; 14 male mice and 11 female mice.
Two-way ANOVA followed by Sidak’s test. *P < 0.05; **P < 0.01; ****P < 0.0001. (H,L,T) *P < 0.05 (black); *P < 0.01 (blue); *P < 0.001 (green); *P < 0.0001 (red).

daily total NREMS time without changes in NREMS episode
duration (Figures 1F, 2E), and an increase in daily total
REMS time with shorter REMS episode duration (Figures 1G,
2F). Castration increased the number of episodes of wake,
NREMS, and REMS in males (Supplementary Figures 2D–F).
Castration also led to a decrease in NREMS delta density mainly
during the dark phase (Figure 1H). In females, ovariectomy
resulted in a decrease in daily total wake time (Figure 1I) with
shorter wake episode duration (Figure 2G) and an increase

in daily total NREMS time (Figure 1J) without changes in
NREMS episode duration (Figure 2H), compared to intact
females. Ovariectomized females showed shorter REMS episode
duration without changes in daily total REMS time (Figures 1K,
2I). Ovariectomy increased the number of episodes of wake,
NREMS, and REMS in females (Supplementary Figures 2G–I).
Ovariectomy did not change NREMS delta density (Figure 1L).
Thus, the presence of gonads enhances baseline wakefulness in
both males and females.
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FIGURE 2 | Episode durations of intact, gonadectomized, and hormone-supplemented mice. (A–C) Episode durations of wakefulness (A), NREMS (B), and REMS
(C) of intact male and female mice; 11 male mice and 14 female mice. Two-way ANOVA followed by Sidak’s test or Mann–Whitney U test). (D–F) Episode durations
of wakefulness (D), NREMS (E), and REMS (F) of male mice. Two-way ANOVA followed by Sidak’s test or Kruskal–Wallis test. (G–I) Episode durations of
wakefulness (G), NREMS (H), and REMS (I) of female mice. Two-way ANOVA followed by Sidak’s test or Kruskal–Wallis test. (J–L) Episode durations of wakefulness
(J), NREMS (K), and REMS (L) of gonadectomized male and female mice; 16 male mice and 14 female mice. Two-way ANOVA followed by Sidak’s test. (M–O)
Episode durations of wakefulness (M), NREMS (N), and REMS (O) of gonadal hormone-supplemented gonadectomized male and female mice; 14 male mice and
11 female mice. Two-way ANOVA followed by Sidak’s test or Mann–Whitney U test. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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Compared to ovariectomized females, castrated males still
showed shorter total wake time (male, 651 ± 5 min/24 h;
female, 718 ± 13 min/24 h) and longer total NREMS time
(male, 703 ± 4.8 min/24 h; female, 644 ± 12.8 min/24 h)
for 24 h and during the dark phase (Figures 1M,N) and
shorter wake episode duration during the dark phase
without difference in the number of episodes (Figure 2J
and Supplementary Figure 2J). Gonadectomized males showed
longer total REMS time for 24 h (male, 84.6 ± 2.0 min/24 h;
female, 77.3 ± 1.8 min/24 h) and longer REMS time during
the dark phase compared to females (Figure 1O), which
was due to an increased number of REMS episodes during
the dark phase (Supplementary Figure 2L). There was
no significant difference in NREMS delta power, NREMS
episode duration, NREMS episode number, and REMS
episode duration between gonadectomized males and females
(Figures 1P, 2K,L and Supplementary Figure 2K). Thus,
gonadectomy did not eliminate sex differences in NREMS
amount but rather created REMS amount difference during
the dark phase while eliminating sex differences in REMS
episode duration.

Next, to examine the effect of gonadal hormones,
gonadectomized males and females were supplemented
with testosterone and estradiol, respectively. The effects of
testosterone and estradiol supplementation were confirmed
by male sexual behavior and uterine weight, respectively
(Supplementary Figure 1). Testosterone supplementation
of castrated males led to an increase in total wake time and
a decrease in total NREMS and REMS time compared to
castrated males (Figures 1E–G). However, total NREMS time
of castrated males with testosterone supplementation was
still longer than that of intact males (Figure 1F). Similarly,
testosterone supplementation did not affect NREMS delta
density of castrated males (Figure 1H). Thus, the changes
in NREMS time and NREMS delta density in castrated mice
were partially restored by testosterone supplementation.
In contrast, testosterone supplementation restored REMS
changes induced by castration (Figure 1G). Estradiol
supplementation of ovariectomized females resulted in
an increase in daily wake time (Figure 1I) with longer
wake episode duration (Figure 2G) and a decrease in daily
NREMS time (Figure 1J) without changes in NREMS episode
duration (Figure 2H), compared to ovariectomized mice.
Estradiol-supplemented ovariectomized females showed
a decrease in REMS time and REMS episode number
during the dark phase with increased daily REMS episode
duration, compared to ovariectomized females (Figures 1K,
2I and Supplementary Figure 2I). Different from males,
estradiol supplementation of ovariectomized females exhibited
sleep/wakefulness similar to intact females, except for REMS
time especially during the light phase (Figures 1I–L). Thus,
estradiol supplementation almost completely reversed the
effect of ovariectomy.

Testosterone-supplemented male mice showed shorter total
wake time and longer total NREMS time for 24 h, and
during the dark phase, a shorter wake episode duration
and a lower number of wake and NREMS episodes than

estradiol-supplemented female mice (Figures 1Q,R, 2M and
Supplementary Figure 2M,N). There was no significance in
NREMS episode duration (Figure 2N). Hormone-supplemented
mice exhibited similar total REMS time, REMS episode
duration, and REMS episode number for 24 h, whereas
testosterone-supplemented males showed shorter REMS time
during the light phase compared to estradiol-supplemented
females (Figures 1S, 2O and Supplementary Figure 2O).
Hormone supplementation eliminated the difference in REMS
amount in the dark phase, especially the first half of the dark
phase, which was induced by gonadectomy (Figure 1S and
Supplementary Table 2). Testosterone-supplemented male mice
showed lower NREMS delta density than estradiol-supplemented
female mice (Figure 1T). For intact mice, there was no significant
difference in coefficient of variation of total time spent in wake
(male, 0.0498 ± 0.0137; female, 0.0623 ± 0.0123; p = .504),
NREMS (male 0.602 ± 0.0164; female, 0.0961 ± 0.0207; p = .205),
and REMS (male, 0.0679 ± 0.0147; female, 0.096 ± 0.0176;
p = 0.25). Thus, male mice showed longer NREMS time than
female mice in three different gonadal hormonal conditions,
but the largest difference was found in hormone-supplemented
gonadectomized groups (difference in mean: 95.37 min for
intact, 59.19 min for gonadectomized, and 169.73 min for
hormone supplemented).

Sleep/Wake Behavior of Male Mice After
Sleep Deprivation by Gentle Handling
To examine homeostatic regulation of sleep of mice with different
hormonal conditions, we performed sleep deprivation for 6 h
from ZT0 by gentle handling. After sleep deprivation, intact
males showed a slight decrease in wake time and an increase
in NREMS and REMS time during the remaining light phase
(ZT6–12), but NREMS ratio normalized by baseline NREMS
revealed the increase in NREMS was more prominent during the
early dark phase (Figures 3A,B,M,N). After sleep deprivation,
total REMS time increased during the remaining light phase
and the dark phase (Figures 3C,O). Sleep deprivation led to
an immediate increase in NREMS delta power, which was
followed by a gradual decrease to the basal level, and no
difference during the dark phase (Figure 3D). Thus, sleep
deprivation results in an immediate increase in NREMS delta
power and NREMS time and a prolonged increase in REMS time
throughout the dark phase.

After sleep deprivation, castrated males showed shorter wake
time, longer NREMS time, and longer REMS time during the
early dark phase compared to the basal condition (Figures 3E–
G). However, the increased ratios of NREMS time and REMS
time during the early dark phase (ZT12–18) were lower
than those of intact males (Figures 3N,O). Gonadectomized
males showed an increase in NREMS delta power after
sleep deprivation similar to intact males (Figures 3H,P). In
testosterone-supplemented castrated mice, sleep deprivation did
not lead to any change in total wake time and NREMS time
during the remaining light phase compared to the basal condition
(Figures 3I,J,M,N). Testosterone-supplemented mice showed an
increase in NREMS time and REMS time during the early dark
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FIGURE 3 | Sleep/wake behavior of male mice after sleep deprivation by gentle handling. (A–D) Hourly wake time (A), NREMS time (B), REMS time (C), and NREMS
delta density (D) under the baseline condition and after 6-h sleep deprivation from ZT0 in intact male mice; six mice. Two-way ANOVA followed by Sidak’s test. (E–H)
Hourly wake time (E), NREMS time (F), REMS time (G), and NREMS delta density (H) under the baseline condition and after 6-h sleep deprivation from ZT0 in
gonadectomized male mice; nine mice. Two-way ANOVA followed by Sidak’s test. (I–L) Hourly wake time (I), NREMS time (J), REMS time (K), and NREMS delta
density (L) under the baseline condition and after 6-h sleep deprivation from ZT0 in testosterone-supplemented gonadectomized male mice; seven mice. Two-way
ANOVA followed by Sidak’s test. (M–O) Ratio of total awake time (M), NREMS time (N), and REMS (O) in 18 h to baseline condition after 6 h of sleep deprivation.
Two-way ANOVA followed by Sidak’s test or Kruskal–Wallis test. (P) NREMS delta after sleep deprivation. Red rectangles in the graphs indicate gentle handling from
ZT0 to 6. Two-way ANOVA followed by Sidak’s test. *P < 0.05; **P < 0.01; ***P < 0.001. *P < 0.05 (black); *P < 0.01 (blue); *P < 0.001 (green); *P < 0.0001 (red).

phase (ZT12–18) similar to intact males (Figures 3J,K,N,O). The
increase in NREMS delta power of testosterone-supplemented
castrated males was weaker than that of intact males and
of castrated males (Figures 3L,P). Thus, compared to intact
males, castration weakened the increase in NREMS time and
REMS time, but not NREMS delta power, in response to sleep
deprivation in males. Testosterone supplementation normalized
NREMS time increase and REMS time increase to the level
of intact males.

Sleep/Wake Behavior of Female Mice
After Sleep Deprivation by Gentle
Handling
Intact females showed a decrease in total wake time during the
light phase after sleep deprivation (Figure 4A). However, intact
females did not show significant changes in time spent in NREMS
and REMS during the light phase and all wake, NREMS, and
REMS during the dark phase in response to sleep deprivation
(Figures 4A–C). Sleep deprivation for 6 h led to an increase
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in NREMS delta only at ZT6 (Figure 4D). Thus, the effect of
sleep deprivation on females was much weaker than males for
both NREMS and REMS.

After sleep deprivation, gonadectomized females showed a
decrease in wake time and an increase in NREMS time and REMS
time during the dark phase compared to the basal condition
(Figures 4E–G). Sleep deprivation led to an increase in NREMS
delta from ZT6 to 9 (Figure 4H). Thus, gonadectomized females
exhibited a stronger response to sleep deprivation compared to
intact females in terms of sleep time and NREMS delta power.
Estradiol-supplemented females showed a decrease in wake time
and an increase in NREMS mainly during the dark phase
(Figures 4I,J). The increase in REMS time was not significant
(Figure 4K). The increase in NREMS delta power of estradiol-
supplemented gonadectomized females was longer (ZT6 and
7) than that of intact males (ZT6) but shorter than that of
gonadectomized males (ZT6–9) (Figure 4L). However, the time
ratio normalized by the baseline sleep/wakefulness did not show
significant changes except for wake time during the early dark
phase (Figures 4M–O). One female in the intact group and
one female in the estradiol-supplemented group showed very
high total NREMS ratios at ZT12–18, but the difference was not
significant (Figure 4N). NREMS delta decay of intact females was
faster than that of ovariectomized and estradiol-supplemented
females (Figure 4P). The extent of NREMS delta increase right
after sleep deprivation in females was similar among three
hormonal conditions and was similar to males (Figure 4Q).
Thus, compared to intact females, ovariectomy enhanced the
response to sleep deprivation in recovery sleep time, and NREMS
delta power and estradiol supplementation partially reversed the
effects of ovariectomy.

Sleep/Wake Behavior of Male Mice in
Response to Repeated Cage Changes
Next, we examined arousal response to repeated cage changes
every hour from ZT0 to ZT5 in males. Intact males exhibited
a strong arousal response to the first five cage changes
and a weaker response in wake to the sixth cage changes
(Figures 5A,B). The first to sixth cage changes strongly
suppressed REMS in intact males (Figure 5C). Repeated cage
changes led to an increase in NREMS delta density at ZT5 and
6 (Figure 5D).

Castrated males showed a strong arousal response to the first
and second cage changes but a weaker response to the third
change and thereafter. Castrated males did not show arousal
response to the fifth and sixth cage changes (Figures 5E,F). In
contrast, REMS of gonadectomized males was suppressed by
repeated cage changes. Even the sixth cage change moderately
suppressed REMS, which was followed by a compensatory
increase in REMS time during the late light phase (Figure 5G).
Repeated cage changes led to an increase in NREMS delta density
at ZT5 (Figure 5H). Testosterone-supplemented castrated males
showed a moderate arousal response to the fifth and sixth
cage changes (Figures 5I,J). Repeated cage changes suppressed
REMS in testosterone-supplemented castrated males, which
was followed by a slight compensatory increase in REMS

time during the late light phase (Figure 5K). In testosterone-
supplemented males, repeated cage changes did not lead to an
increase in NREMS delta density (Figure 5L). Among the three
hormonal conditions, castrated males showed a smaller wake
time increase ratio and a greater NREMS time increase ratio in
response to repeated cage changes compared to intact males and
testosterone-supplemented males (Figures 5M,N). Wake time
for 2 h from ZT4 during the cage changes of castrated males
was shorter than that of intact males (Figure 5P). During and
immediately after repeated cage changes (ZT0–6), REMS in male
mice was strongly suppressed under all hormonal conditions
(Figure 5O). Thus, castration reduced arousal response in cage
change-induced wake amount and NREMS delta density, and
testosterone supplementation partially reversed the effects of
castration except for NREMS delta density and stability of
response to repeated cage changes.

Sleep/Wake Behavior of Female Mice in
Response to Repeated Cage Changes
Lastly, we examined arousal response to repeated cage
changes every hour from ZT0 to ZT5 in females. Intact
females exhibited a strong wake response to all cage changes,
showing moderate response even to the last cage changes
(Figures 6A,B,M,N). REMS in intact female was strongly
suppressed in all six cage changes (Figures 6C,O). Repeated
cage changes increased NREMS delta power at ZT5 and
6 (Figure 6D).

Gonadectomized females exhibited a strong arousal response
to the first to third cage changes but a weaker response to
the fourth change (Figures 6E,F). REMS in gonadectomized
females was continuously suppressed by repeated cage changes
(Figure 6G). Repeated cage changes increased NREMS delta
power at ZT5 and 6 (Figure 6H). Estradiol-supplemented
gonadectomized females showed a strong arousal response to the
first and second cage changes and a weaker response thereafter
(Figures 6I,J). Repeated cage changes suppressed REMS
throughout the period in estradiol-supplemented ovariectomized
females (Figure 6K). Estradiol-supplemented gonadectomized
females did not show an increase in NREMS delta power after
the cage changes (Figure 6L). After repeated cage changes, the
total NREMS time increase during the dark phase was higher
in intact female compared to other groups (Figure 6N). During
cage changing, repeated cage changes strongly suppressed REMS
in female mice under all hormonal conditions (Figure 6O).
Wake time for 2 h from ZT4 during the cage changes of
estradiol-supplemented females was not significantly higher
than the basal amount and was shorter than that of intact
females (Figure 6P). There is no significant difference in wake
time for 2 h from ZT4 during the cage changes between
intact males and females (Student’s t-test, P = 0.935), castrated
males and ovariectomized females (P = 0.549), and hormone-
supplemented males and females (P = 0.247). Thus, compared to
intact females, ovariectomy weakened arousal response in cage
change-induced wake amount and wake and NREMS response
stability, and estradiol supplementation did not reverse the
effects of ovariectomy.
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FIGURE 4 | Sleep/wake behavior of female mice after sleep deprivation by gentle handling. (A–D) Hourly wake time (A), NREMS time (B), REMS time (C), and
NREMS delta density (D) under the baseline condition and after 6-h sleep deprivation from ZT0 in intact female mice; five mice. Two-way ANOVA followed by Sidak’s
test. (E–H) Hourly wake time (E), NREMS time (F), REMS time (G), and NREMS delta density (H) under the baseline condition and after 6-h sleep deprivation from
ZT0 in gonadectomized female mice; nine mice. Two-way ANOVA followed by Sidak’s test. (I–L) Hourly wake time (I), NREMS time (J), REMS time (K), and NREMS
delta density (L) under the baseline condition and after 6-h sleep deprivation from ZT0 in estradiol-supplemented gonadectomized female mice; seven mice.
Two-way ANOVA followed by Sidak’s test. (M–O) Ratio of total awake time (M), NREMS time (N), and REMS (O) in 18 h to baseline condition after 6 h of sleep
deprivation. Two-way ANOVA followed by Sidak’s test or Kruskal–Wallis test. (P) NREMS delta after sleep deprivation. Two-way ANOVA followed by Sidak’s test.
(Q) NREMS delta power for 1 h after 6-h sleep deprivation normalized by the baseline condition. Red rectangles in the graphs indicate gentle handling from ZT0 to 6.
Two-way ANOVA followed by Sidak’s test. *P < 0.05; **P < 0.01. *P < 0.05 (black); *P < 0.01 (blue); *P < 0.001 (green); *P < 0.0001 (red).
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FIGURE 5 | Sleep/wake behavior of male mice in response to repeated cage changes. (A–D) Hourly wake time (A), NREMS time (B), REMS time (C), and NREMS
delta density (D) under the baseline condition and with six hourly cage changes from ZT0 in intact male mice; five mice. Two-way ANOVA followed by Sidak’s test.
(E–H) Hourly wake time (E), NREMS time (F), REMS time (G), and NREMS delta density (H) under the baseline condition and with six hourly cage changes from ZT0
in gonadectomized male mice; seven mice. Two-way ANOVA followed by Sidak’s test. (I–L) Hourly wake time (I), NREMS time (J), REMS time (K), and NREMS
delta density (L) under the baseline condition and with six hourly cage changes from ZT0 in testosterone-supplemented gonadectomized male mice; seven mice.
Purple lines indicate cage changes. Two-way ANOVA followed by Sidak’s test. (M–O) Ratio of total awake time (N), NREMS time (O), and REMS time (P) to the
baseline condition after repeated cage changes. Two-way ANOVA followed by Sidak’s test or Kruskal–Wallis test. (P) Wake time 2 h from ZT4 under baseline
condition and with six hourly cage changes. One-way ANOVA followed by Sidak’s test and two-way ANOVA followed by Sidak’s test. *P < 0.05; **P < 0.01;
***P < 0.001. #P < 0.05. *P < 0.05 (black); *P < 0.01 (blue); *P < 0.001 (green); *P < 0.0001 (red).

DISCUSSION

As an animal model, inbred mice have been used because
they can produce reproducible results and are suitable for
genetic manipulation. Among various inbred strains of mice,
the C57BL/6 line strain has been used as a common platform
of mutant mice for various physiological and behavioral studies
(Beck et al., 2000; Skarnes et al., 2011; Tam and Cheung,
2020). In sleep research, C57BL/6 mice have contributed to our
understanding of sleep regulation at the circuit and molecular
levels (Cirelli, 2009; Liu and Dan, 2019). However, most of the
studies have been conducted using male C57BL/6 mice, not

female mice, and this male-biased research results may hinder
the characterization of sexually dimorphic effects (Cahill, 2006),
which may lead to an underestimation of risks for women, such
as adverse reaction to drugs (Clayton and Collins, 2014), and
it remains unclear whether the findings are specific to males or
valid for both sexes.

The present study shows sex differences in baseline sleep,
the homeostatic regulation of sleep, and arousal response to a
novel cage in C57BL/6 mice. For baseline sleep, female mice
spent more time in wakefulness, less time in NREMS, and
a similar amount of time in REMS compared to male mice
as previously reported (Paul et al., 2006; Ehlen et al., 2013;
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FIGURE 6 | Sleep/wake behavior of female mice in response to repeated cage changes. (A–D) Hourly wake time (A), NREMS time (B), REMS time (C), and NREMS
delta density (D) under the baseline condition and with six hourly cage changes from ZT0 in intact female mice; seven mice. Two-way ANOVA followed by Sidak’s
test. (E–H) Hourly wake time (E), NREMS time (F), REMS time (G), and NREMS delta density (H) under the baseline condition and with six hourly cage changes
from ZT0 in gonadectomized female mice; five mice. Two-way ANOVA followed by Sidak’s test. (I–L) Hourly wake time (I), NREMS time (J), REMS time (K), and
NREMS delta density (L) under the baseline condition and with six hourly cage changes from ZT0 in estradiol-supplemented gonadectomized female mice; four
mice. Purple lines indicate cage changes. Two-way ANOVA followed by Sidak’s test. (M–O) Ratio of total awake time (M), NREMS time (N), and REMS (O) to the
baseline condition after repeated cage changes. Two-way ANOVA followed by Sidak’s test or Kruskal–Wallis test. (P) Wake time for 2 h from ZT4 under baseline
condition and with six hourly cage changes. One-way ANOVA followed by Sidak’s test and Two-way ANOVA followed by Sidak’s test. *P < 0.05; **P < 0.01;
***P < 0.001. ##P < 0.01. *P < 0.05 (black); *P < 0.01 (blue); *P < 0.001 (green); *P < 0.0001 (red).

Funato et al., 2016). As NREMS delta density was similar between
males and females, the shorter NREMS time in female by 100 min
is not compensated for by higher delta power during NREMS.
Thus, female mice have a lower need in terms of sleep amount
under the baseline condition. Although there has been no report
on sex difference in sleep episode duration and episode number,
we showed that female mice have longer REMS episode duration
with lower episode number and similar NREMS episode duration
and episode number compared to male mice. The mechanism
to determine REMS episode duration remains unknown, but
mice with a mutation in sodium leak channel, NALCN, exhibit
short REMS episode duration (Funato et al., 2016), suggesting

the possible link between gonadal hormone and ion channel in
the regulation of REMS.

Sleep deprivation by gentle handling in males increases
NREMS delta power and REMS time immediately after the
deprivation and NREMS time mainly during the dark phase.
In contrast to males, females showed a weak and brief increase
in NREMS delta power, with no immediate increase in REMS
time or no increase in NREMS time during the dark phase.
Importantly, deprived sleep amount during 6-h gentle handling
was similar between males and females because NREMS amount
during the light phase under the baseline condition is similar
between males and females. These findings indicate that females
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have weaker homeostatic regulation of both NREMS and REMS
compared to males. In contrast to weaker responses to sleep
deprivation, female mice exhibited an arousal response to
repeated cage changes, similar to male mice. These findings
indicate arousal and homeostatic regulation of sleep need can be
dissociable as we have previously shown (Suzuki A. et al., 2013).
Sik3 mutant mice also showed an increased sleep need despite an
intact arousal response to stimuli (Funato et al., 2016).

In males, castration alters sleep/wakefulness under the
baseline condition and the responses to sleep perturbation. For
baseline sleep/wakefulness, castration increased NREMS time
and decreased NREMS delta power. As for the response to
sleep deprivation, castration weakened NREMS time increase
and REMS time increase during the early dark phase. Regarding
repeated cage changes, castrated males exhibited a weaker and
shorter wake response. Thus, castrated males have weaker
regulation of sleep homeostasis and weaker wake-promoting
response to external stimuli, compared to intact males. When
castrated males were supplemented with testosterone, REMS time
was reduced to the same extent as in intact males, and NREMS
time was also reduced, but still longer than intact males. For
the response to sleep perturbation, testosterone supplementation
normalized NREMS and REMS time increase during the early
dark phase after sleep deprivation and arousal response to
repeated cage changes. Thus, the effect of castration on most of
sleep parameters, especially REMS parameters and response to
sleep deprivation and external stimuli, can be explained by the
effect of testosterone. In other words, testosterone is involved
in baseline NREMS and REMS quantity, NREMS quality, sleep
homeostasis, and arousal. However, several sleep parameters
such as total wake time during the light phase and NREMS
delta decay after sleep deprivation cannot be explained by
testosterone in males.

In females, ovariectomy alters sleep/wakefulness under the
baseline condition and the responses to sleep perturbation.
For baseline sleep/wakefulness, ovariectomy decreased wake
time and increased NREMS time as previously reported (Paul
et al., 2006). Supplementation with estradiol increased daily
wake time and decreased daily NREMS time and REMS time
during the dark phase, indicating that the effect of ovariectomy
on baseline sleep parameters is primarily due to the lack of
estradiol. Aromatase-deficient female mice that are deficient
in estrogen showed a decrease in wake time during the dark
phase (Vyazovskiy et al., 2006). In addition, gonadectomy
increased REMS time during the dark phase and decreased
it during the light phase, and these changes were restored
by gonadal hormone supplementation, suggesting that gonadal
hormone may act to suppress REMS only during the dark
phase. The time-of-day effect of gonadal hormones on REMS
is consistent with the finding that estradiol suppresses REMS
only during the dark phase in rats (Schwartz and Mong, 2013).
For the response to sleep deprivation, ovariectomy enhanced
NREMS delta increase immediately after sleep deprivation,
wake time decrease, and REMS time increase during the
dark phase. For repeated cage changes, ovariectomized females
exhibited weaker and shorter arousal. Thus, ovariectomized
females have reduced NREMS amount, enhanced regulation

of sleep homeostasis, and weaker wake-promoting response to
external stimuli. Estradiol supplementation to ovariectomized
females normalized wake and NREMS time under the baseline
condition as previously reported (Paul et al., 2009a). When
ovariectomized females were supplemented with estradiol, their
response to sleep deprivation was as weak as that of intact mice,
revealing an inhibitory role for estradiol in the homeostatic
control of sleep. Estradiol supplementation in ovariectomized
female rats has also reported to decrease NREMS delta increase
from 6-h sleep deprivation (Deurveilher et al., 2009). Estradiol
supplementation did not normalize arousal responses to repeated
cage changes in ovariectomized females, which suggests that
estradiol does not play an important role in wake response to
external stimuli.

Current findings clearly show that there are large sex
differences in sleep/wakefulness in mice. Since the rodent
brain has sexual dimorphism, which underlies sex differences
in innate behaviors such as sexual behavior, aggression, and
parental behavior (Bonthuis et al., 2010; McCarthy et al., 2017;
Tsuneoka et al., 2017a; Fujiyama et al., 2018; Tsuneoka and
Funato, 2021), it is possible that sleep/wake behaviors are also
controlled by neural groups with sexual dimorphism. Although
the current study shows the role of gonadal hormone in
sleep/wake regulation, gonadectomy does not eliminate all sex
differences in sleep. In agreement with our result, Paul et al.
(2006, 2009a) showed the eliminated sex differences in some
of the responses to sleep deprivation in gonadectomized mice;
recovery sleep amount, for example, can be restored depending
on the timing of the sleep perturbation, suggesting sex differences
are not fully dependent on gonadal hormones. Similarly in rats,
gonadal hormone supplementation in gonadectomized male and
female induces clear sex difference in sensitivity to hormonal
effect on sleep (Cusmano et al., 2014). Ovariectomized females
showed a greater wake amount and a smaller NREMS amount
compared to castrated males as previously reported (Ehlen
et al., 2013), which can be explained by sex differences in the
brain determined before puberty. Exposure to testosterone at
the perinatal and early postnatal period or “critical period”
in male pups is required for the proper development of
sexual dimorphic structures in brains (Bonthuis et al., 2010;
McCarthy et al., 2017; Fujiyama et al., 2018). In fact, we
previously reported that there is no sex difference in total
time spent in wake, NREMS, and REMS in hypothalamic
Ptf1a-deficient mice, in which sexual dimorphism in the brain
is not properly developed (Fujiyama et al., 2018). In the
hypothalamus, the medial preoptic area (MPOA) is abundant
in estrogen receptors (Tsuneoka et al., 2017b). Androgen
receptors are also expressed in the hypothalamus, including the
MPOA, and are more abundant in males and less abundant
in females (Brock et al., 2015). In male, testosterone also act
on estrogen receptors, as well as androgen receptors, through
aromatization to estradiol (Purves-Tyson et al., 2012). Given
that the MPOA expresses receptors for reproductive hormones
and contains neurons that regulate sleep/wakefulness and exhibit
sexual dimorphism (Liu and Dan, 2019; Tsuneoka and Funato,
2021), the MPOA may be involved in sex difference in
sleep/wakefulness.
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In this study, we used estrogen to supplement ovariectomy
because estrogen increased wakefulness in ovariectomized mice
(Paul et al., 2009a), and estrogen alone or in combination
with progesterone increased wakefulness in ovariectomized rats,
but progesterone alone did not (Deurveilher et al., 2009),
suggesting that estrogen is a major female gonadal hormone
that influences sleep/wakefulness. However, progesterone might
be involved in the sleep changes exhibited by estradiol-
supplemented ovariectomized mice, such as weaker responses to
repeated cage changes. Sex chromosome may also play a role
in sleep regulation that were not fully restored by testosterone
or estrogen supplementation (Ehlen et al., 2013). In addition,
sleep deprivation inevitably increases corticosterone level in
C57BL/6 mice even when using gentle handling (Mongrain
et al., 2010; Suzuki A. et al., 2013). The increase in EEG delta
power after sleep deprivation was similar in control mice and
adrenalectomized male mice (Mongrain et al., 2010), suggesting
that changes in corticosterone levels do not strongly affect sleep.
However, it is possible that sex difference in stress response may
be involved in sex differences in response to sleep deprivation
or cage changes.

Estrous cycle of females was not taken into account as in
previous studies (Paul et al., 2006, 2009b). This is because the
NREMS and REMS time of C57BL6 mice do not vary with
the estrous cycle (Koehl et al., 2003). The variability of total
sleep/wake time in the intact mice did not show any sex difference
in our study. However, it is still possible that female mice with
altered hormone profiles from different stages of estrous cycle
have influence on the indices of homeostatic and voluntary
response in this study. In summary, male and female mice
exhibited distinct baseline sleep/wake behavior, homeostatic sleep
regulation, and arousal response to external stimuli, suggesting
that sleep studies using female animal models are necessary to
understand the universal mechanism of sleep regardless of sex.
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