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Abstract

Sleep impacts diverse physiological and neural processes and is itself affected by the menstrual cycle; however, few studies have
examined the effects of the estrous cycle on sleep in rodents. Studies of disease mechanisms in females therefore lack critical
information regarding estrous cycle influences on relevant sleep characteristics. We recorded electroencephalographic (EEG) activity
from multiple brain regions to assess sleep states as well as sleep traits such as spectral power and interregional spectral coherence
in freely cycling females across the estrous cycle and compared with males. Our findings show that the high hormone phase of
proestrus decreases the amount of nonrapid eye movement (NREM) sleep and rapid eye movement (REM) sleep and increases the
amount of time spent awake compared with other estrous phases and to males. This spontaneous sleep deprivation of proestrus
was followed by a sleep rebound in estrus which increased NREM and REM sleep. In proestrus, spectral power increased in the

delta (0.5-4 Hz) and the gamma (30-60 Hz) ranges during NREM sleep, and increased in the theta range (5-9 Hz) during REM sleep
during both proestrus and estrus. Slow-wave activity (SWA) and cortical sleep spindle density also increased in NREM sleep during
proestrus. Finally, interregional NREM and REM spectral coherence increased during proestrus. This work demonstrates that the
estrous cycle affects more facets of sleep than previously thought and reveals both sex differences in features of the sleep-wake
cycle related to estrous phase that likely impact the myriad physiological processes influenced by sleep.

Statement of Significance

Hormonal fluctuations across the estrous cycle affect sleep-wake activity, but the full extent of these sleep changes is not known.
Our study replicates previously demonstrated effects of the estrous cycle on sleep—waking behavior in female rats and examines
the effect of the cycle on several previously unknown metrics such as intercortical coherence, sleep spindles, and power spectral
changes. By recording from multiple regions of the cortex as well as the hippocampus in both male and female rats, our study pro-
vides a comprehensive investigation of the effects of the estrous cycle on sleep and offers a framework for future sleep research
that requires both sexes.
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Introduction

Hormonal release across the estrous cycle in mammals and
across the menstrual cycle in women causes systemic changes
in physiology and in behaviors associated with reproduction,
metabolism, and cognitive functions [1-5]. One facet that is often
overlooked is the influence of the estrous and menstrual cycles
on sleep-wake activity (for review, see refs. [1, 6, 7]). Early work
in rats demonstrated that the amount of waking, nonrapid eye
movement (NREM) sleep, and rapid eye movement (REM) sleep
is altered by the estrous cycle [8, 9]; these changes occur specif-
ically in the phases of proestrus and estrus when hormonal re-
lease is high. Additional work in ovariectomized female rodents
demonstrated the necessity of the gonadal hormones estradiol
and progesterone [10] to produce these changes in sleep-waking
behavior. Reintroducing these hormones in ovariectomized ro-
dents demonstrated their sufficiency in affecting sleep-waking
behavior [9, 11]. Finally, gonadal function also contributes to
sleep differences between females and males. Recent work has
demonstrated that sex chromosomes also contribute to sleep
differences as gonadectomy abolishes many, but not all, sex dif-
ference in sleep [12-14].

In humans, electroencephalographic (EEG) recordings
showed the first objective changes in sleep-waking states in
women across the menstrual cycle [15]. Further work showed
that ovarian hormones alter sleep both across the cycle and
throughout life [15-18]. At puberty onset an increased preva-
lence of insomnia appears in women compared with men.
Furthermore, sex differences in sleep onset time disappear fol-
lowing menopause [19, 20], suggesting that sex differences in
sleep are in part due to changes in reproductive hormones [7].

Human studies have shown that both spindle frequency and
density change across the menstrual cycle [15, 21]. However, it
is unknown whether the estrous cycle has a similar effect on
spindles in rodents. Sleep in mice appears to be highly strain-
specific [22] and while studies in mice have shown sex differ-
ences in sleep [12] other work demonstrates the opposite: the
estrous cycle does not affect mouse sleep-wake behavior [22].
Finally, studies examining the effects of estrous hormones on
sleep and sleep rhythms are often conducted in gonadectomized
animals [12, 23, 24] which can complicate comparisons between
animal and clinical research. Overall, there remains a lack of
basic research in gonadally intact cycling females. This research
gap must be filled to better understand how the estrous cycle
affects sleep. Moreover, such estrous cycle changes should also
be compared with similarly treated gonadally intact males to
better understand sex differences in sleep that would be rele-
vant to many fields of basic research.

In the present study, we recorded sleep in gonadally intact
male and female rats across the timespan of the estrous cycle. We
replicated previous work showing that high hormonal phases—
proestrus and estrus—produce changes in sleep amount and
sleep architecture, then further analyzed interregional coherence
at different frequencies. Proestrus and estrus produce marked
increases in NREM sleep delta power. Proestrus also increased
REM theta, fast delta, and sigma power as well as increases in
NREM sleep spindle density, interregional spindle density correl-
ation, slow gamma power, and both REM and NREM interregional
coherence at different frequencies. Finally, in some phases of the
estrous cycle we identified differences between males and fe-
males in sleep amount, sleep architecture, slow gamma power,

and sleep spindle characteristics. This work supports and ex-
tends our knowledge of the manner in which the estrous cycle
alters many facets of sleep and produces differences in sleep
quantity and quality between males and females.

Methods

Seven male and 10 female Long-Evans rats (Charles River, strain
006), age 3-4 months and weighing approximately 300-400
g (male) and 225-300g (female), were used in this study. Food,
water, and environmental enrichment were available ad libitum,
and animals were housed on shaved paper bedding in climate
controlled (23 + 3°C and 35% + 10% humidity) chambers with a
12:12 h light/dark cycle with zeitgeber time (ZT) 0-12 marking
the lights-on phase of the day. All animal procedures were car-
ried out in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and in accord-
ance with the University of California Los Angeles Chancellor’s
Animal Use Research Committee.

Electrode implantation and experimental procedures

All animals were individually housed and administered 650 mg/
kg acetaminophen in water 2 days prior to and 3 days following
surgery and 5 mg/kg enrofloxacin 1 day prior to and for 5 days
following surgery. Rats were anesthetized with isoflurane vapor
(4% induction, 1%-2% maintenance), and placed in a stereo-
taxic frame. All stereotaxic measurements were from bregma.
Stainless steel screw electrodes (Invivol Cat#: E63/20/SPC) and
a tungsten depth electrode (Invivol Cat#: E363T/2/SPC) were
implanted to measure cortical EEG activity, and hippocampal
local field potentials (LFP), respectively. Within each animal,
all electrodes were placed within either the left or the right
hemisphere of the brain with the side picked for implantation
selected pseudo-randomly (Figure 1A). EEG screw electrodes
were implanted over the medial prefrontal cortex (mPFC) (+2.7
mm anterior posterior [AP], +0.6 mm medial lateral [ML]) and
over the secondary visual cortex (-5.0 mm AP, +1.5 mm ML). An
additional screw electrode was placed over the frontal sinus
(+11 mm AP) as a reference. The tungsten electrode targeting
the CA1 field of the hippocampus was implanted at -3.5 mm
AP, +2.1 mm ML, -2.6 mm DV. A nuchal electromyographic (EMG)
electrode (Cooner Wire Cat#: AS636) was implanted into the
dorsal neck muscles to measure muscle activity. Inputs from all
electrodes were wired into a pedestal connector (Invivol Cat#:
MS363) which was secured to the skull with stainless steel an-
chor screws and dental acrylic. Animals were given 10 days for
postoperative recovery in their home cages.

After recovery, animals were connected to a chronic re-
cording tether that was attached on the opposite end to a com-
mutator that allowed the animals to move freely in their home
cage without entanglement (Figure 1B). Animals were given 48 h
to adapt to the tether prior to any recording of sleep-waking be-
havior. Recordings took place over 5 consecutive days to ensure
they encompassed an entire estrous cycle (Figure 1C).

Estrous phase determination

The estrous cycle has four phases: metestrus, diestrus,
proestrus, and estrus, with each phase associated with changes
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Figure 1. Sleep-waking behavior changes across the estrous cycle. (A) Configuration of recording electrodes. (B) Schematic of home cage recording setup allowing
movement and sleep postures. (C) Experimental timeline of 5 days of continuous recording with 12:12 light-dark cycle (top), and the time within the day where swab-
bing occurred. (D) Representative 10 s epochs showing EEG and EMG for waking, NREM sleep, and REM sleep. (E) Male sleep-waking behavior across 4 days of recording.
Each day is broken into quartiles ZT0-6, ZT6-12, ZT12-18, and ZT18-24. The gray shaded areas represents the dark phase. (F) Female sleep-waking behavior across
one complete estrous cycle. (G) The percent time spent in waking, NREM sleep (H), and REM sleep (I). Females were analyzed across phases of the estrous cycle using

repeated measures two-way ANOVA: waking F(3, 24) = 27.81, NREM F(3, 24)

played as mean + SEM. Males n =7, females n = 9.

in vaginal histology (for review of phase identification see ref.
[25]) (Supplementary Figure S1A). To determine estrous phase,
female rats were vaginally swabbed once a day with a cotton-
tipped applicator moistened with saline. Swabbing was per-
formed within the first 30 min of the light phase each day (Figure
1C). Vaginal smears were applied to microscope slides and left
to dry at room temperature at least a day prior to staining. The
staining protocol was as follows: slides were fixed in methanol
for 3 min and air dried for 15 min. Slides were then immersed
in 1:20 dilution of the Giemsa stain (Sigma-Aldrich Cat#: G4507)
in deionized water for 5 min, followed by rinsing in deionized

=28.36, REM F(3, 24) =
Females were compared with males using two-way ANOVA: waking F(4, 152) = 19.81, NREM F(4, 152)

15.58. Tukey post hoc. *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.0005.
=19.53, REM F(4, 152) = 12.87. Dunnett post hoc. *p <0.05. Data dis-

water. Finally, slides were cover-slipped and examined under
light microscope for estrous stage identification. To equalize
handling time amounts and time of day for male-female com-
parisons, males were sham-swabbed by taking a similarly
moistened cotton swab and applying light pressure between
the anus and the scrotum. All rats were swabbed every day for
2 weeks prior to any recording in order to habituate them to
the process. One female rat was removed from the study due
to irregularities in the estrous cycle, i.e. 3 contiguous days of
identifiable estrus shown by more than 80% of cells displaying a
flattened, cornified appearance.
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Electrophysiological data

Electrode data were continuously recorded at a sampling rate of
1 kHz using the Neuralynx Digital Lynx 4SX system (Neuralynx,
Bozeman, MT). Recordings were halted for approximately 1 min
each day in order to perform the swabbing.

Sleep state analysis

Sleep-waking states were scored manually using cortical EEG,
CA1 LFP, and EMG recordings in the same manner as done in
previously published studies from our lab [26, 27]. For state iden-
tification, EMG data were filtered from 30 to 250 Hz, and EEG and
LFP data were filtered from 1 to 25 Hz and viewed in 10 s epochs.
Epochs were assigned a state of waking, NREM sleep, or REM
sleep using a manual-scoring program developed in our lab [28].
Previous work has shown that the cortex and the hippocampus
can simultaneously exhibit two different sleep states [26]. In
epochs where the interregional sleep states were in conflict, the
state of the cortex was selected as the overall sleep state. For
females, each day of sleep was scored with the scorer blinded to
the identity of the estrous phase. Males were scored unblinded
to the order of days, and each day was identified as day 1, day
2, etc. For each day of each animal, the scored sleep was div-
ided into four, 6 h time periods ZT0-6 and ZT6-12 (the lights-on,
sleep-intensive circadian phases), and ZT12-18 and ZT18-24
(the lights-off, waking dominant circadian phase). Sleep archi-
tecture data were analyzed using repeated measures two-way
ANOVA with Tukey post hoc to correct for multiple comparisons.
Repeated measures were calculated in females across estrous
phases and in males across recording days.

Power spectral density analysis

Power spectra were analyzed using Neuroexplorer 5 software
(Nex Technologies, Madison, AL, RRID:SCR_001818). Raw EEG and
LFP data underwent a fast-Fourier transform (FFT) using a 500
ms window with a Hann taper, and a window overlap of 50%
to calculate the average power spectral density from 0.5 to 100
Hz. A 60 Hz notch filter was applied to remove environmental
signal noise when calculating power spectral densities. 0.5 Hz
bins were used to display and analyze power spectral density
data. Power spectral density data were analyzed using repeated
measures two-way ANOVA with Tukey’s post hoc to correct for
multiple comparisons. Repeated measures were calculated in fe-
males across estrous phases and in males across recording days.

For NREM SWA (0.5-4 Hz) and slow gamma activity (30-60
Hz), NREM power spectral density data were divided into 2 h
periods and slow-wave and slow gamma activity were calcu-
lated for each period. The 2-h slow-wave or slow gamma activity
was then expressed in relation to the average activity across the
estrous cycle in females or across 4 days of recording in males.
As some 2-h periods did not contain NREM sleep (i.e. missing
values), a mixed-effects model (followed by Tukey’s post hoc)
was necessary to analyze repeated measures.

Spectral coherence between brain regions

The coherence of raw EEG and LFP at a given frequency (f) was
analyzed using Neuroexplorer 5 software (Nex Technologies)
utilizing previously published methodology [29]. Field-field

coherence corresponds to the similarity of two signals, “x” and
“y”, at each frequency. Coherence value between signals x and
y for any given frequency, C,, (f), was calculated as a function
of the spectral densities of x, P, (f), and y, P, (f), and of the cross-
spectral density of x and y, P, (f) similar to previous work:

[Pey () I*

SN = 5P, ®

Coherence was calculated using a 0.5 s Welch’s window with a
50% overlap. C, (f) for a given frequency window is expressed
from 0 to 1.0, with 0 indicating no relationship between the two
signals at a given frequency, and 1.0 indicating a perfect linear
relationship. Band coherence was calculated by averaging the
coherence values at each frequency within a frequency band of
interest. A mixed-effects model followed by a Tukey’s post hoc
test was used to analyze average band coherence in females
across the estrous phases and in males across days. Comparison
of male average vs. female estrous phases was done using a two-
way ANOVA with a Dunnett’s post hoc test.

Sleep spindle identification

Automatic spindle identification was performed similar to
previous work [30]. Cortical EEG from the mPFC and V2 were
filtered for the sigma frequency (10-15 Hz) and data were down-
sampled to 200 Hz. Then the root-means-square (RMS) over a
moving 100 ms window was calculated and smoothed with
a moving average. Spindles were counted where the RMS ex-
ceeded 2.5 times the standard deviation of the RMS mean from
all NREM sleep for that time period lasting at least 0.5 s but not
exceeding 2.0 s in length. When examining spindle length and
peak frequency, spindles were treated as independent meas-
ures, rather than finding the average spindle length or peak fre-
quency within an individual subject.

Statistical analysis

All statistical tests were conducted using Graphpad Prism 8 ana-
lytical software (GraphPad, RRID:SCR_002798). All data sets were
first tested for normality using the Shapiro-Wilk normality test,
as recommended [31]. Data set normality was calculated without
performing any transform (e.g. log 10, or z-score) on the data.
Statistical tests used repeated measures two-way ANOVAs or
linear mixed effect models, followed by a Tukey’s multiple com-
parisons test to compare repeated measures within males and
females. To compare differences between males and females,
first, the average value across 4 days for each measure was cal-
culated within males; this was to maintain the variability be-
tween participants. Then, the male averages were compared
with each phase of the estrous cycle using a two-way ANOVA fol-
lowed by a Dunnett’s multiple comparisons test. The alpha value
was set to 0.05 for all analyses and was always calculated in a
two-tail manner. Graphical representations of data were created
using Graphpad Prism 8 and MATLAB 2018a (RRID:SCR_001622).
Statistical tests used for each comparison within a figure can be
found in the figure legend, or within the results section if a figure
for a specific analysis is not shown. F-test statistics and degrees
freedom for ANOVAs can be found within figure legends and text.
Significant differences between females and males is denoted
using a pound sign (#), with the color of the pound sign displaying
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the difference between males and values from a specific estrous
phase in Figure 5. Significant differences between different es-
trous phases are denoted with an asterisk (*). In figures where it
was difficult to use bracket lines to denote comparisons between
groups, colored asterisks were used to denote comparisons and
significance between phases of the estrous cycle.

Results

Proestrus and estrus differ in sleep and waking
quantity

Previous work in rodents established that males and females
have differing amounts of waking, NREM, and REM sleep. We
first sought to replicate these results. Figure 1D displays 10-s
epochs of representative traces of the three behavioral states
identified: waking, NREM sleep, and REM sleep. Compared with
males (Figure 1G-I), females in proestrus showed increased
waking and decreased NREM sleep during all of the light phase
and half of the dark (ZT0-18) as well as decreased REM sleep
during the last half of the light phase and an even greater re-
duction in first half of the dark, active phase (ZT6-18). In con-
trast, females in estrus had increased REM sleep during ZT18-24
compared with males and increased NREM sleep and decreased
waking during ZT18-24 of metestrus.

Across the 4 days of recording males showed no difference
in the percent of time spent in any sleep-wake state when
compared to their own state profile on other days at circadian
matched times (repeated measures two-way ANOVA: waking F(3,
18) = 2.787, NREM F(3, 18) = 2.81, REM F(3, 18) = 0.964; Tukey post
hoc: waking p = 0.48 to >0.99, NREM p = 0.58 to >0.99, REM p = 0.46
to >0.99). Female rats, however, did show changes in sleep-wake
amounts across the 4 days of the estrous cycle (Figure 1E and F).
Females displayed increases in time spent awake and decreases
in NREM and REM sleep throughout the day during proestrus as
compared with other phases of the estrous cycle (Figure 1G-I).
These proestrus-affiliated changes peaked at the onset of the
dark phase of proestrus. During the subsequent estrus phase,
there was a rebound increase in the time spent in NREM and
REM sleep and a decrease in waking across all circadian times
(2T0-24) (Figure 1G-I).

Looking within sleep (excluding consideration of waking),
REM sleep expressed as a percent of total sleep did not vary in
males at circadian-matched times across the 4 days of recording
(Supplementary Figure S1B). However, in females, REM sleep was
selectively suppressed as a percentage of sleep during proestrus
ZT12-18 compared with all other phases. REM sleep remained
reduced during proestrus ZT18-24 compared with the time-
matched hours of estrus (Supplementary Figure S1C).

Proestrus and estrus possess a unique sleep
architecture

We next examined whether sleep architecture was affected by
the estrous cycle. Similar to the above analysis of time spent in
each state, males showed no variation in the number of bouts
per hour of any state across the circadian matched times in the
4 days of recording (repeated measures two-way ANOVA: waking
F(3, 18) = 1.547, NREM F(3, 18) = 4.604, REM F(3, 18) = 0.802; Tukey
post hoc: waking p = 0.16 to >0.99, NREM p = 0.07 to >0.99, REM
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p = 0.32 to >0.99; Figure 2A). Females, however, showed architec-
ture variations across the estrous cycle (Figure 2B-E).

During ZT0-6 of estrus the number of waking bouts per hour
decreased in compared with proestrus. Further, during ZT6-12
of estrus, the number of bouts of both waking and NREM de-
creased compared with all other estrous phases (Figure 2C and
D). Compared with males, females in proestrus had an increase
in the number of waking bouts per hour during ZT6-12 and in-
creased the number of NREM bouts per hour during ZT18-24 of
metestrus. Within females the number of REM bouts per hour
during the dark phase (ZT12-24) of proestrus was significantly
reduced from all other phases of the estrous cycle (Figure 2E).
Females in proestrus also had fewer REM sleep bouts compared
with males during ZT12-18. In contrast, females had signifi-
cantly more bouts of REM sleep than males during ZT12-18 of
diestrus and during ZT18-24 of metestrus, diestrus, and estrus.
In other words, females had more REM sleep bouts in the latter
half of the dark phase than males at all estrous phases except
proestrus.

We next examined the length of the bouts of each state. Males
again did not show any circadian-matched day-to-day changes
in the length of bouts of any state across the 4 recording days (re-
peated measures two-way ANOVA: waking F(3, 18) = 1.923, NREM
F(3, 18) = 1.550, REM F(3, 18) = 0.601 Tukey post hoc: waking p =
0.14 to 0.99, NREM p = 0.11 to >0.99, REM p = 0.25 to 0.99), whereas
bout lengths changed significantly across the estrous cycle in
females. Early in the dark phase of proestrus, ZT12-18, females
showed increased waking bout lengths and decreased NREM and
REM sleep bout lengths compared with all other estrous phases
(Figure 2H-J). These changes in bout length closely matched
changes in the amount of each state shown in Figure 1. Proestrus
NREM sleep bouts were also shorter than diestrus and estrus at
the last half of the proestrus dark phase, ZT18-24. In contrast,
during the entire subsequent light phase of estrus, ZT0-12, both
NREM and REM sleep bouts were longer than they were at any
other phase of the estrous cycle, constituting the rebound in the
amount of NREM and REM during estrus seen in Figure 1.

Compared with males, females had longer bouts of waking
during ZT12-18 of proestrus. Additionally, females had shorter
bouts of NREM sleep compared with males during ZT0-18 of
proestrus. In contrast, females in metestrus had shorter waking
bouts during ZT18-24 compared with males. Finally, females
had shorter bouts of REM sleep than males during the lights-on
hours ZT0-12 in all phases of the cycle except estrus. However,
the most significant difference in REM sleep between males and
females was the drop in REM sleep (total time, number of bouts,
and bout length) in females during ZT12-18 of proestrus.

Changes in NREM and REM sleep power spectra
across the estrous cycle

Previous work in women and in female rodents showed changes
in the NREM and REM sleep power spectra across the hormonal
cycle [15, 32]. We investigated whether similar changes occurred
in multiple brain regions in female rats across the estrous cycle
and within male rats over a similar number of days.

There were no changes in the male brain power spectra
within any of the three areas measured (mPFC, the secondary
visual cortex (V2), and the hippocampus-CA1l region), during
NREM or REM sleep at circadian-matched times over the 4
days of recording (Supplementary Figures S2 and S3). However,
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Figure 2. Sleep architecture changes across the estrous cycle. (A) Male and female (B) bouts per hour of waking, NREM sleep, and REM sleep across 4 days of recording
and the complete estrous cycle. (C) Comparison of bouts per hour of waking, NREM sleep (D), and REM sleep (E). Females were analyzed across phases of the estrous
cycle using repeated measures two-way ANOVA: waking F(3, 24) = 3.37, NREM F(3, 24) = 4.91, REM F(3, 24) = 6.98. Tukey post hoc. Females were compared with males
using two-way ANOVA: waking F(4, 152) =5.39, NREM F(4, 152) = 4.05, REM F(4, 152) = 8.69. Dunnett post hoc. Male (F) and female (G) average bout length for waking,
NREM sleep, and REM sleep across 4 days or the estrous cycle. (H) Comparison of bout length of waking, NREM sleep (I), and REM sleep (J). For both bouts per hour and
bout length, females were analyzed across phases of the estrous cycle using repeated measures two-way ANOVA: waking F(3, 24) = 3.304, NREM F(3, 24) = 23.12, REM F(3,
24) = 35.1. Tukey post hoc. *p < 0.05, *p < 0.01, **p < 0.005, ***p < 0.0005. Females were compared with males using two-way ANOVA: waking F(4, 152) = 3.39, NREM F(4,
152) = 21.74, REM F(4, 152) = 16.95. Dunnett post hoc. *p < 0.05. Data displayed as mean + SEM. Males n = 7, females n = 9.

females showed a significant increases in NREM delta (0.5-4 Hz)
power in all three brain regions during ZT12-24 of proestrus
and the following ZT0-6 of estrus. Additionally, we saw a power
increase in frequencies of the beta (16-30 Hz) and slow gamma
bands in all three brain regions during ZT12-18 of proestrus,
continuing through ZT18-24 of proestrus in the beta band in
the mPFC (Figure 3A-C). Unlike the increases in the delta band,
these NREM beta and gamma increases in the late (dark) phase
of proestrus did not carry over into the first 6 h light phase of
estrus.

During REM sleep, power spectral densities also changed
across the estrous cycle. Unlike the delta increases in NREM
sleep, these theta changes did not occur simultaneously in all
regions. In the mPFC, REM sleep theta power was significantly
lower during ZT0-6 of proestrus (Figure 4A) when REM bout
length was also reduced compared with the estrus phase and
males (Figure 2J). Later, during ZT12-18 of proestrus, REM sleep

theta power grew higher than other phases in the same mPFC
region when REM sleep amounts, bout lengths, and number of
bouts were at their lowest. Theta power rose in the V2 region
during ZT18-24 of proestrus (Figure 4B), although REM sleep
amounts and number of bouts remained low compared with
other cycle phases. REM sleep theta power fell from this late
proestrus high to another low during ZT6-18 of estrus in area V2
and fell in the CA1 area at ZT12-18 (Figure 4B and C).

NREM SWA and slow gamma activity are increased
during proestrus

Prior studies have indicated that SWA, or delta power,
homeostatically changes throughout the light phase in rodents
and that the estrous cycle can affect SWA homeostasis [32]. We
wanted to see if males and female rats had similar SWA power
changes across the day. Across the 4 days of recording, males
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Figure 3. NREM sleep delta power and slow gamma power changes during proestrus and estrus. (A) Distribution of female rat power spectra during NREM sleep in the
medial prefrontal cortex (mPFC) EEG, secondary visual cortex (V2) EEG (B), and CA1 LFP (C). Each 0-20 Hz panel contains a subpanel displaying 20-100 Hz to highlight
changes that occur at a higher frequency, but at a lower voltage. The spectral power at each 0.5 Hz frequency bin was analyzed across phases of the estrous cycle using
repeated measures two-way ANOVA: parts A and B, F(3, 24), part C F(3, 21). Tukey post hoc. *p < 0.05 The colored line with similar colored asterisk above it represents
frequencies where one phase of the estrous cycle is significantly different from all other phases of the estrous cycle. Data displayed as the darker line represents the
mean and the lighter shaded region of analog color represents the SEM for that group. For both mPFC EEG and V2 EEG, n = 9 females. For CA1 LFP, n = 8, as one animal

had a broken depth electrode.

had similar SWA circadian dynamics in the all three brain re-
gions (Supplementary Figure S4A-C). In females, there was a
SWA power increase in the mPFC and CA1 regions, and, to a
lesser extent, in area V2, during the dark phase of proestrus
compared with other phases (Figure 5A-C). Later, in the first 2
h of the estrus light phase, SWA increased in the mPFC and V2
areas (Figure 5A and B). Finally, in the last 2 h of the dark phase
of estrus, both V2 and CA1 SWA were reduced in females com-
pared with males (Figure 5B).

Previous work also found that NREM 10-25 Hz (sigma
and beta) activity was increased during the dark phase of
proestrus [32]. We examined whether 31-60 Hz (slow gamma)
was similarly heightened during proestrus. There was an

increase in slow gamma activity in all areas recorded during
the dark phase of proestrus compared with all other estrous
phases. This increased dark phase proestrus slow gamma was
also higher in females than males in the mPFC and V2 cor-
tices (Figure 5D-F). In contrast, V2 slow gamma activity during
estrus was significantly lower than males during the dark
phase. There were no differences across the 4 days within
the mPFC or CA1 in males (Supplementary Figure S4D and F).
However, we did find a small rise from day 2 to day 4 in male
area V2 slow gamma activity at the very end of the light phase
(Supplementary Figure S4E).
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Figure 4. REM sleep theta power does not change regularly across the estrous cycle. (A) Distribution of female rat power spectra during REM sleep in the medial pre-
frontal cortex (mPFC) EEG, secondary visual cortex (V2) EEG (B), and CA1 LFP (C). Each panel has a range of 0-20 Hz; there were no changes at frequencies greater than
20 Hz, so higher frequencies are not displayed. The power at each frequency was analyzed across phases of the estrous cycle using repeated measures two-way ANOVA:
parts A and B, F(3, 24), part C, F(3, 21). Tukey post hoc. *p < 0.05. The colored line with similar colored asterisk above it represents frequencies where one phase of the
estrous cycle is significantly higher than all other phases of the estrous cycle. Data displayed as the darker line represents the mean and the lighter shaded region of
analog color represents the SEM for that group. For both mPFC EEG and V2 EEG, n = 9 females. For CA1 LFP, n = 8, as one animal had a broken depth electrode.

Interregional spectral coherence during sleep
changes across the estrous cycle

Spectral coherence is a common metric in human sleep re-
search quantifying oscillatory synchronization between two
different brain regions [33]. To the best of our knowledge, there
have been no published reports of spectral coherence changes
in females across the estrous cycle. Given the importance of EEG
coherence to cognition [33, 34], we thought it important to in-
vestigate whether the estrous cycle modifies coherence between
brain areas. We examined spectral coherence between recorded
areas across the estrous cycle. Supplementary Figure S5 displays
the average spectral coherence during NREM sleep from 0.5 to
100 Hz in males and females. In males there were no differences
across days in the coherence at any frequency band between
brain areas during NREM sleep (Supplementary Figure S5A and
B). In females, however, delta and sigma band coherence be-
tween the mPFC and V2 was increased during early dark phase

(ZT12-18) of proestrus (Supplementary Figure S5C). Delta co-
herence also increased between the mPFC and CA1 during this
time (Supplementary Figure S5D). There were no significant dif-
ferences between males and females in any band coherence in
either mPFC-V2 or mPFC-CA1 during NREM sleep (mixed-effects
model, Dunnett post hoc: p = 0.31 to >0.99 mPFC-V2, p = 0.17 to
>0.99 mPFC-CA1) (data not graphed).

Looking next at REM sleep coherence, again, there were no
coherence changes across days in males in any frequency band
between either mPFC and V2 or between mPFC and CA1 areas
(Supplementary Figure S6A and B). In females, however, slow
gamma coherence was increased during ZT12-18 of proestrus
between both the mPFC and V2 and the mPFC and CA1 areas
(Supplementary Figure S6C and D). Fast gamma coherence be-
tween the mPFC and CA1 areas was also increased during ZT12-
18 of proestrus. There were no differences between males and
females in any coherence band during REM sleep (mixed-effects
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Figure 5. NREM slow-wave activity (0.5-4 Hz) and slow gamma activity (31-60 Hz) are altered across the estrous cycle. (A) Female medial prefrontal cortex (mPFC), (B)
secondary visual cortex (V2), and (C) CA1 delta power across the estrous cycle are expressed as the average delta power across the whole estrous cycle. (D) Female mPFC,
(E) V2, and (F) CA1 NREM slow gamma power across the estrous cycle are expressed as the average slow gamma power across the whole estrous cycle. Male data in A-F
represent average male values from similar figures (see Supplementary Figure 4). As some 2 h bins do not contain NREM sleep, for repeated measures, statistical com-
parisons within females were calculated via a mixed-effects model: mPFC delta F(3, 284) = 7.12, V2 delta F(3, 284) = 2.526, CA1 delta F(3, 248) = 12.29, mPFC slow gamma
F(3,284) = 22.31,V2 slow gamma F(3, 284) = 35.54, CA1 slow gamma F(3, 248) = 11.55. Tukey post hoc. *p < 0.05, asterisk color denotes the day or estrous phase from which
the adjacent data is significantly different. Comparisons between the male 4 day average and females were done via two-way ANOVA: mPFC delta F(4, 452) = 5.960, V2
delta F(4, 452) = 1.931, CA1 delta F(4, 404) = 8.745, mPFC slow gamma F(4, 452) = 18.41, V2 slow gamma F(4, 452) = 25.90, CA1 slow gamma F(4, 404) = 9.090. Dunnett post
hoc. *p < 0.05. The color of the pound sign corresponds to the phase of the estrous cycle at which males are significantly different. Data displayed as the mean + SEM
for that group. Males n = 7. For mPFC and V2 n = 9 females, for CA1 LFP n = 8 females, as one animal had a broken depth electrode.

model, Dunnett post hoc: p = 0.31 to >0.99 mPFC-V2, p = 0.27 to Spindle characteristics such as peak frequency are also al-
>0.99 mPFC-CA1) (data not graphed). tered by the menstrual cycle in women [21]. We found no differ-
ences in male cortical sleep spindle peak frequency across the 4
days of recording (data not shown, two-way ANOVA: mPFC F(3,

Sleep spindle density, length, and peak frequency 26164) = 4.22,V2 F(3, 23733) = 0.965; Tukey post hoc: mPFC p = 0.12
differ across the estrous cycle to >0.99,V2 p = 0.07 to >0.99). However, in females, spindle peak
Previous work in humans has shown that spindle density frequency in the mPFC rose during ZT0-6 of metestrus com-
changes across the menstrual cycle [15, 21], and that women pared with all other estrous cycle phases and compared with
have more spindles than men [35]. We wanted to know whether males. Area V2 showed a similar rise in peak frequency during
female spindle numbers differed from males in rats as well, ZT0-6 of metestrus compared with males and compared with
and whether spindle density changed across the rodent estrous diestrus and estrus (Supplementary Figure S7A and B). Also,
cycle. We confined our analyses to spindles recorded from the during ZT6-12, both metestrus and proestrus had a higher mPFC
cortex (e.g. Figure 6A), as spindles have been little described peak spindle frequency compared with diestrus and estrus
in the hippocampus [27, 36-38]. We found no differences in (Supplementary Figure S7A). The spindle peak frequency during
spindle density between males and females in either cortical metestrus ZT6-12 rose significantly higher than males. Finally,
area. There were also no changes in male mPFC or V2 sleep female mPFC peak spindle frequency rose higher than males at
spindle density across the 4 days (Figure 6B). However, spindle the end of the estrus phase, continuing through the light phase
density changed across the estrous cycle. Female mPFC sleep of metestrus, then dipping below that of males across the light
spindle density increased during the light phase (ZT0-12) of phase of diestrus ZT0-12. The highest peak spindle frequency in
proestrus compared with estrus and was also higher at ZT6- area V2 occurred during proestrus ZT12-18.

12 in proestrus than diestrus (Figure 6C). However, V2 spindle Finally, we examined spindle length between males and fe-
density was reduced during the late dark phase (ZT18-24) males and across the estrous cycle. There was no difference in
of proestrus compared with estrus. In males, mPFC spindle male cortical spindle length across the 4 days of recording at

density positively correlated with V2 spindle density across 4 either cortical site (data not shown, two-way ANOVA: mPFC F(3,
days of recording (Figure 6D). However, females showed no cor- 26164) = 1.343, V2 F(3, 23733) = 1.20; Tukey post hoc: mPFC p =
relation in spindle density between regions when the 4 days of 0.20 to >0.99,V2 p = 0.26 to >0.99). In the mPFC female spindles
the estrous cycle were combined (not graphed). A positive cor- also showed no changes in length across the estrous cycle, but
relation in spindle density between cortical regions appeared were shorter than males during the late dark phase of diestrus
only during proestrus, with a trend in estrus (Figure 6E). and proestrus (ZT18-24) (Supplementary Figure S7C). In area V2
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Figure 6. Sleep spindles density changes across the estrous cycle. (A) Example sleep spindle identified from medial prefrontal cortex (mPFC) EEG with 0.5-25 Hz filter
on top and 10-15 Hz spindle frequency on the bottom panel. Blue shaded region represents an identified spindle. (B) Male mPFC and secondary visual cortex (V2) sleep
spindle density (spindles per minute) across 4 days of recording. (C) Female mPFC and V2 sleep spindle density across the estrous cycle. (D) Pearson correlation of male
mPFC spindle density vs. male V2 spindle density. (E) Pearson correlation of female mPFC spindle density vs. female V2 spindle density across each phase of the estrous
cycle. Analysis within males and females was done via repeated measure two-way ANOVA: male mPFC F(3, 18) = 0.475, male V2 F(3, 18) = 3.461, female mPFC F(3, 24) =
3.212, female V2 F(3, 24) = 0.589; Tukey post hoc *p < 0.05. Asterisk color denotes the day or estrous phase from which the adjacent data significantly differs. Analysis
comparing male 4 day average to females was performed with a two-way ANOVA: mPFC F(4, 152) = 1.863, V2 F(4, 152) = 0.701. Dunnett post hoc; no differences found.
All plots in (B) and (C) display mean + SEM. Males n = 7, females n = 9. For correlations in (D) and (E) each point represents sleep spindle density during a single quartile
of the day for each animal. Male correlations include all 4 days of recording, whereas female correlations are divided by estrous cycle phase. Males n = 112 (7 males * 4

days * 4 quartiles/day). Females n = 36/phase (9 females * 4 quartiles/phase).

female spindles were shorter than males at the proestrus late
dark phase (ZT18-24) and the diestrus early light phase (ZT0-6)
but V2 spindles were long at proestrus early dark phase (ZT12-
18)—significantly longer than spindles during estrus, and were
longest, and longer than males, during metestrus early light
phase (ZT0-6) when they were also longer than spindles at all
other estrous phases (Supplementary Figure S7D).

Discussion

We have shown that hormonal fluctuations accompanying the
estrous cycle in rats have marked effects on sleep amounts and
sleep architecture as well as on sleep features such as EEG signal
power at different frequencies. This study extends beyond prior

studies to include analyses of signal coherence between three
brain regions as well as sleep spindle frequency, length, and
density, and correlations in spindle density between cortical
brain regions.

We found effects of the estrous cycle on sleep-waking archi-
tecture in Long-Evans rats that are similar to many of those
found in humans and replicates those found in Sprague Dawley
rats [8, 32, 39, 40]. Thus, sleep across the estrous cycle in female
rats remains consistent across at least two strains.

During proestrus, the rise in estradiol and progesterone pro-
motes waking and suppresses NREM and REM sleep [11, 23, 24,
41]. Similarly, we found that proestrus contained significantly
more waking all through the night, with the most prominent
spike in waking during ZT12-18 of proestrus when hormonal
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levels are at their peak (Supplementary Figure S1A). We showed
this spike was chiefly due to an increase in the length of each
waking bout. The subsequent decrease in NREM was due to a
decrease in the NREM bout length rather than the number of
bouts per hour, whereas the most dramatic decrease in REM
sleep was due to a decrease in both REM bout length and bout
frequency. During the morning of estrus there was a significant
rebound from the prior proestrus endogenous suppression of
NREM and REM, with the increase in both states due to an in-
crease in bout length.

Comparing males to females, the most prominent sex differ-
ence in total sleep time and sleep architecture (bout number and
length) also occurred during the dark phase of proestrus and the
subsequent light phase of estrus. While males remained con-
sistent in their circadian cycle of total sleep amount and sleep
architecture over the 4 days of recording, the female increase in
waking during proestrus and the rebound in REM sleep in estrus
resulted in prominent differences in sleep amounts between the
sexes. Sex differences in architecture were also present during
metestrus and diestrus, namely, a decrease in light phase REM
bout length and a later dark phase increase in REM sleep bout
numbers, with these changes both working to decrease the
power of circadian phase in regulating sleep in females com-
pared with males in these two phases of the hormonal rhythm
(c.f. Figure 1 E vs. F, Figure 2 A vs. B, F vs. G, and Supplementary
Figure S1 B vs. C).

Besides sleep amounts and architecture, sleep features that
changed most across the estrous cycle include NREM delta and
gamma frequency, power and interregional coherence, REM
sleep theta power and interregional gamma coherence, and
NREM spindle density, frequency, and interregional density cor-
relations. Spindle density correlations between brain areas were
reduced compared with males during both metestrus and di-
estrus, but during proestrus the correlation in spindle density
between regions closely resembled that of males (Figure 6).

Within NREM sleep, increases in delta power (0.5-4 Hz) the
morning of estrus have been reported [32]. However, we show
for the first time that these effects are not isolated to the cortex
or a specific region within it (Figure 3). Interestingly, NREM delta
power was also increased during the prior night ZT12-24 of
proestrus, which was not found in other work [32]. Both of these
increases are likely due to delta rebound following earlier sleep
suppression, which is a normal compensatory response to re-
duced sleep [32, 42].

The increase in NREM sleep slow gamma power (31-60 Hz)
peaking during ZT12-18 of proestrus (Figure 5) and the increase
in slow gamma interregional coherence during the same estrus
phase and time period in REM sleep (Supplementary Figure S6C
and D) is a novel finding. Previous work has reported an increase
in the beta band (15-30 Hz) during the night of proestrus [32] as
we found in REM in Figure 4B; however, there are no reports of
changes in slow gamma. One potential reason this change has
not been identified previously is that during NREM sleep, fre-
quencies greater than 18 Hz (excluding hippocampal ripples of
100-200 Hz) are often ignored, or, when higher frequencies are
analyzed, they are investigated for suspected pathophysiology
such as insomnia [43]. The presence of increased gamma, a fre-
quency range that has been associated with consciousness [44],
co-occurring with increased delta activity during NREM sleep in
proestrus and the increase in interregional gamma coherence
during REM sleep is unique and should be kept in mind when
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evaluating different estrous cycle phase effects on, e.g. insomnia
reports and memory processing activity. We posit that these
changes may be due to competing mechanisms. On one hand,
high levels of progesterone, and particularly estradiol, promote
wakefulness [45]. Previous work has shown that estradiol sup-
presses sleep by decreasing the activity of sleep-promoting
neurons in the ventral lateral preoptic area [24, 46]. Additionally,
estradiol and progesterone receptors are expressed throughout
arousal pathways such as the cholinergic basal forebrain,
orexinergic neurons in the hypothalamus, and noradrenergic
neurons of the locus coeruleus [47-49]. These arousal pathways
are also implicated in reproduction [50-52]. It is likely, therefore,
that the increased wakefulness at this time is due to activa-
tion of these arousal centers. These arousal centers also pro-
mote waking gamma [53-55]. However, we saw no increase in
waking gamma during proestrus compared with other estrous
phases (figures not shown, p > 0.1). Instead, we saw an increase
in NREM slow gamma and REM interregional gamma coherence
during proestrus, perhaps reflecting increased arousal drive
within these sleep states. The increased wakefulness we saw in
proestrus should increase sleep pressure through homeostatic
mechanisms. Thus, although sleep is sometimes achieved in
this phase, the arousal signature of slow gamma power remains
inscribed upon these sleep rhythms.

Estrous cycle-related changes in NREM sleep delta power oc-
curred in a similar manner across all recorded regions. However,
changes in REM sleep within the theta range were localized to
specific brain regions. Additional differences in REM sleep were
identified outside of the theta range, but only during ZT12-18
and only in proestrus where low amounts of REM sleep af-
fected power spectra sampling. Previous work did not identify
specific changes in REM sleep theta power across the estrous
or menstrual cycle and treating ovariectomized female rodents
with gonadal sex hormones has provided mixed theta power
results [15, 32, 56, 57]. However, as REM sleep theta has been
linked to memory consolidation [27, 58, 59], even isolated theta
power reductions may have detrimental effects on cognition
when REM occurs in this window. Also, REM theta is reduced
in post-traumatic stress disorder (PTSD), which is considered
by many to be a memory consolidation disorder [60]. PTSD af-
fects a higher percentage of trauma-exposed women than men
[61]. Our study suggests that windows of decreased REM theta
power across the hormonal cycle could present vulnerable
periods where maladaptive responses to traumatic stress are
more likely to result. Conversely, higher theta power in the late
proestrus phase could present a window of resilient sleep.

Schwierin et al. established that both NREM 0.75-4 Hz SWA
and 10-25 Hz activity were regulated differently during the dark
phase of proestrus: SWA decreased and 10-25 Hz frequency ac-
tivity increased. In contrast, we found both 0.5-4 Hz SWA and
31-60 Hz slow gamma activity increased during the dark phase
of proestrus. This increase in slow gamma during proestrus was
also different from males in both the mPFC and V2. The prom-
inent cortical increase in slow gamma is likely due to the afore-
mentioned effects of estradiol and progesterone n sleep/waking
circuits and is contrasted by the complete absence of slow
gamma changes (whether in raw spectral power or homeostasis)
in males. Further work is necessary to replicate and to better
understand these changes in SWA and slow-gamma activity.

We show novel changes in intracortical coherence and cor-
tical-hippocampal coherence during sleep across the estrous
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cycle. Although there were no differences in coherence be-
tween males and females, within females, NREM sleep SWA
and sigma band (sleep spindle frequency) coherence increased
during ZT12-18 of proestrus. In REM sleep, although there
was not a change in theta coherence across the estrous cycle,
there was enhanced slow and fast gamma-band coherence be-
tween cortical areas and between the mPFC and hippocampus
in that same early dark phase of proestrus. Despite decrease
in sleep during the dark phase of proestrus the increase in co-
herence may be indicative of enhanced offline processing [62].
Specifically, memory processing, which requires sleep, may be
preserved by enhanced coherence despite a decrease in overall
sleep.

To the best of our knowledge, no previous work exists exam-
ining sleep spindles within female rodents across the estrous
cycle. We show that spindle density increases during the light
phase of proestrus in the mPFC and decreases at the end of the
dark phase of proestrus in area V2. Although the mechanism
for the increase in spindle density during proestrus remains
unknown, we can speculate about the function. As spindles
have been linked to memory consolidation [27, 63, 64], an in-
crease in spindles, specifically in the mPFC, a region necessary
for decision making and higher cognitive function (for review
see ref. [65]), may be indicative of enhanced memory processing.
Strengthening memory processing just prior to fertility could
enhance, among other memories, consolidation of contexts
associated with reproductive success. The increased spindle
density in female rats occurred at a slightly different point in
the hormonal cycle than in women. In women, spindle density
increases during the luteal phase following ovulation [15],
whereas we report in rats that the increase occurred during the
light phase of proestrus just prior to ovulation.

Although there was no difference in spindle density be-
tween males and females within either cortical region, there
were differences in interregional spindle density correlation and
in spindle length and peak frequency between the sexes, and
across the estrous cycle. Previous work found an approximately
0.5 Hz increase in spindle frequency across the menstrual cycle
[21]. We found a mild but significant approximately 0.2 Hz in-
crease in spindle frequency during metestrus and proestrus
compared with other phases. The increase in V2 spindle length
during the early dark phase of proestrus and the early dark
phase of metestrus is more interesting, as we have found that
a reduction in longer spindles was associated with learning
deficits [26]. Thus, modulations in spindle density and spindle
length in different cortical areas at different estrous phases
could alter memory consolidation. Further work in learning and
memory and estrous cycle phases is necessary to determine
whether these changes in sleep spindle characteristics have any
physiological relevance.

Conclusion

We demonstrate that the estrous cycle alters sleep architec-
ture, NREM and REM sleep power spectra, interregional co-
herence, and sleep spindle density and interregional density
correlations, spindle frequency, and length. Further, there
are differences between males and females in sleep archi-
tecture, slow gamma coherence, NREM delta, and spindle

characteristics—the majority of which occur within proestrus
and estrus. We conclude that the estrous cycle has a much
greater effect on sleep than previously thought and should
be fully considered in future studies to better understand and
benefit women’s health.
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Supplementary material is available at SLEEP online.
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