FEMALE REPRODUCTIVE HORMONES AND SLEEP IN RATS

Female Reproductive Hormones Alter Sleep Architecture in Ovariectomized Rats
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Study Objectives: Treating ovariectomized rats with physiological levels of estradiol and/or progesterone affects aspects of both baseline (24 h)
sleep and recovery (18 h) sleep after 6 h of sleep deprivation. We have extended the analysis of these effects by examining several additional
parameters of sleep architecture using the same data set as in our previous study (Deurveilher et al. SLEEP 2009;32(7):865-877).

Design: Sleep in ovariectomized rats implanted with oil, 17 B-estradiol and/or progesterone capsules was recorded using EEG and EMG before,
during, and after 6 h of sleep deprivation during the light phase of a 12/12 h light/dark cycle.

Measurements and Results: During the baseline dark, but not light, phase, treatments with estradiol alone or combined with progesterone de-
creased the mean duration of non-rapid eye movement sleep (NREMS) episodes and the number of REMS episodes, while also increasing brief
awakenings, consistent with the previously reported lower baseline NREMS and REMS amounts. Following sleep deprivation, the hormonal treat-
ments caused a larger percentage increase from baseline in the mean durations of NREMS and REMS episodes, and a larger percentage decrease
in brief awakenings, consistent with the previously reported larger increase in recovery REMS amount. There were no hormonal effects on NREMS
and REMS EEG power values, other than on recovery NREMS delta power, as previously reported.

Conclusions: Physiological levels of estradiol and/or progesterone in female rats modulate sleep architecture differently at baseline and after
acute sleep loss, fragmenting baseline sleep while consolidating recovery sleep. These hormones also play a role in the diurnal pattern of NREMS

maintenance.
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INTRODUCTION

Increasing evidence suggests that the ovarian hormones es-
tradiol and progesterone not only control reproductive functions
and behaviors but also influence a diverse range of physiologi-
cal and psychological processes, including mood, sensory, and
cognitive functions.'? Sleep is no exception: alterations of sleep
patterns are associated with changing levels of endogenous es-
tradiol and progesterone such as occur during the menstrual
cycle, pregnancy, and menopause.*® Sleep patterns also change
in response to hormonal treatments, such as oral contracep-
tive use in young women’® and hormone replacement therapy
in menopausal women.’!" While inadequate sleep is becoming
increasingly common and can impair human health and per-
formance,'*" relatively little is known about whether and how
endogenous or exogenous female sex hormones influence re-
covery from sleep loss.'>!

To determine how female sex hormones modulate sponta-
neous (baseline) sleep and sleep recovery after sleep loss, we
previously used a rodent model of hormonal loss and replace-
ment in a paradigm involving gentle handling to generate acute
(6 h) sleep deprivation.!”” We used subcutaneous steroid im-
plants to produce stable, physiological levels of estradiol and
progesterone in adult ovariectomized (OVX) rats in order to
evaluate effects on baseline and recovery sleep in similar stable
hormonal conditions. This approach is not possible in normally
cycling females because of the changing estradiol and proges-
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terone levels across the estrous cycle.'® We reported that OVX
rats treated with estradiol and/or progesterone spent less time in
spontaneous non-rapid eye movement sleep (NREMS) and/or
REMS during the dark phase, compared to untreated OVX rats.
Following 6 h of sleep deprivation, the hormonally treated rats
showed a more robust increase from baseline in REMS amount,
but a less pronounced increase in NREMS EEG delta power
(a measure of sleep intensity/drive), compared to hormonally
untreated OVX rats.

These findings on baseline sleep were largely consistent with
a number of previous studies which reported that subcutaneous
injections of estradiol reduced spontanecous REMS amounts in
OVX rats."”? Decreases in sleep, in particular REMS, have also
been observed in intact female rats on the proestrus night (i.e.,
after spontaneous estradiol and progesterone peaks).*>> Howev-
er, in contrast to our previous results, a few studies have shown
only minor changes during the estrous cycle in sleep recovery
after 6 h of sleep deprivation in rats® and little effect of endog-
enous or exogenous estradiol on sleep homeostasis in mice.?62
Thus, the extent to which female sex hormones modulate sleep
recovery after sleep deprivation in rodents remains unresolved.

In this report, we characterized the influence of female sex hor-
mones on the homeostatic process of sleep recovery by analyzing
several parameters of sleep architecture during spontaneous sleep
and during recovery sleep in OVX rats treated with estradiol and/
or progesterone and in hormonally untreated male rats, using the
data set from Deurveilher et al.'” The parameters analyzed in the
present study included: the number and duration of NREMS and
REMS episodes, the number of brief awakenings from sleep, and
the EEG power spectra during NREMS and REMS.

MATERIALS AND METHODS

We used the same data base as in our previous report'’ to per-
form additional analyses of sleep architecture. The details of sur-
gery, experimental design, experimental procedures, and sleep/
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wake scoring were described previously.'” Briefly, adult Wistar
rats of both sexes (Charles River Canada, St. Constant, QC, Can-
ada; females: 211-264 g; males: 310-355 g at the time of surgery)
were maintained on a 12/12 h light/dark cycle (lights on at 07:00)
at 23 + 1°C ambient temperature, with food and water avail-
able ad libitum. Under anesthesia (72/3.8/0.7 mg/kg ketamine/
xylazine/acepromazine, intraperitoneal), female rats were ovari-
ectomized and implanted subcutancously with Silastic capsules
containing sesame oil (Oil group; n = 8); 10.5 pg of 17B-estradiol
(Catalog No. E8875; Sigma-Aldrich, St Louis, MO) in sesame
oil (low estradiol [LE] group; n = 8); 60 pg of 17 B-estradiol in
sesame oil (high estradiol [HE] group; n = 8); 40 mg of crystal-
line progesterone (Catalog No. P0130; Sigma-Aldrich) [low pro-
gesterone (LP) group; n = 8]; or 10.5 pg of 17 B-estradiol and 40
mg of progesterone (low estradiol + progesterone [LEP] group; n
= 8). The efficacy of the hormone manipulations was previously
confirmed by measuring plasma estradiol levels, and uterus and
body weights.!” ‘Low’ doses generated levels typical of diestrus,
while ‘high’ doses generated levels typical of proestrus in cycling
female rats.'”® Males were left gonad-intact but implanted with
oil-filled Silastic capsules. All animals were also implanted with
supradural EEG and neck muscle EMG electrodes.

Two weeks after surgery and habituation to the recording ap-
paratus, EEG and EMG were recorded for 24 h (baseline), fol-
lowed by 6 h of sleep deprivation in the second half of the light
phase, and an 18 h recovery period which encompassed the fol-
lowing dark phase and the first half of the light phase. Rats were
sleep deprived by introducing novel objects into their cages,
gently shuffling their bedding, cage tapping, and, when neces-
sary, slowly moving their litter tray, whenever the rats showed
behavioral or EEG signs of sleepiness. All experiments were
performed in accordance with the guidelines of the Canadian
Council on Animal Care and were approved by the Dalhousie
University Committee on Laboratory Animals.

Behavioral states were scored automatically using SleepSign
software (Kissei Comtec America, Irvine, CA) in 10-s epochs;
the scoring was confirmed visually off-line. Each epoch was
identified as wake (high frequency, low voltage EEG and high
amplitude EMG), NREMS (low frequency, high voltage EEG
and low amplitude EMG) or REMS (low amplitude EEG theta
wave activity and EMG atonia).

Analyses of Sleep Architecture

The following parameters of sleep architecture were quanti-
fied for the 12 h baseline light phase, 12 h baseline dark phase,
and 12 h recovery dark phase: the number and mean duration
(s) of NREMS and REMS episodes (the minimum duration is a
10-s epoch). In addition, the durations of NREMS and REMS
episodes were analyzed by plotting frequency histograms con-
structed for 9 consecutive bins of logarithmically increasing
episode duration (10, 20-30, 40-70, 80-150, 160-310, 320-630,
640-1270, 1280-2550, and > 2560 s).* As a measure of sleep
fragmentation, we calculated the number of brief awakenings,
which were defined as 10-s epochs of wakefulness bounded by
NREMS or, rarely, REMS.

EEG Power Spectral Analysis
EEG power spectra for NREMS and REMS were computed
in 2-s windows using fast Fourier transform (FFT; Hanning
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window) and tallied in 0.5 Hz bins in the following frequency
ranges: delta, 0.5-4 Hz; theta, 4.5-8 Hz; sigma, 8.5-13 Hz; beta,
13.5-30 Hz; and gamma, 30.5-50 Hz.** Five 2-s power spectra
were averaged over a 10-s epoch of a scored behavioral state.
Epochs containing EEG artifacts were visually identified and
omitted from the spectral analysis. Both absolute and relative
power values were used to evaluate EEG power during NREMS
and REMS. Relative power values, expressed as a percentage
of total EEG power in each sleep state, controlled for any dif-
ferences in absolute EEG power among animals.

Statistical Analyses

All statistical analyses were conducted with Statview 5.0
(SAS Institute Inc., Cary, NC). Sleep-wake parameters were
analyzed using one-way repeated measures ANOVA with “time
interval” as the main factor for each group, or one-way factorial
ANOVA with “group” as the main factor for each time interval.
The EEG power density in NREMS and REMS was analyzed
with one-way ANOVA with “group” as the main factor for each
selected frequency bin or band. Post hoc Tukey-Kramer tests
were used to analyze specific comparisons when main effects
in ANOVA were significant. Values of P <0.05 were considered
statistically significant.

RESULTS

The results reported here were derived from 48 rats used in
our previous study, including 40 OVX females, assigned to Oil,
LE, HE, LP, and LEP groups (n = 8 per group), and 8 gonad-
intact, hormonally untreated males (M group)."”

Baseline Sleep

In our previous study, we reported that the amount of
NREMS during the 24 h baseline period was significantly lower
(by ~10% or ~1 h) in the HE and LEP groups compared to the
Oil group, and this decrease tended to be more prominent dur-
ing the 12 h dark phase.'” The amount of REMS during the 24 h
baseline period was lower (by ~20% or ~30 min) in the LE, HE,
and LP groups compared to the Oil group, and this decrease
was significant during the dark phase. In the present study, we
analyzed the number and mean duration of NREMS and REMS
episodes, the number of brief awakenings from sleep (as a mea-
sure of sleep fragmentation), and EEG power spectra (0.5-50
Hz) during NREMS and REMS. The results are summarized
in Table 1.

NREMS episodes

There were significant differences among groups in mean du-
rations of NREMS episodes (Figure 1B, black bars). The mean
duration of NREMS episodes during the dark phase was shorter
in the HE, LEP, and M groups by 31 to 38% compared to the
Oil and LP groups (Group: F5,4z =5.36,P<0.001; P<0.05, HE,
LEP, and M < Oil, and LEP and M < LP). The number of epi-
sodes did not differ among groups (Figure 1A, black bars), and
the resulting total NREMS amounts, while somewhat lower for
groups showing shorter episodes, also did not differ significant-
ly among groups, as previously reported.'” The mean duration
of NREMS episodes was significantly shorter in the dark than
in the light phase in the LE, HE, LEP, and M groups (P < 0.05
vs. light phase), whereas it was similar between the light and
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Figure 1—The number (A) and mean duration (B) of non-rapid eye movement sleep (NREMS) episodes observed in ovariectomized (OVX) female and intact
male (M) rats during the baseline 12 h light (white bars) and 12 h dark phases (black bars) and during 12 h of recovery sleep opportunity (dark phase; gray
bars) following 6 h of sleep deprivation. OVX female rats had been treated for two weeks with oil, low estradiol (LE), high estradiol (HE), low progesterone
(LP), or low estradiol plus low progesterone (LEP) doses. The number of NREMS episodes (A) differed significantly between the light and dark phases at
baseline. During the recovery dark phase, the number of NREMS episodes (A) remained similar to that during the baseline dark phase. The mean duration of
NREMS episodes (B) was shorter in the HE, LEP, and M groups than in the Oil and the LP groups during the dark phase, and it was shorter in the dark vs. the
light phase in the LE, HE, LEP, and M groups only. During the recovery dark phase, the mean duration of NREMS episodes (B) was significantly increased
compared to the corresponding baseline in the LE, HE, LEP, and M groups only. Data are shown as means + standard errors of the mean (SEM) for 8 animals
per group. different from baseline light phase; *different from baseline dark phase; *different from Oil; ®different from LE; <different from HE; “different from
LP; edifferent from LEP; all P < 0.05 (Tukey-Kramer post hoc comparisons).

dark phases in the Oil and LP groups (Figure 1B, white and
black bars).

The pattern of NREMS was analyzed further by examining
the number of NREMS episodes as a function of episode dura-
tion (Figure 3A). During the dark phase, the number of NREMS
episodes lasting < 70 s tended to be higher in the LE, HE, LEP,
and M groups than in the Oil and LP groups, but this differ-
ence was only significant for the M group (Group: F ,, = 3.81,
P<0.01; M > Oil and LP, P < 0.05). This increased number of
shorter NREMS episodes is consistent with the shorter mean
duration of NREMS episodes in the HE, LEP, and M groups
(Figure 1B), as described above.

REMS episodes

The lower amount of REMS in the HE, LP, LEP, and M
groups compared to the Oil group in the dark phase (as previ-
ously reported!”) was due to a decrease in the number, not the
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mean duration, of REMS episodes (Figure 2, black bars). The
number of REMS episodes in the dark phase was significant-
ly lower in the HE (—44%), LP (—=37%), LEP (-46%), and M
(—49%) groups compared to the Oil group (Group: F ,, = 5.51,
P <0.001; P<0.05 vs. Oil; Figure 2A, black bars). This reduc-
tion was reflected in a smaller number of REMS episodes < 150
s in duration (Figure 3B). During the light phase, the number
(Figure 2A, white bars), mean duration (Figure 2B, white bars),
and duration distribution (data not shown) of REMS episodes
did not differ among groups.

Brief awakenings

As a measure of sleep fragmentation, we examined the
number of brief awakenings (episodes of 10 s wake; Figure 4)
that interrupted sleep. To correct for differences in total sleep
amount among the groups, the number of brief awakenings was
expressed per hour of total sleep.?” Consistent with the finding
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Figure 2—The number (A) and mean duration (B) of rapid-eye movement sleep (REMS) episodes during baseline recordings for the 12 h light (white bars)
and 12 h dark phases (black bars) and during 12 h of recovery sleep opportunity (dark phase; gray bars) following 6 h of sleep deprivation. See the legend
of Figure 1 for further information regarding the hormonal treatment groups. The number of REMS episodes (A) in the dark phase was lower in the HE, LP,
LEP, and M groups compared to the Qil group under both baseline and recovery conditions. The mean duration of REMS episodes (B) was significantly
longer during the recovery dark phase relative to the baseline dark phase in the HE and LEP groups only. *different from baseline light phase; *different from
baseline dark phase; adifferent from Qil; all P < 0.05 (Tukey-Kramer post hoc comparisons).

of shorter durations of NREMS episodes in the dark versus the
light phase, the number of brief awakenings was significantly
higher during the dark phase in the LE, HE, LEP, and M groups
(P <0.05 vs. light phase), but not in the Oil and LP groups. The
number of brief awakenings differed among groups during the
dark phase (F,,, = 4.75, P < 0.01): the LEP group had more
brief awakenings than both the Oil and LP groups (+100% and
+66%, respectively; P < 0.05 vs. LEP), and the M group had
more brief awakenings than the Oil group (P < 0.05). During
the light phase, the M group had more brief awakenings than
the LEP group (Group: F; ,, = 3.50, P < 0.01; P < 0.05 vs. M),
but there were no differences among the 5 female groups (con-
sistent with results for mean duration of NREMS episodes).

Sleep EEG power spectra

The NREMS EEG spectra typically showed a peak in the
delta range (0.5-4 Hz; Figure 5A), whereas the REMS EEG
spectra showed a peak in the theta range (4.5-8 Hz; Figure 5B).
NREMS delta power (a measure of NREMS intensity) did not
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differ significantly among groups, and the results were similar for
NREMS slow-wave energy, a measure which takes into account
both NREMS intensity and NREMS amount (data not shown).?

Despite an apparent ~20% reduction in theta power during
REMS in the HE group relative to the Oil group in both the
light and dark phases (Figure 5B), spectral distribution, abso-
lute and relative EEG spectral power did not differ significantly
among groups. A recent report suggested that the magnitude of
the effect of a synthetic estrogen on REMS EEG power varied
across the dark phase.* Thus, we further analyzed REMS EEG
power in 4 h blocks across the dark phase. A trend toward lower
theta power (~20%) in the HE group compared to the Oil group
was present in all three 4 h blocks, but there were no significant
group differences in any block (data not shown).

In summary, hormonal treatment of OVX female rats affect-
ed spontaneous sleep parameters mostly during the dark (active)
phase. Thus, during that phase, treatment with estradiol alone
or combined with progesterone decreased both the mean dura-
tion of NREMS episodes and the number of REMS episodes,
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Figure 3—The frequency distributions of NREMS (A) and REMS (B) episodes as a function of episode duration (s) during the baseline dark phase in the Oil,
LE, HE, LP, LEP, and M groups. All episodes of NREMS and REMS were divided into 9 consecutive bins of increasing duration on a logarithmic scale. There
were significant group differences in the number of NREMS episodes <70 s (F; ,, = 3.81; P < 0.01) and the number of REMS episodes < 150 s (F; ,, = 4.71,
P < 0.01). Specifically, the Oil and LP groups had fewer NREMS episodes < 70 s than the M group (P < 0.05 vs. M), while the HE, LEP and M groups had
fewer REMS episodes < 150 s than the Oil group (P < 0.05 vs. Oil). Data are shown as means + SEM of 8 animals per group. * indicates the combined bins

for which the main factor of Group was significant (P < 0.05, ANOVA).
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Figure 4—The number of brief awakenings from sleep during the baseline light (white bars) and dark (black bars) phases and during the recovery dark
phase (gray bars) in the Oil, LE, HE, LP, LEP, and M group. A brief awakening was defined as a 10-s epoch of wakefulness bounded by NREMS (or rarely
REMS) and expressed per hour of sleep time. At baseline, the number of brief awakenings was higher in the LEP group than in the Oil and LP groups during
the dark phase, and it was higher during the dark than the light phase in the LE, HE, LEP, and M groups. During the recovery dark phase, the number of
brief awakenings was significantly decreased compared to the corresponding baseline in the HE, LEP, and M groups. Data are shown as means + SEM of
8 animals per group. *different from baseline light phase; different from baseline dark phase; #different from Oil; “different from LP; edifferent from LEP; all
P < 0.05 (Tukey-Kramer post hoc comparisons).

while treatments with progesterone alone decreased the number
of REMS episodes; combined estradiol and progesterone treat-
ment also increased the number of brief awakenings from sleep.
Hormonal treatments did not significantly affect NREMS and
REMS EEG power spectra, including delta and theta values,
in either the light or the dark phase. Overall, males tended to
be more similar to estradiol-treated OVX females than to Oil-
treated OVX females in their baseline sleep architecture.

SLEEP, Vol. 34, No. 4, 2011

Recovery from Sleep Deprivation

To study homeostatic responses to sleep deprivation, all ani-
mals were kept awake by gentle interventions for 6 h during the
second half of the light phase and then allowed to sleep during the
subsequent 18 h (12 h in the dark and 6 h in the light phase). We
reported previously that all 6 groups showed rebound increases
in NREMS and REMS throughout the 18 h recovery period com-
pared to the time-matched 18 h baseline period, but that the mag-
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nitude of the increase in REMS (but not NREMS) was smaller in
the Oil group (23% increase) than in the other groups (up to 73%
increase in the HE group).'” We also reported that the increase
in NREMS EEG delta power (normalized to the 24 h baseline)
during the first 2 h after sleep deprivation was larger in the Oil
group (+179%) than in the other groups (up to +146% in the LEP
group). Since rebound increases in NREMS delta power and in
NREMS and REMS amounts occurred during the recovery dark
phase, we focused on that 12 h period for analysis of changes in
sleep architecture. The results are summarized in Table 1.

NREMS episodes
Increased amounts of NREMS in the recovery dark phase
were due to an increase in the mean duration, not the number, of

SLEEP, Vol. 34, No. 4, 2011

NREMS episodes in all groups, although this duration increase
was not statistically significant in the Oil and LP groups (Figure
1, gray bars; Figure 6A, C). In the LE, HE, LEP, and M groups,
the mean duration of NREMS episodes increased significantly
during the recovery dark phase compared to the baseline dark
phase (P < 0.05 vs. baseline for each comparison; Figure 1B,
gray bars) and these levels were comparable to their light phase
baseline NREMS durations (Figure 1B, white bars). The per-
centages of these increases in NREMS episode duration from
the dark phase baseline levels in the HE and LEP groups (+60%
and +69%, respectively) were significantly higher than those in
the Oil group (+23%; Group: F, = 3.51, P < 0.01; P < 0.05
vs. Oil; Figure 6C). During the recovery dark phase, the M
group had shorter NREMS episodes than the LP group (Group:
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F5,41 =3.99, P<0.01; P<0.05 vs. LP; Figure 1B), while there
were no significant differences among the 5 female groups. The
frequency distribution of NREMS episodes as a function of epi-
sode duration is shown in Supplementary Figure S1A.

Although the main contributor to the increase in NREMS
amounts during recovery was an increase in average NREMS
episode duration, the M group also had more NREMS epi-
sodes than the LP and LEP groups during the recovery dark
phase (Group: F;, =5.37, P <0.001; P < 0.05 vs. M; Figure
1B), while there were no significant differences among the 5
female groups.

REMS episodes

The rebound increase in REMS amount in the recovery dark
phase was mainly due to an increase in the number of REMS
episodes in all groups, although a concomitant increase in their
mean duration occurred in some groups (Figure 2, gray bars).
In all groups, the number of REMS episodes was significantly
higher during the recovery dark phase relative to the baseline
dark phase (all P < 0.05 vs. baseline; Figure 2A, gray bars).
Increases appeared to be related to levels of steroid hormones,
ranging from the Oil group (+44%), to the LP (+61%), LE
(+72%), LEP (+83%), HE (+86%), and M (+95%) groups, but
these differences were not statistically significant (£, = 1.42,
NS; Figure 6B). During the recovery dark period, as was ob-
served during the corresponding baseline, the number of REMS
episodes was significantly lower in the HE, LP, and LEP groups
compared to the Oil group (by 26% to 36%; Group: F;, =4.21,
P<0.01; P <0.05 vs. Oil; Figure 2A, gray bars). These reduc-
tions were reflected in the lower number of short REMS epi-
sodes (< 150 s; Supplementary Figure S1B).

The mean duration of REMS episodes was significantly in-
creased during the recovery dark phase relative to the baseline
dark phase, reaching the levels observed during the baseline
light phase, in the HE and LEP groups only (+40 to 43%; both
P < 0.05 vs. baseline; Figure 2B, gray bars). These increases
were larger than those in the Oil group (Group: F. a1 = 2.54,
P < 0.05; P < 0.05 vs. Oil; Figure 6D), and contributed to the
more robust relative increases in REMS amount in the HE and
LEP groups, reported in Deurveilher et al."”

Brief awakenings

As shown in Figure 4, consistent with the results for the
mean duration of NREMS episodes, the number of brief awak-
enings (per hour of sleep time) was significantly lower during
the recovery dark phase compared to the baseline dark phase in
the HE (=33%), LEP (—51%), and M groups (—27%; P < 0.05
vs. baseline for each comparison) and was comparable to lev-
els observed during the baseline light phase. This decrease in
the LEP group was significantly larger than in the Oil group
(—10%; Group: F., =337,P<0.025;P<0.05vs. Oil; Figure
6E). There were no group differences in the absolute number of
brief awakenings during the recovery dark phase.

Sleep EEG power spectra

During the 12 h recovery dark phase, NREMS EEG delta
power (% of total power) was increased, while power in the
other 4 EEG frequency bands—theta, sigma, beta, and gam-
ma—was decreased compared to the corresponding baseline
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Figure 6—Changes during the recovery dark period relative to time-
matched baselines in the numbers of NREMS (A) and REMS (B)
episodes, the mean duration of NREMS (C) and REMS (D) episodes,
and the numbers of brief awakenings (E) in the Oil (black bars), LE,
HE, LP, LEP, and M (white bars) groups. The percentage increases in
mean duration of both NREMS and REMS episodes were greater in the
HE and LEP groups than in the Oil group. The percentage decrease in
the number of brief awakenings was larger in the LEP group than in the
Oil group. Data (means + SEM) are expressed as percentages of the
corresponding baseline period; n = 8 per group. ?different from Oil; all
P < 0.05 (Tukey-Kramer post hoc comparisons).

values (all P < 0.05), with no significant group differences
(Supplementary Figure S2A). In addition, as observed during
the corresponding baseline, the entire spectral distribution (0.5-
50 Hz in 0.5 Hz bins) of NREMS EEG power did not differ
significantly among groups (Supplementary Figure S2B). Dur-
ing the first 2 h of the recovery period, however, NREMS EEG
delta power (% of 24 h baseline mean) was higher in the Oil
group than in the other groups, as reported by Deurveilher et
al.,'” while no group difference was observed in the other EEG
frequency bands (data not shown).

During the 12 h recovery dark phase, in contrast to the EEG
during NREMS, the EEG power in each of the 5 frequency
bands (as a % of total power) during REMS did not differ from
the respective baseline values in any treatment group (Supple-
mentary Figure S2C). However, as also observed during the
corresponding baseline, there was a trend for less theta power
(—21%) in the HE group relative to the Oil group (Supplemen-
tary Figure S2D).

In summary, hormonal treatments decreased the absolute
number of REMS episodes during both baseline and recov-
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ery sleep (in the dark phase). Increases in the duration of both
NREMS and REMS episodes (and corresponding decreases in
brief awakenings) after sleep deprivation were further enhanced
by treatment with estradiol alone or combined with progester-
one, while recovery NREMS delta power was specifically and
transiently decreased by the same hormonal treatments.

DISCUSSION

The present results demonstrate that 2-week treatments with
physiological levels of estradiol and/or progesterone modulate
the sleep architecture of ovariectomized female rats under base-
line conditions as well as during recovery from acute (6 h) sleep
deprivation. At baseline, predominantly during the active (dark)
phase, treatment with estradiol alone or combined with proges-
terone decreased the mean duration of NREMS episodes and
the number of REMS episodes, and increased the number of
brief awakenings; treatment with progesterone alone decreased
the number of REMS episodes. During recovery sleep after
sleep deprivation, estradiol and/or progesterone increased the
duration of both NREMS and REMS episodes and decreased
the number of brief awakenings relative to baseline levels.
These changes account for the previously reported effects of
these hormone treatments in reducing baseline amounts of
REMS and NREMS, and causing more robust relative increases
in recovery REMS amounts (REMS rebound).!” In general, a
low dose of estradiol combined with progesterone was as ef-
fective as a high dose of estradiol alone in modifying baseline
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S . . . _— and recovery sleep architecture,
Table 1—Summary of significant group differences in baseline sleep and recovery sleep after sleep deprivation suggesting a synergistic effect be-
Sleep Variables Female Groups Males vs. Females tween the two hormones.
BASELINE (24 h)
NREMS amount (min)" HE, LEP < Qil, LP - Hormonal Treatments Impair
REMS amount (min)" LE, HE, LP < Qil M >HE Baseline NREMS Maintenance and
NREMS episode number - M > LP, LEP REMS Initiation in the Dark Phase
REMS episode number - M < Qil The effects of hormonal treat-
NREMS episode duration (s) - M<LP ments during baseline sleep were
BASELINE (12 h light) remarkably dependent on daily
REMS amount (min)'” LE, HE, LP < LEP M > HE phase. The Oil and LP groups
NREMS episode number - M > LE, HE, LEP showed NREMS episodes of
Brief awakenings _ M > LEP similar average durations dur-
BASELINE (12 h dark) ing the light. and dark phases at
REMS amount (min)” HE, LP, LEP < Oil M < O baseline, while the LE, HE, and
REMS episode number HE, LP, LEP < Oil M < Ol LEP groups showed significantly
NREMS episode duration (s) HE,LEP<Oiland LEP<LP  M<Oi,LP shorter NREMS episodes during
) . ) . the dark relative to the light phase
Brief awakenings LEP > QOil, LP M > Qil (Figure 1B). Paralleling these
RECOVERY (12 h dark) -
, . changes were dramatic increases
REMS amount (% 12 h baseline dark) HE, LEP > Qil - .
. ] among hormonally treated rats in
REMS episode number HE, LP, LEP < Oil - the number of brief awakenings
REMS episode duration (% 12 h baseline dark) HE, LEP > Qil - in the dark phase, especially in
NREMS episode number - M>LP, LEP the LEP group (Figure 4). In ad-
NREMS episode duration (s) - M<LP dition, the number of REMS epi-
NREMS episode duration (% 12 h baseline dark) HE, LEP > Ol - sodes was reduced selectively in
Brief awakenings (% 12 h baseline dark) LEP > Qil - the dark phase, with no significant
NREMS delta power, first 2 h (% 24 h baseline)"” HE, LP, LEP < Qil - change in the duration of REMS
episodes, in the HE, LEP, and LP
- indicates no significant group differences. groups compared to the Oil group.
The temporal gating of these

hormonal effects to the dark phase
may involve estradiol-induced alterations in the neuronal activ-
ity or timekeeping mechanisms of the suprachiasmatic nucleus
(SCN), the site of the principal circadian clock in mammals.*
The SCN contains both subtypes of estrogen receptors (ER),***
and responds to estradiol administration with changes in neu-
ronal firing® and in the expression levels of various transcrip-
tion factors,* clock genes,’”® and neuropeptides.** Another
possibility is that estradiol/progesterone modulates the diurnal
rhythm of core body temperature or of other hormones, such as
melatonin or cortisol,***? by acting at brain areas outside of the
SCN or in the periphery, which may secondarily cause diurnal
changes in sleep architecture.

Among previous studies of estradiol effects on sleep, only a
few have examined sleep architecture in detail, and these have
used various forms of estradiol and treatment strategies. Our re-
sults, using the natural 17 B-estradiol, are consistent with those
in studies that used estradiol benzoate,'>?! but not with the re-
sults of one study?®' using 170-ethinyl estradiol (both are syn-
thetic estrogens that are metabolized at a much slower rate than
the natural 17 B-estradiol). In the latter study, when OVX rats
were treated systemically with 4 daily injections of 17a-ethinyl
estradiol, the duration but not the number of REMS episodes
was decreased during the dark phase.’! Since this study did not
report the number and duration of NREMS episodes, it is not
possible to assess whether the increased durations of REMS
episodes were a secondary result of changes in NREMS param-
eters. These differences may be related to the use of different
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strains of rats (Wistar [present study] vs. Sprague-Dawley?') and
the length of the delay from the start of hormonal treatment until
the EEG recordings began (2 weeks [present study] vs. 4 days®!).

Another explanation for the different outcomes in these stud-
ies may be that different forms of estradiol have distinct effects
on the mechanisms that govern the initiation and/or mainte-
nance of REMS. The ER a and ER P nuclear receptors are dif-
ferentially distributed in brain areas involved in REMS control,
such as the pontine tegmentum and the preoptic region.**** Dif-
ferent forms of estradiol vary in their affinity for ER a and ER
B,% as well as in their regulatory effects on the expression of
these ER subtypes.**" It is possible that different forms of es-
tradiol differentially modulate ER subtypes and thereby influ-
ence different aspects of REMS regulation.

The LP group showed no significant changes in the number
or duration of NREMS episodes, but showed a reduced num-
ber of REMS episodes (with no change in duration) during the
dark phase, as compared to the Oil group. These results do not
agree with previous studies using male rats, which showed that
an acute injection of a high dose of progesterone (180 mg/kg,
1.p.) at light onset caused fewer but longer episodes of NREMS
and REMS during the light phase,*® while repeated injections of
allopregnanolone (a metabolite of progesterone) for 5 days (15
mg/kg/day) at dark onset caused fewer but longer episodes of
NREMS during the dark phase, with no changes in the number
or duration of REMS episodes.® These differences are likely
due to the sex of the animals studied, including the presence of
testosterone in males, as well as differences in dose, route of
administration, and duration of drug treatment.

Our finding that treatments with estradiol alone or combined
with progesterone influence NREMS mainly through changes
in episode durations and in number of brief awakenings sug-
gests that estradiol may modulate the mechanisms that regulate
NREMS maintenance. Brief awakenings have been proposed
to reflect the operation of mechanisms that govern NREMS
maintenance, rather than being random disruptions of sleep.*
The ventrolateral preoptic nucleus is thought to be involved
specifically in the maintenance, as opposed to the initiation,
of NREMS"! and responds to estradiol administration with de-
creases in the expression of prostaglandin D synthase, which is
responsible for the production of prostaglandin D2, a sleep pro-
moting factor,”*** and of adenosine A, receptors, which bind
adenosine, another endogenous hypnogen.>® Therefore, the dis-
ruption of NREMS maintenance found in the present study may
be due to estradiol’s action at the ventrolateral preoptic nucleus.

In contrast to their effect on the duration of NREMS epi-
sodes, treatments with estradiol and/or progesterone influence
REMS mainly through changes in episode frequency. The re-
duction in the number of REMS episodes could be a second-
ary outcome related to the shorter average duration of NREMS
episodes, because REMS occurrence is normally gated by a
lengthy preceding NREMS episode. This interpretation would
be reasonable for the HE and LEP groups, which do show sig-
nificantly shorter NREMS episodes.

Alternatively, estradiol and progesterone may affect mecha-
nisms enabling REMS initiation more directly. This is a more
likely mechanism for progesterone acting alone, since the LP
group did not show any change in the duration of NREMS
episodes, but did show less frequent REMS episodes. During
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transitions from NREMS to REMS, the activity of wake-active
orexinergic, serotonergic, and noradrenergic neurons is further
decreased to allow for the reciprocal activation of REMS-active
neurons in the brainstem, thus triggering REMS onset.>* Since
estradiol treatments can increase the activity of these neurotrans-
mitter systems by affecting synthetic enzymes,*® neurotrans-
mitter levels,”” and receptor expression,*® it is possible that
estradiol and progesterone act directly on some of these neurons
to inhibit transition to REMS, thus reducing REMS frequency.

Hormonal Treatments Had Little Effects on EEG Power during
Baseline NREMS and REMS

Despite the decreased duration of NREMS episodes, as well
as the decreased total NREMS amount'’ in the HE and LEP
groups, baseline NREMS EEG delta power (an index of the
intensity or depth of NREMS) was not significantly affected
by hormonal treatments during either the light or dark phase
in these groups. It is possible that a small cumulative deficit
of NREMS amount over a short term (i.e., the 2-week treat-
ments) is not sufficient to affect NREMS delta power, although
a longer-term deficit accumulation might be. In any case, the
HE and LEP rats did not compensate for the reduced NREMS
amount by sleeping more intensely (i.e., increased NREMS
delta power) at baseline.

Similar to the NREMS EEG spectra, the REMS EEG spectra
appeared to be unaffected by hormonal state, although REMS
theta power tended to be smaller in the HE rats compared to
the Oil rats during both the light and dark periods. Theta power
in REMS has been proposed as a measure of REMS intensity
and need.*® Our results are inconsistent with a previous study
which showed a decrease in REMS theta power following treat-
ment with 17 a-ethinyl estradiol in OVX rats.*' Since there was
a trend toward decreased theta power in the present study, it
is possible that our study lacked the statistical power to detect
this effect. Alternatively, the decrease in REMS theta power
observed previously®' may be associated with the decrease in
the duration of REMS episodes that was also observed in that
study, but not in the present study.

The present finding that the baseline sleep EEG was un-
affected by hormonal treatment appears to be inconsistent
with previously reported changes in the sleep EEG, notably,
NREMS slow-wave activity (0.75-4 Hz) during the estrous
cycle and particularly around proestrus in female (Sprague-
Dawley) rats.”® These rat studies are also in disagreement
with the finding in women of changes in EEG spindle activity
(12-15 Hz), but not in slow-wave activity, during NREMS
across the menstrual cycle.®®% The reasons for these discrep-
ancies are not clear, but it is possible that regulatory differ-
ences exist between species. It is also possible that the sleep
EEG is more responsive to fluctuating levels of hormones
than stable hormonal conditions (as achieved with hormone-
filled Silastic implants).

Treatment with Estradiol Alone or Combined with Progesterone
Facilitates Sleep Consolidation after Sleep Deprivation

After 6 h of sleep deprivation, the amount of NREMS was
increased from baseline during the first 12 h (dark) recovery
period in all groups (reported in Deurveilher et al.'?). This in-
crease tended to be enhanced by the hormonal treatments, and
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was associated with a larger increase from baseline in the du-
ration of NREMS episodes in the HE and LEP groups, and a
larger decrease in the number of brief awakenings in the LEP
groups. These findings suggest that hormonal treatments direct-
ly facilitated consolidation of NREMS during recovery from
sleep deprivation, and/or that the impact of sleep deprivation in
promoting sleep may have overridden the effects of estradiol in
promoting interruption of NREMS continuity in the dark phase.

Despite their larger increase in NREMS episode duration
during recovery, the HE and LEP groups showed a smaller
increase in recovery NREMS EEG delta power than the Oil
group (reported in Deurveilher et al.'”), suggesting the possi-
bility that these rats are able to cope with, and are adapted to,
shorter NREMS episodes in the dark at baseline because of al-
tered NREMS homeostasis. This smaller increase in recovery
NREMS delta power and increased recovery REMS in hormon-
ally-treated rats may reflect the mutually inhibitory interaction
between NREMS intensity and REMS propensity® (see Deur-
veilher et al."” for further discussion).

Similar to NREMS, the amount of REMS increased from
baseline during recovery sleep in all groups. This increase was
enhanced in the hormonally treated animals, in particular the
HE and LEP groups, and may be related to their lower amount
of REMS at baseline, as compared to the Oil group. This reduc-
tion in baseline REMS time may lead to a small cumulative
loss in REMS time, causing a larger compensatory increase in
REMS in the hormonally treated rats.

The increase in REMS amount in the HE and LEP groups
was associated with an increase in both the number and mean
duration of REMS episodes in the HE and LEP groups, and in
the number of REMS episodes in the other female groups. As
was the case at baseline, the absolute number of REMS epi-
sodes during recovery was lower in the HE, LP, and LEP groups
compared to the Oil group, suggesting that the hormonal influ-
ence on the number of REMS episodes observed during base-
line persisted during recovery from sleep deprivation.

The larger percentage increase from baseline in the mean
duration of REMS episodes in the HE and LEP groups may
be associated with the larger increase in the mean duration of
NREMS episodes, and accounts for the reported higher per-
centage increase in REMS amount in these two groups.'’

These findings suggest that the hormonal treatments help
consolidate both NREMS and REMS during recovery from
sleep deprivation, when sleep pressure is particularly high. It
is possible that estradiol and progesterone influence the homeo-
static mechanisms governing NREMS and REMS. Although
we previously found significant effects of estradiol replacement
on c-Fos levels (a marker of neuronal activation) in sleep/wake-
promoting and limbic forebrain areas following 6 h of sleep
deprivation,* it is unknown whether estradiol modulation of c-
Fos expression in those areas affects sleep homeostasis. In addi-
tion, the median preoptic nucleus has been shown to play a role
in REMS homeostasis® and contains ERs;*% estradiol may act
on this nucleus to influence REMS homeostasis.

Males and Females Show Differences in Baseline and Recovery
Sleep Architecture

The male group differed from the female groups in several
aspects of sleep architecture under both baseline and recov-
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ery conditions (summarized in Table 1). During the baseline
dark phase, when sleep pressure was low, the M group had
more fragmented NREMS, as indicated by shorter episodes
of NREMS and more brief awakenings, and spent less time
in REMS, mainly due to fewer episodes, compared to the Oil
group, but there were no significant differences between the M
group and the hormonally treated female groups. During sleep
deprivation (which occurred in the light phase), however, male
rats tended to require more interventions to stay awake than any
of the female groups.'” Finally, during the recovery dark phase,
when sleep pressure was high, the M group had more NREMS
episodes than the LP and LEP groups but shorter NREMS epi-
sodes than the LP group, with no significant differences from
the Oil or HE group.

These results suggest that certain parameters of sleep archi-
tecture may be differentially regulated in male and female rats.
Alternatively, it is possible that these differences result from
the hormonal manipulations applied in the females, rather than
representing a sex difference. This possibility is supported by
the fact that, although there were differences between the male
group and select female groups for certain sleep parameters, the
male group did not differ from all female groups for any sleep
parameter. It should also be noted that low levels of estradiol
are present in male rats.” Further studies using castrated males
treated with E will be necessary to address these questions.

CONCLUSIONS

Our results show that physiological levels of estradiol and
progesterone replacement in young adult OVX rats selective-
ly modulate baseline sleep architecture during the daily dark
phase, particularly the mean duration of NREMS episodes,
and the numbers of REMS episodes and brief awakenings. It
is possible that circulating estradiol and progesterone levels
influence the mechanisms that regulate NREMS consolidation
and its diurnal organization, as well as those that enable REMS
initiation. Hormonally treated rats responded more strongly
to acutely lost sleep than untreated rats, as indicated by larger
compensatory changes in the mean duration of NREMS and
REMS episodes and in the number of brief awakenings during
recovery from sleep deprivation (but not in NREMS EEG delta
power)."” These results suggest that estradiol and progesterone
may regulate baseline sleep architecture by affecting both the
circadian and homeostatic regulation of sleep. The use of young
adult OVX rats as a model to study the effects of hormonal ma-
nipulations on sleep regulation may be relevant to young adult
women undergoing surgically-induced menopause. However,
older rats may better model the effects of hormone deficiency
and replacement on sleep during human menopause, and we are
currently investigating this possibility.

ABBREVIATIONS
HE, high estradiol
LE, low estradiol
LP, low progesterone
LEP, low estradiol + low progesterone
M, males
NREMS, non-rapid eye movement sleep
OVX, ovariectomized
REMS, rapid eye movement sleep
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SCN, suprachiasmatic nucleus
SEM, standard error of the mean
ZT, zeitgeber time
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Figure S1—The frequency distributions of NREMS (A) and REMS (B) episodes
as a function of episode duration (s) during the recovery dark phase in the
Oil, LE, HE, LP, LEP, and M groups. All episodes of NREMS and REMS were
sorted into nine consecutive bins of increasing duration on a logarithmic scale.
There were significant group differences in the number of NREMS episodes
<70 s (F,, =808; P <0.0001) and the number of REMS episodes < 150
s (F,,, = 3.68; P < 0.01). Thus, the LE and HE groups had more NREMS
episodes < 70 s than the LP group (P < 0.05 vs. LP), while the M group had
more NREMS episodes than the Qil, LP, and LEP groups (P < 0.05 vs. M). The
HE and LEP groups had a lower number of REMS episodes < 150 s than the
Oil group (P < 0.05 vs. Qil). Data are shown as means + SEM of 8 animals per
group.” indicates the combined bins for which the factor Group was significant
(P <0.05,ANOVA).
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Figure S2—The EEG power values in 5 frequency bands in NREMS (A) and REMS (C) during the baseline (black bars) and recovery (gray bars) dark
phases, and spectral distributions of NREMS (B) and REMS (D) EEG power during the recovery dark phase in the QOil, LE, HE, LP, LEP, and M groups.
EEG spectral power was normalized to the total power (0.5-50 Hz) in each animal, and the mean values were plotted in 0.5 Hz bins. As there were no
significant group differences, the data shown in Aand C are collapsed across the 6 groups. During recovery NREMS, irrespective of groups, delta power was
increased, while theta, sigma, beta, and gamma power were decreased, compared to the respective baseline values. During recovery REMS, EEG power
in all frequency bands was similar to corresponding baseline values. The spectral distribution of relative power of the EEG recorded during NREMS (B) and
REMS (D) in the recovery dark phase was similar among groups. Data are shown as means + SEM of 8 animals per group. #different from baseline, P <
0.05, paired t-test (A,C).
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