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NATURAL CHANGES IN ESTRADIOL AND PROGES-
TERONE LEVELS ACROSS THE MENSTRUAL CYCLE, 
AND ESPECIALLY DURING PREGNANCY AND MENO-
PAUSE, have been associated with sleep disturbances and 
changes in sleep EEG in women.1,2 Hormone replacement 
therapy (estradiol, progesterone, or both) can improve sleep 
quality in postmenopausal women under baseline condi-
tions.3-8 It is unclear, however, whether hormone replacement 
therapy can reduce cognitive performance deficits resulting 
from sleep deprivation9,10 or facilitate sleep recovery after 
sleep deprivation.11 Given the prevalence of chronic, partial 
sleep deprivation12 and the frequency with which women are 
given hormone treatments,13-15 it is important to determine 
whether and how such treatments may influence the ability to 
recover lost sleep.

Rodents have been used frequently as models to examine 
the effects of ovarian hormones on sleep. Changes in hormonal 
levels during the estrous cycle were associated with changes 
in sleep patterns,16-20 whereas in ovariectomized rats, estradiol 
treatment reduced sleep, especially rapid eye movement sleep 
(REMS), under baseline conditions.21-27 The effects of hormonal 
changes associated with estrous cycles on recovery sleep after 
sleep deprivation may not, however, parallel those on base-

line sleep. Despite baseline differences in sleep, intact rats did 
not show estrous cycle-related differences in amounts of non-
REMS (NREMS) and REMS during recovery, nor in NREMS 
EEG delta activity (an index of NREMS intensity and drive), 
after 6 h of sleep deprivation.28 In mice, neither ovariectomy29 
nor lack of aromatase (an enzyme that converts testosterone into 
estradiol)30 affected recovery REMS or NREMS delta activity 
after 6 h of sleep deprivation. Although these studies suggest 
that endogenous sex hormones do not influence recovery sleep 
after 6 h of sleep deprivation in rodents, the stage of the estrous 
cycle at the beginning of 4 days of REMS deprivation has been 
reported to affect the pattern of recovery sleep.31 Nonetheless, 
the clinically more relevant question of whether hormone re-
placement after loss of ovarian hormones affects the ability to 
compensate for lost sleep has not been addressed directly using 
rodent models.

To examine whether and how replacement of estradiol and/
or progesterone after ovariectomy modulates the pattern of 
baseline sleep and recovery sleep after 6 h of sleep depriva-
tion, we implanted estradiol- and/or progesterone-containing 
capsules subcutaneously in ovariectomized adult rats. These 
capsules produced relatively stable physiological levels of cir-
culating hormones. The analytic advantage of this approach 
is that it allows comparisons between baseline sleep and re-
covery sleep after sleep deprivation under identical hormonal 
conditions. This is not possible using intact females, because 
estrous cycles do not include intervals with stable hormonal 
levels that are long enough to accommodate lengthy baseline 
and recovery periods, particularly during proestrus and estrus 
when estradiol and progesterone levels change rapidly.32,33 
Gonadally intact and hormonally untreated male rats were 
studied for comparison.
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MATERIALS AND METHODS

Animals

Wistar rats of both sexes (Charles River Canada, St. Con-
stant, QC, Canada), 2-2.5 months old (females: 211–264 g; 
males: 310–355 g at the time of surgery), were housed under 
a 12/12 h light/dark cycle (lights on [ = Zeitgeber Time (ZT)0] 
at 07:00) at 23 ± 1ºC ambient temperature. Rat chow and wa-
ter were available ad libitum. Animal handling protocols fol-
lowed the guidelines of the Canadian Council on Animal Care 
and were approved by the Dalhousie University Committee on 
Laboratory Animals.

Surgery

Female rats were ovariectomized bilaterally under anesthe-
sia (72 mg/kg ketamine, 3.8 mg/kg xylazine, and 0.7 mg/kg 
acepromazine, i.p). A midline incision was made through the 
skin and muscle layers in the lower abdomen. The uterine horns 
were pulled out of the abdominal cavity, the oviducts were 
clamped with forceps, and the ovaries removed. The uterine 
horns were replaced inside the abdomen and the muscle lay-
ers were sutured. Silastic capsules (1.6 mm inner diameter × 
3.2 mm outer diameter; 35 mm in length for oil and estradiol, 
and 40 mm in length for progesterone (Dow Corning Corpora-
tion, Midland, MI) were inserted subcutaneously lateral to the 
incision in each animal. Capsules were filled with the follow-
ing: sesame oil (60 μL; Catalog No. S3547, Sigma-Aldrich, St 
Louis, MO) (Oil group; n = 8); 10.5 µg of 17β-estradiol (Cata-
log No. E8875; Sigma-Aldrich) in 60 μL sesame oil (Low [di-
estrus] Estradiol [LE] group; n = 8); 60 µg of 17β-estradiol in 
60 μL sesame oil (High [proestrus] Estradiol [HE] group; n = 
8); or 40 mg of crystalline progesterone (Catalog No. P0130; 
Sigma-Aldrich) (Low [diestrus] Progesterone [LP] group; n = 
8). All rats received one capsule except rats treated with both 
hormones (Low [diestrus] Estradiol + Low [diestrus] Proges-
terone [LEP] group; n = 8) which received 2 capsules, one 
containing 10.5 µg of 17β-estradiol, and the other containing 
40 mg of progesterone. The 10.5- and 60-µg doses of estradiol 
were reported to result in blood levels of estradiol characteristic 
of diestrus and proestrus, respectively, 8 days after implanta-
tion.34,35 The 40-mg progesterone dose was reported to give low 
blood levels of progesterone equivalent to diestrus levels at one 
week after implantation.36 Male rats were left gonadally intact 
but were implanted with one oil-filled Silastic capsule as a con-
trol procedure (M group; n = 8). After capsule implantation, the 
skin incision was closed with surgical skin staples.

All animals were then placed in a stereotaxic apparatus and 
implanted with 2 miniature stainless steel screws for recording 
the electroencephalogram (EEG), one over the frontal cortex 
(1 mm rostral to bregma and 2 mm right of the midline) and 
the other over the occipital cortex (6 mm caudal to bregma and 
2 mm left of the midline). A third screw was placed over the 
cerebellum to serve as a ground electrode. A pair of fluorocar-
bon-coated stainless steel wires with a 2–3 mm exposure were 
inserted into the dorsal neck muscles to record the electromyo-
gram (EMG). All electrodes were connected to a small plastic 
connector (Plastics One Inc., Roanoke, VA) and the complete 

assembly was anchored to the skull with dental acrylic. Fol-
lowing surgery, animals were injected subcutaneously with an 
analgesic (Ketoprofen, 5 mg/kg) and an antibiotic (Duplocillin, 
0.15 mL) and monitored for recovery from anesthesia before 
being returned to the animal colony to be housed singly.

Experimental Design and Data Acquisition

Eight to 9 days after surgery, each rat was transferred to a 
clear Plexiglas cage (40 × 30 × 40 cm3) placed inside an indi-
vidual experimental chamber that was equipped with a fan and 
an incandescent light controlled by a timer to maintain the same 
12/12 h light/dark cycle as in the colony room. The following 
day, rats were anesthetized briefly (5–10 min) with isoflurane to 
remove the skin staples. Rats were then connected to a flexible 
cable attached to a rotating commutator (Plastics One Inc.) and 
remained connected for 3–4 days for adaptation before poly-
graphic recording started.

EEG/EMG recording began at mid-light phase (ZT6) with a 
baseline 24-h period followed by sleep deprivation for 6 h over 
the second half of the light phase (ZT6-12). Sleep deprivation 
was conducted by introducing novel objects (plastic items such 
as tubes, cups, and toys of different shapes) into their cages, gen-
tly shuffling their bedding, cage tapping, and, when necessary, 
slowly moving their litter tray. These stimuli were applied only 
when the rats showed behavioral signs of sleepiness (i.e., when 
they were immobile, adopting a sleep posture) or when slow 
waves were apparent in the EEG. After sleep deprivation, EEG/
EMG recording continued for 18 h to assess recovery sleep dur-
ing the 12-h dark phase and the first 6 h of the next light phase.

EEG and EMG signals were amplified and band pass-filtered 
(EEG: 0.3–100 Hz; EMG: 10–100 Hz; Grass Telefactor, West 
Warwick, RI). Signals were digitized at 256 Hz and stored on 
a computer for off-line analysis (SleepSign, Kissei Comtec 
America, Irvine, CA).

Sleep-Wake Scoring and Analysis

Behavioral states were scored automatically in consecutive 
10-sec epochs with each epoch identified as wakefulness (low-
voltage, fast EEG activity; moderate to high EMG activity), 
NREMS (high-voltage EEG activity, dominated by delta waves 
[0.5–4 Hz]; low amplitude EMG), or REMS (EEG dominated 
by theta waves [4.5–8 Hz]; very low background EMG activity, 
with occasional muscle twitches). The automatic scoring was 
inspected visually off-line and corrected ( < 10% disagreement) 
when it did not agree with visual scoring.

EEG delta (0.5–4 Hz) power during NREMS was measured 
in 0.5-Hz bins using fast Fourier transform (FFT; Hanning win-
dow) for 2-sec windows. Power values were averaged over a 
10-sec epoch, and the mean value at 2-h intervals was normal-
ized to the 24-h baseline level in each animal. Epochs with arti-
facts (8.7% of total sleep epochs) were included in sleep-wake 
scoring but not in the FFT analysis.

Tissue Collection and Radioimmunoassay

At the end of the 48-h recording period, rats were given an 
overdose of anesthetics (see above). Blood samples were col-
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lected by cardiac puncture in heparinized tubing and then cen-
trifuged at 3000 rpm for 10 min. Plasma was collected and kept 
frozen at −80°C until radioimmunoassay. Plasma concentrations 
of estradiol and progesterone were determined using commer-
cial kits (Estradiol: Catalog No. KE2D1; Progesterone: TKPG1; 
Inter Medico, Markham, ON). The detection limit of the assays 
was 5 pg/mL for estradiol and 0.1 ng/mL for progesterone. The 
intra-assay coefficient of variation was 13.1% for estradiol and 
6.5% for progesterone. All assays were conducted in a single 
session. Uteri were harvested immediately after blood collec-
tion and weighed as previously described.37 The uterus weight 
index was defined as mg of uterus/mm of uterus.

Statistical Analyses

Statistical analyses were conducted with Statview 5.0 (SAS 
Institute Inc., Cary, NC) and SPSS 14.0 (SPSS Inc, Chicago, 
IL). Sleep-wake parameters were analyzed using a 2-way re-
peated measures ANOVA. Serum progesterone levels and uterus 
weights were analyzed using one-way ANOVA. Post hoc mul-
tiple comparison analyses (LSD) were used to further analyze 
significant main effects and interactions. For serum estradiol 
levels, nonparametric Kruskal-Wallis tests were performed, 
and nonparametric Dunn post hoc tests were used to determine 
group differences. Probabilities of less than 0.05 were consid-
ered statistically significant.

RESULTS

The results reported here were derived from 48 rats, includ-
ing 40 ovariectomized female rats, assigned to Oil, LE, HE, 
LP, and LEP groups (8 per group), and 8 gonadally intact and 
hormonally untreated male rats (M group).

Plasma E and P Levels, Uterus Weights, and Body Weights

The efficacy of hormone manipulations was confirmed by 
measuring plasma estradiol and progesterone levels and, as bio-
assays, uterus and body weights (Table 1). The values from the 
Oil and LE groups were similar to those we reported previously 

using the same Oil and LE treatments.37 Among the female 
groups, plasma estradiol levels were highest in the HE group, 
followed by the LE and LEP groups, and then the Oil and LP 
groups (H5 = 16.19, P < 0.01; ��������������������������������HE > Oil������������������������, P < 0.05). Plasma pro-
gesterone levels were higher in the LP and LEP groups than in 
the Oil group (F3,21 = 3.72, P < 0.05; LP and LEP > Oil, both P < 
0.05). The LE, HE, and LEP groups showed a dose-dependent 
increase in uterus weight indices (F4,35 = 35.26, P < 0.0001; LE, 
HE and LEP > Oil and LP, all P < 0.0001; HE > LE and LEP, 
both P < 0.01). Conversely, the LE, HE, and LEP groups gained 
smaller percentages of body weight than the Oil and LP groups 
over the 15-day period from surgery to the end of recording (all 
P < 0.001).

Baseline Amounts of Sleep-Wake States

Wakefulness

Over the 24-h baseline period (Figure 1A), the 6 groups dif-
fered in the amounts of wake (F5,42 = 4.61, P < 0.01). The LE, 
HE, and LEP groups had more wake (+61, +95, and +72 min, 
respectively; all P < 0.01) than the Oil group. This increase was 
prominent during the dark phase (Group × Phase interaction: 
F5,42 = 2.75, P < 0.05; LEP > Oil, P < 0.05; Figure 1B). Conse-
quently, the LEP group had a significantly lower light/dark ratio 
(i.e., a greater light/dark difference) of wake amount than the 
Oil group (P < 0.05; Table 2). Additive effects of estradiol and 
progesterone were observed during the dark phase (LE: +28 
min; LP: +65 min; and LEP: + 99 min vs. Oil; LEP > LE, +71 
min, P < 0.05; Figure 1B). The M group (males) had more wake 
than the Oil group during the dark phase (P < 0.05).

NREMS

Over the 24-h baseline period (Figure 1C), the 6 groups dif-
fered in NREMS amounts (F5,42 = 2.57, P < 0.05). The HE and 
LEP groups had less NREMS (−57 and −54 min, P < 0.025, 
respectively) relative to the Oil group, mainly because of a re-
duction in the mean duration, but not the number, of NREMS 
episodes (data not shown). The Group × Phase interaction ap-
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Table 1—Plasma Estradiol and Progesterone Levels, Uterus Weight Indices, and Body Weights

Variables			   Treatment groups		
		  Oil (n)	 LE (n)	 HE (n)	 LP (n)	 LEP (n)	 M (n)
Plasma estradiol level (pg/mL)	  < 5 (7)	 13.4 (6)	 32.2a (5)	  < 5 (8)	 14.0 (7)	  < 5 (5)
Plasma progesterone level (ng/mL)	 1.7 ± 0.3 (6)	 n.d.	 n.d.	 3.4 ± 0.4a (8)	 4.4 ± 0.8a (6)	 2.5 ± 0.8 (5)
Uterus weight index (mg/mm)	 2.5 ± 0.3 (8)	 6.8 ± 0.4a (8)	 9.3 ± 0.9ab (8)	 3.2 ± 0.2bc (8)	 7.1 ± 0.4acd (8)	 n.a.
Uterus weight/body weight ratio	 0.4 ± 0.1	 1.2 ± 0.1a	 1.7 ± 0.2ab	 0.5 ± 0.1bc	 1.3 ± 0.1acd	 n.a.
Body weight (g)						    
	 At surgery	 236 ± 6 (8)	 236 ± 4 (8)	 238 ± 4 (8)	 237 ± 4 (8)	 230 ± 4 (8)	 326 ± 6abcde (8)
	 At perfusion	 276 ± 6* (8)	 250 ± 5*a (8)	 244 ± 4*a (8)	 274 ± 8*bc (8)	 242 ± 3*ad (8)	 376 ± 8*abcde (8)
	 Gain in body weight (%)	 +17 ± 1	 +6 ± 1a	 +2 ± 1a	 +16 ± 2bc	 +5 ± 1ad	 +15 ± 2bce

All values are expressed as mean ± SEM, except for plasma estradiol levels for which the median is shown because the data sets contained 
values below the detection limit of the assay (5 pg/mL). The number (n) of animals contributing to each value varies because data were unavail-
able for some animals; the n is shown in parentheses next to each value. *Different from corresponding body weight at surgery; adifferent from 
Oil; bdifferent from LE; cdifferent from HE; ddifferent from LP; edifferent from LEP. All P < 0.05. Fisher LSD post hoc tests used for plasma 
progesterone levels, uterus and body weights; nonparametric Dunn post hoc tests used for plasma E levels.
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Figure 1—Amount (mean + SEM, min) of wake (A, B), NREMS (C, D), and REMS (E, F), and REMS as a percentage of total sleep (G, H), 
during baseline recording for the full 24-h period (left) and during the 12-h light and 12-h dark phases (right) in ovariectomized female rats 
treated with Oil (solid bars), low estradiol (LE), high estradiol (HE), low progesterone (LP), or low estradiol plus low progesterone (LEP), and 
in intact males (M; white bars) (n = 8 per group). The background shading indicates the dark phase. Treatments with estradiol alone (LE and 
HE) or combined with progesterone (LEP) increased wake and decreased NREMS and/or REMS, while treatments with progesterone alone 
(LP) selectively decreased REMS. These effects were more prominent during the dark phase. *Different from light phase; adifferent from Oil; 
bdifferent from LE; cdifferent from HE; ddifferent from LP; all P < 0.05 (Fisher LSD post hoc comparisons).
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during the dark than the light phase. Males were in an intermedi-
ate range, and most closely resembled the progesterone-treated 
females in terms of baseline NREMS and REMS amounts.

Sleep Deprivation

Gentle interventions for 6 h during the second half of the 
light period kept the animals awake for > 98% of the total time 
in all 6 groups (Supplementary Table 1). A few brief episodes 
of NREMS occurred but the total NREMS time (2–5 min out 
of 6-h sleep deprivation) was similar among the groups. REMS 
was absent in all groups. The amounts of NREMS and REMS 
lost during sleep deprivation relative to sleep amounts during 
the same 6-h period of baseline recording were similar among 
the groups (Supplementary Table 1). More interventions were 
required during the second half of sleep deprivation (F1,5 = 
108.62, P < 0.0001), and the time course of this increase was 
similar among the groups (Group × 3-h time intervals, n.s.).

Recovery Sleep after Sleep Deprivation

NREMS

All groups spent more time in NREMS during the 18-h re-
covery period than during the time-matched 18-h baseline period 
(main effect of Condition: F1,5 = 463.22, P < 0.0001), with no 
significant differences among groups (Group × Condition, n.s.; 
Figure 2A). As shown in Figure 3, NREMS amounts increased 
greatly during the first 2 h after sleep deprivation in all groups, 
after which they declined somewhat but remained elevated above 
baseline levels at most time points for the rest of the dark phase 
in all groups. During the subsequent 6-h period in the light phase 
(12–18 h post-deprivation), NREMS amounts returned to base-
line levels in all groups with the exception of the LEP group (Fig-
ure 3), which continued to show higher values during the second 
(P < 0.025) and third (P < 0.001) 2-h intervals compared to base-
line. As shown in Figure 5A, the NREMS lost during the 6 h of 
sleep deprivation was only partially (48%–73%) recovered dur-
ing the 18-h recovery period in all 6 groups, with no significant 
differences among groups (F5,38 = 1.56, n.s.).

REMS

Figure 2B shows that, similar to NREMS, total REMS 
amounts increased over baseline levels during the 18-h recov-
ery period (main effect of Condition: F1,5 = 299.85, P < 0.0001). 
However, unlike the NREMS rebound, the extent of this in-

proached statistical significance (F5,42 = 2.31, P = 0.06; Figure 
1D), so that the LEP, M, and then LP group in that order tended to 
have a higher light/dark ratio than the other groups (Table 2).

REMS

Over the 24-h baseline period (Figure 1E), the 6 groups dif-
fered in the amounts of REMS (F5,42 = 3.34, P < 0.025). The 
LE, HE, and LP groups had less REMS (−22, −38, and −29 
min, respectively; all P < 0.05) relative to the Oil group, mainly 
because of a reduction in the number of REMS episodes, but 
not the mean duration (data not shown). The decrease in REMS 
time was more prominent during the dark phase (Group × Phase 
interaction: F5,42 = 3.68, P < 0.05; HE, LP, and LEP < Oil, all 
P < 0.01; Figure 1F). In addition, the LEP rats tended to show 
less REMS than the LE rats during the dark phase (−15 min; P 
= 0.051), but during the light phase, they showed significantly 
more REMS than the LE rats (+19 min; P < 0.025); Conse-
quently, the light/dark ratio for REMS was higher in the HE, 
LP, and LEP groups than in the Oil group (all P < 0.05; Table 
2), and it was higher in the LEP rats than the LE rats (P < 0.025; 
Table 2). The M group had less REMS than the Oil group dur-
ing the dark phase (P < 0.01), resulting in a higher light/dark 
ratio (P < 0.05).

REMS/Total Sleep

To evaluate possible differential effects of estradiol and/or 
progesterone on NREMS vs. REMS, the ratio of REMS time 
to total sleep time was used (Figure 1G). Overall, the ratio was 
smaller in the dark compared to the light phase in the LE, HE, 
LEP, and M groups (Group × Phase interaction: F5,42 = 3.08, P < 
0.025; post hoc comparisons, all P < 0.05), whereas the Oil and 
LP groups had similar ratios between the light and dark phases 
(Figure 1H). During the dark phase, the REMS/total sleep ratio 
was significantly smaller in all other groups relative to the Oil 
group (all P < 0.005), with a dose-dependent negative effect 
of estradiol (HE < LE, P < 0.025; Figure 1H). During the light 
phase, the only significant differences were found in the smaller 
REMS/total sleep ratio in LP vs. Oil and LEP groups (both P < 
0.05). These results for REMS/total sleep ratios largely paral-
leled those for REMS amounts.

In summary, treatments with estradiol alone or combined with 
progesterone produced an increase in wake time (up to ~1.5 h 
over 24 h) and a decrease in NREMS and/or REMS times, 
whereas treatments with progesterone alone induced a reduction 
particularly in REMS time. These effects were more prominent 
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Table 2—Light/Dark Ratio of Time Spent in Wake, NREMS, and REMS During the Baseline Recording

Variables			   Treatment groups	 ANOVA
	 Oil	 LE	 HE	 LP	 LEP	 M	
Wake	 0.55 ± 0.21	 0.59 ± 0.22	 0.53 ± 0.17	 0.41 ± 0.08b	 0.40 ± 0.03abc	 0.40 ± 0.07b	 F5,42 = 2.72, P < 0.05
NREMS	 2.11 ± 0.68	 2.35 ± 1.37	 2.40 ± 0.88	 2.71 ± 0.31	 3.04 ± 0.54	 2.89 ± 0.87	 F5,42 = 2.42, P = 0.051
REMS	 2.05 ± 0.60	 2.85 ± 1.68	 3.62 ± 1.66a	 3.21 ± 1.36a	 4.62 ± 2.23ab	 3.80 ± 1.35a	 F5,42 = 3.31, P < 0.025

All values are expressed as mean ± SEM, (n = 8 per group). aDifferent from Oil; bdifferent from LE; cdifferent from HE. All P < 0.05 (Fisher 
LSD post hoc comparisons). Note that a smaller ratio indicates a greater light/dark difference for wake amounts, whereas the opposite is the 
case for NREMS and REMS amounts.
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which showed only intermittent elevations. The rebound increase 
in REMS did not persist into the subsequent light phase.

Figure 5B shows the REMS gain during the 18-h recovery peri-
od as a percentage of REMS lost during sleep deprivation. Unlike 
NREMS, the gain/loss ratio for REMS was markedly different 
among the groups (F5,38 = 3.09, P < 0.025). This ratio was highest 
in the HE rats, which recovered virtually all of the lost REMS 
(99%), followed by the LE (78%), LP, LEP (both 65%), and Oil 
rats (42%; HE > Oil, LP, LEP, and M, all P < 0.05; P < 0.025, LE 
vs. Oil). Male rats (67%) were intermediate in this range and dif-
fered significantly only from HE group (P < 0.025).

In summary, all 6 groups showed significant NREMS and 
REMS rebound increases following 6 h of sleep deprivation. 
Although the absolute levels of NREMS and REMS during 
recovery were fairly similar among the groups, the magnitude 
of increase in REMS, but not NREMS, was markedly affect-
ed by hormonal treatments. In particular, the percentage gain 
in REMS over baseline was greater in all hormonally treated 
females than in oil-treated rats, mainly because of the higher 
REMS baselines in the Oil group. The percentage of REMS 
gain during recovery relative to lost REMS was also greater in 
the LE and HE groups compared to the Oil group.

Recovery NREMS EEG Delta Power

The time course of normalized NREMS delta power during 
the recovery period was examined in 2-h intervals (Time). As 
shown in Figure 6, all groups showed a maximum value of nor-
malized NREMS delta power during the first 2 h of recovery 
followed by a gradual decrease in parallel with the decrease 
in NREMS amount. However, the time course varied among 
the groups (Group x Time, F40,288 = 1.89, P < 0.01). During the 
first 2 h after sleep deprivation, the 6 groups showed different 
levels of normalized NREMS delta power (F5,42 = 3.06, P < 
0.025), with higher values in the Oil rats (179%) than in the HE 
(135%), LP (138%), and LEP (146%) rats (all P < 0.025 vs. Oil). 
The values in the M group (162%) were in a high range, signifi-
cantly higher than in the HE group (P < 0.05). The Oil group 
continued to show elevated normalized NREMS delta power 
above baseline throughout the first 8 h of recovery, whereas 
the increased NREMS delta persisted only for 4 h in all other 
groups (Figure 6). This increase in NREMS delta power was 
followed by a decrease in delta power below baseline levels, 
i.e., a “negative rebound,” which started at 10 h from the start 
of sleep deprivation (P < 0.025) and continued throughout the 
12- to 18-h post-deprivation period (P < 0.05) in the HE rats, 
whereas the LE rats showed a negative rebound only during the 
12- to 18-h post-deprivation period (P < 0.05).

DISCUSSION

We show that treatments with estradiol alone or combined 
with progesterone increased wake and decreased NREMS and/
or REMS, whereas treatments with progesterone alone selec-
tively decreased REMS during spontaneous sleep. Following 
6 h of sleep deprivation, treatments with estradiol and/or pro-
gesterone enhanced REMS rebound, while decreasing NREMS 
EEG delta power (a measure of NREMS intensity and drive). 
These data indicate that estradiol and progesterone have both 

crease in REMS varied with hormonal condition (Group × Con-
dition: F5,38 = 3.39, P < 0.025). During the 18-h recovery period, 
LE, HE, and LEP rats showed absolute amounts (in min) of 
REMS that were similar to that shown by the Oil rats, and the 
LP rats showed significantly less REMS than the Oil, LE, and 
M groups (all P < 0.025; Figure 2B). However, the percentage 
increase during the 18-h recovery period over the equivalent 
18-h baseline period was smallest in the Oil rats (+23% on av-
erage), and was significantly larger in the 4 other female groups 
(LE, +57%; HE, +73%; LP, +45%; LEP, +57%; all P < 0.05 vs. 
Oil, respectively; HE > LP, P < 0.025). The M group showed 
an intermediate percentage increase in REMS (+49%) that was 
greater than that in the Oil group (P < 0.025) but smaller than 
that in the HE group (P < 0.05).

The time course of REMS analyzed in 2-h intervals during 
the 18-h recovery period (Figure 4) paralleled the time course of 
NREMS (Figure 3). REMS amounts increased greatly during the 
first 2 h following sleep deprivation; they subsequently declined 
but remained elevated above baseline levels for most 2-h intervals 
during the rest of the dark phase in all groups except the Oil group, 
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Figure 2—Amount (mean + SEM, min) of NREMS (A) and REMS 
(B) during the 18-h recovery period after 6 h of sleep deprivation 
and during the equivalent 18 h of baseline recording (left) in the 
Oil (solid bars), LE, HE, LP, LEP, and M (white bars) groups (n 
= 7 or 8 because a complete sleep recording was not available for 
every animal). All groups showed NREMS and REMS rebound 
following sleep deprivation, reaching similar absolute levels for 
NREMS and REMS, with the exception of the LP group, which 
had less absolute recovery of REMS amounts than the Oil, LE, 
and M groups. *Different from corresponding baseline; adifferent 
from Oil; bdifferent from LE; cdifferent from HE; ddifferent from 
LP; all P < 0.05 (Fisher LSD post hoc comparisons).
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of estradiol on uterus weight or body weight even though it did 
affect sleep, possibly because the progesterone dose used was 
relatively low.

Estradiol Replacement Reduces Baseline Sleep, and Progesterone 
Replacement Reduces Baseline REMS in the Dark Phase

At baseline, estradiol replacement increased wake at the ex-
pense of REMS and, at high dose, also NREMS, consistent with 
previous studies using different estradiol regimens (see Intro-
duction). The findings that progesterone replacement reduced 
REMS, and that the addition of progesterone to LE enhanced 
the estradiol effects, particularly in the dark phase, are novel. 

individual and combined effects on baseline sleep and recovery 
sleep following sleep deprivation, and that the hormonal effects 
on baseline sleep do not parallel those on recovery sleep.

The 2-week LE and HE regimens increased plasma estra-
diol levels to those reported for intact rats during diestrus (7-20 
pg/mL on average) and proestrus (up to 50 pg/mL), respec-
tively.32,33 Estradiol levels in some estradiol-treated rats were 
lower than expected, but in spite of this variability, estradiol 
treatments generally increased uterus weight and attenuated 
body weight gain, consistent with previous studies.38,39 Treat-
ments with progesterone increased plasma progesterone levels 
to levels reported for diestrus (3-30 ng/mL).32,40 In contrast to 
previous studies,41,42 progesterone did not modulate the effects 
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Figure 3—Time course of NREMS amount (min) in 2-h intervals across the 24-h baseline period (white circles), during 6 h of sleep depriva-
tion (Sleep Dep in top left panel), and during the 18 h recovery period (black circles) in the Oil, LE, HE, LP, LEP, and M groups. Data are 
shown as means ± SEM, with n = 7-8 per group. In all groups, NREMS amounts increased greatly during the first 2 h after sleep deprivation, 
then declined but remained elevated at most time points for the rest of the dark phase. During the subsequent light phase, NREMS amounts 
returned to baseline levels in all groups except the LEP group. *Different from corresponding baseline, P < 0.05 (Fisher LSD post hoc com-
parisons). Background shading indicates dark phase.
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levels peak,18,28,43 and a general arousal-promoting effect of estra-
diol in rodents.44 Progesterone replacement decreased REMS in 
the present study, whereas two previous studies using male rats 
reported a decrease in both REMS and wake amounts after acute 
injection of a high dose of progesterone (30–180 mg/kg).45,46 This 
discrepancy may be due to differences in dose, route of adminis-
tration, durations of treatment, and/or the sex of animals.

Co-administration of estradiol and progesterone had an ad-
ditive effect in increasing wake during the dark phase. No ad-
ditive effect in decreasing REMS was observed during the dark 
phase; however, it is noteworthy that during the light phase, the 
LEP group had more REMS than either the LE or LP group, 
which may represent a rebound increase in REMS following 

Overall, the hormonal effects were seen predominantly during 
the dark (active) phase and resulted in more robust light-dark 
differences in the amount of sleep, in particular REMS. The 
reduction in REMS time by estradiol and progesterone was due 
to a reduction in the number of REMS episodes, indicating that 
both hormones disrupted REMS initiation. This impairment 
could be secondary to impaired maintenance of NREMS, be-
cause the occurrence of REMS normally requires a preceding 
period of NREMS. This possibility is supported by findings in 
the HE group, which showed shorter NREMS episodes, indi-
cating disrupted NREMS maintenance.

The wake-promoting effects of estradiol are consistent with the 
reduced sleep in intact animals on proestrus night, after estradiol 
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Figure 4—Time course of REMS amount (min) in 2-h intervals across the 24-h baseline period (white circles), during 6 h of sleep deprivation 
(Sleep Dep in top left panel), and during the 18-h recovery period (black circles) in the Oil, LE, HE, LP, LEP, and M groups. Data are shown as 
means ± SEM, with n = 7-8 per group. Like NREMS (Fig. 3), in all groups except for the Oil group, REMS amounts increased greatly during the 
first 2 h following sleep deprivation, after which they declined but remained elevated at most time points during the rest of the dark phase. The Oil 
group showed only intermittent elevations during the same period. During the subsequent light phase, REMS amounts returned to baseline levels 
in all groups. *Different from corresponding baseline, P < 0.05 (Fisher LSD post hoc comparisons). Background shading indicates dark phase.
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showed less absolute recovery of REMS amounts than the Oil 
and other groups. The relative increase in REMS from base-
line and the gain/loss ratio were greatly enhanced by hormonal 
treatments, particularly with estradiol. We interpret these data 
to suggest a more robust REMS homeostatic response to total 
sleep deprivation particularly in estradiol-treated rats. This find-
ing supports a possible role for estradiol in promoting recovery 
REMS, despite its inhibitory influence on baseline REMS. The 
mechanisms controlling rebound REMS after sleep deprivation 
are not well understood and may be different from those regulat-
ing REMS expression in the absence of sleep deprivation. The 
median preoptic nucleus contains estrogen and progesterone 
receptors,73,74 and it has been proposed to play a specific role in 
REMS homeostasis.75 It is possible that estradiol/progesterone 
treatment acts via this nucleus to augment REMS amounts after 
sleep deprivation.

There are, however, alternative interpretations possible 
for these findings. One is that, compared to oil-treated rats, 
estradiol-treated rats at baseline had lower REMS amounts 
and expressed a higher proportion of their daily REMS in the 
light phase (i.e., they showed a higher light/dark ratio). Thus, 
estradiol-treated rats could actually have lost a higher propor-
tion of their daily REMS during the sleep deprivation period 
that occurred in the light phase, resulting in a stronger drive for 
REMS during the recovery period. Another possibility is that 
the REMS-inhibiting effect of estradiol/progesterone observed 
during baseline may not be expressed in the face of increased 
homeostatic sleep pressure.

Although estradiol/progesterone replacements altered neither 
baseline NREMS delta power nor rebound NREMS amounts, 
they reduced recovery NREMS delta power in terms of both the 
initial level and the duration of the elevation. In addition, late in 
the recovery phase, estradiol replacement induced a negative re-

decreased REMS during the dark phase. Similar to this obser-
vation, previous studies showed that acute injections of estra-
diol followed by progesterone reduced REMS during the dark 
phase in ovariectomized rats,22,25 but it is unclear whether there 
was an interaction between the 2 hormones because the effects 
of progesterone alone were not reported in those studies.

Little is known about the mechanisms by which ovarian 
hormones affect sleep/wake states. Estradiol and progesterone 
can have both genomic and non-genomic effects.47,48 Nuclear 
estrogen and progesterone receptors, which mediate genomic 
effects, are present in many sleep-wake regulatory nuclei, in-
cluding the basal forebrain, hypothalamus/preoptic area, dorsal 
raphe nucleus and locus coeruleus,49-51 suggesting a possible di-
rect action of estradiol and progesterone at some nuclei of the 
sleep/wake regulatory system. In fact, estradiol treatment can 
increase the expression of synthetic enzymes for serotonin and 
noradrenaline52,53 in brainstem neurons that are thought to pro-
mote wake and suppress REMS,54,55 which is consistent with the 
reduction of REMS after estradiol and/or progesterone treat-
ment in the present study.

In addition, estradiol has been proposed to increase wake 
through the inhibition of the sleep-promoting ventrolateral pre-
optic nucleus by decreasing lipocalin-type prostaglandin D2 
synthase18,56 and adenosine A2A receptor mRNAs57 in that nucle-
us. It is also possible that estradiol and progesterone promote 
wake by non-genomically modulating ionotropic neurotrans-
mitter receptors58 that are involved in sleep-wake regulation. 
Consistent with these possibilities, estradiol modulates c-Fos 
expression (a marker of neuronal activation) in sleep and wake 
regulatory areas.18,37,59

Another potential mechanism whereby estradiol and proges-
terone could affect sleep is through modulation of the circadian 
pattern of sleep-wake or locomotor activity. Estrogen receptors 
are present in the suprachiasmatic nucleus (SCN), the site of the 
principal circadian clock in mammals,51,60,61 including SCN af-
ferents and efferents.62,63 SCN neurons respond to estradiol with 
an increase in light-induced expression of transcription factors,64 
shifts in the expression rhythm of clock-related genes,65 and in-
creased cell firing in vitro.66 Estradiol replacement shortens the 
free-running locomotor activity rhythm in ovariectomized rats 
and hamsters67-69; this effect of estradiol can be antagonized by 
progesterone.68-70 Thus, it is possible that some of the changes in 
the diurnal pattern of sleep-wake states observed after estradiol/
progesterone treatments might be due to altered circadian time-
keeping mechanisms in the SCN.

Finally, we cannot exclude the possibility that at least some 
of the estradiol/progesterone effects on spontaneous sleep-
wake could be secondary to the modulation by these hormones 
of other physiological functions, such as energy balance71 and 
the hypothalamic-pituitary-adrenal axis,72 which can indirectly 
influence sleep.

Estradiol and Progesterone Replacement Promotes REMS and 
Reduces NREMS EEG Delta Power During Recovery from Sleep 
Deprivation

In response to 6 h of sleep deprivation, all rats showed a 
typical increase in NREMS and REMS, reaching similar abso-
lute levels for both, with the exception of the LP group, which 
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Figure 5—Percentage of NREMS (A) and REMS (B) recovered 
after 6 h of sleep deprivation in the Oil (solid bars), LE, HE, LP, 
LEP, and M (white bars) groups. The percentage was calculated 
by dividing the difference between NREMS or REMS amounts 
during the 18-h baseline and recovery periods by the duration of 
NREMS or REMS lost during the 6 h deprivation period. Data 
are shown as means + SEM (n = 7-8 per group). The percentage 
gain of REMS during recovery relative to lost REMS was greater 
in the LE and HE groups than in the Oil group, while the percent-
age gain of NREMS was not significantly different among groups. 
aDifferent from Oil; cdifferent from HE. All P < 0.05 (Fisher LSD 
post hoc comparisons).
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idea of a mutual inhibitory interaction between NREMS intensity 
and REMS propensity.76,77 These results suggest that the NREMS 
delta power rebound is attenuated by estradiol, and that this effect 
is modulated by progesterone.

The mechanisms underlying the reduced recovery of NREMS 
delta power after estradiol/progesterone treatment, like those 
underlying homeostatic regulation of sleep in general, are not 
well understood. However, the basal forebrain is one brain re-
gion implicated in sleep recovery after sleep loss,78,79 and it is 
possible that estradiol and progesterone act on the basal fore-
brain and its projections to the cortex to alter homeostatic regu-
lation of slow wave generation.

Methodological Issues and Clinical Implications

We based our assessments of the effects of estradiol and pro-
gesterone treatments on comparisons with oil-treated ovariecto-

bound in NREMS delta power, which was completely abolished 
by co-administration of progesterone. These results are consis-
tent with a recent report that postmenopausal women taking hor-
mone therapy (estradiol + progesterone) had a smaller increase 
in NREMS delta power following one night of sleep depriva-
tion than did women who were not using hormone therapy.11 It is 
unlikely that the reduced NREMS delta power in estradiol- and 
progesterone-treated rats is due to reduced sleep deprivation-in-
duced sleep pressure in these rats for two reasons. First, all rats, 
regardless of hormonal treatment, required the same number of 
interventions to stay awake during sleep deprivation, consistent 
with our previous study.37 Second, the NREMS latency follow-
ing sleep deprivation was actually slightly shorter in hormone-
treated rats, even though the amount of sleep loss during sleep 
deprivation was similar among the groups. The possibility that 
NREMS delta activity was actively inhibited by increased REMS 
amounts in estradiol-treated rats would be consistent with the 
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Figure 6—Time course of normalized NREMS delta power in 2-h intervals across the 24-h baseline period (white circles) and during the 
18-h recovery period (black circles) in the Oil, LE, HE, LP, LEP, and M groups after 6 h of sleep deprivation. EEG power was normalized 
to the 24 h baseline average at 2-h intervals in each animal. Data are shown as means ± SEM (n = 7-8 per group). During the first 2 h after 
sleep deprivation, the Oil group showed more normalized NREMS delta power than the other female groups, and continued to show elevated 
values throughout the first 8 h of recovery, while the increased NREMS delta power persisted only for 4 h in all other groups. A decrease in 
delta power below baseline levels was observed 10-12 h post-deprivation in the LE and HE groups. *Different from corresponding baseline, 
P < 0.05 (Fisher LSD post hoc comparisons). Background shading indicates dark phase.
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replacement on the ability of women to respond to sleep loss 
with compensatory increases in sleep, and to benefit from re-
covery sleep in relation to performance and cognitive function.

Abbreviations
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Table S1—Effectiveness of the Sleep Deprivation Procedure

Variables	 Treatment groups
	 Oil (n)	 LE (n)	 HE (n)	 LP (n)	 LEP (n)	 M (n)
NREMS (min)						    
	 6 h sleep deprivation (ZT7-12)	 3 ± 1 (8)	 2 ± 1 (8)	 5 ± 1 (8)	 4 ± 1 (8)	 4 ± 2 (8)	 4 ± 1 (8)
	 Baseline - sleep deprivation	 −172 ± 5	 −180 ± 7	 −176 ± 7	 −185 ± 8	 −187 ± 4	 −174 ± 9
REMS (min)						    
	 6 h sleep deprivation (ZT7-12)	 0 ± 0 (8)	 0 ± 0 (8)	 0 ± 0 (8)	 0 ± 0 (8)	 0 ± 0 (8)	 0 ± 0 (8)
	 Baseline - sleep deprivation	 −52 ± 4	 −55 ± 3	 −50 ± 3	 −51 ± 3	 −62 ± 3	 −58 ± 4
Number of interventions 						    
	 Sleep deprivation (ZT7-9)	 33 ± 9 (6)	 25 ± 5 (4)	 28 ± 5 (5)	 24 ± 4 (6)	 32 ± 5 (5)	 31 ± 4 (5)
	 Sleep deprivation (ZT10-12)	 105 ± 19	 88 ± 12	 112 ± 33	 97 ± 14	 99 ± 16	 170 ± 26
	 6 h sleep deprivation (ZT7-12)	 139 ± 27	 113 ± 14	 140 ± 36	 121 ± 17	 131 ± 19	 202 ± 27

For NREMS and REMS, the top line shows the mean duration in min of the sleep stage ( ± SEM) during the 6-h sleep deprivation period. The 
second line shows the decrease in the sleep stage relative to baseline at that time of day (baseline-sleep deprivation). The bottom panel shows 
the number of interventions required during sleep deprivation to prevent sleep during the first 3 h (ZT7-9), the second 3 h (ZT10-12), and the 
full 6-h period of deprivation (ZT7-12). ZT = zeitgeber time.


