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as a nonspecific physiological
response to any kind of demand that an organism is
facing (25). Because stress is a state of physiological
activation and arousal, by definition, it inhibits sleep.
Yet, animal studies have shown that on removal of a
stressor this inhibitory effect is rapidly overcome and
stress may actually promote and increase sleep during
subsequent recovery (17, 23). However, a review of the
literature suggests that different stressors may have
different effects on non-rapid eye movement (NREM)
sleep and rapid eye movement (REM) sleep (17, 22, 23).
Clearly, the final effect of a stressful stimulus on sleep
not only depends on the nonspecific arousal common to
all stressors, but also on the specific aspects that are
characteristic for a given stimulus.
The differential effects of specific stressors on sleep
can be illustrated by comparing social defeat stress and
immobilization or restraint stress, two commonly used
stress models in animal research. Both social defeat
and restraint are very potent stressors in terms of
classical nonspecific indicators, such as catecholamines
and corticosterone (13). However, whereas social defeat stress stimulates NREM sleep, it appears that
restraint stress mainly increases REM sleep. In rats,
social defeat was found to increase slow and highamplitude waves in the electroencephalogram (EEG)
during subsequent NREM sleep (17). Because slowwave activity (SWA; spectral power in the 1- to 4-Hz or
delta frequency range) is generally considered as an
indicator of sleep intensity, this finding suggested
more intense sleep after acute social stress. In mice,
social defeat not only increased NREM sleep SWA but
also increased NREM sleep time. REM sleep, on the
other hand, was strongly suppressed, followed by a
rebound that barely made up for the REM sleep that
was lost (18). In contrast, restraint stress in rats was
reported to have only marginal effects on NREM sleep
duration but caused a specific increase in REM sleep
(23), a finding that has been replicated many times
since (e.g., 5, 6, 8, 15). Some of the later studies have
also reported a mild increase in NREM sleep, but
generally that increase was small and most studies did
not control for sleep loss per se. That is, at least part of
the increase in NREM sleep may have been normal
STRESS CAN BE DEFINED

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

0363-6119/01 $5.00 Copyright © 2001 the American Physiological Society

http://www.ajpregu.org

Downloaded from http://ajpregu.physiology.org/ by 10.220.33.5 on May 6, 2017

Meerlo, Peter, Amy Easton, Bernard M. Bergmann,
and Fred W. Turek. Restraint increases prolactin and
REM sleep in C57BL/6J mice but not in BALB/cJ mice.
Am J Physiol Regulatory Integrative Comp Physiol 281:
R846–R854, 2001.—Sleep is generally considered to be a
recovery from prior wakefulness. The architecture of sleep
not only depends on the duration of wakefulness but also
on its quality in terms of specific experiences. In the
present experiment, we studied the effects of restraint
stress on sleep architecture and sleep electroencephalography (EEG) in different strains of mice (C57BL/6J and
BALB/cJ). One objective was to determine if the rapid eye
movement (REM) sleep-promoting effects of restraint
stress previously reported for rats would also occur in
mice. In addition, we examined whether the effects of
restraint stress on sleep are different from effects of social
defeat stress, which was found to have a non-REM (NREM)
sleep-promoting effect. We further measured corticosterone and prolactin levels as possible mediators of restraint
stress-induced changes in sleep. Adult male C57BL/6J and
BALB/cJ mice were subjected to 1 h of restraint stress in
the middle of the light phase. To control for possible effects
of sleep loss per se, the animals were also kept awake for
1 h by gentle handling. Restraint stress resulted in a mild
increase in NREM sleep compared with baseline, but,
overall, this effect was not significantly different from
sleep deprivation by gentle handling. In contrast, restraint
stress caused a significant increase in REM sleep compared with handling in the C57BL/6J mice but not in
BALB/cJ mice. Corticosterone levels were significantly and
similarly elevated after restraint in both strains, but prolactin was increased only in the C57BL/6J mice. In conclusion, this study shows that the restraint stress-induced
increase in REM sleep in mice is strongly strain dependent. The concomitant increases in prolactin and REM
sleep in the C57BL/6J mice, but not in BALB/cJ mice,
suggest prolactin may be involved in the mechanism underlying restraint stress-induced REM sleep. Furthermore, this study confirms that different stressors differentially affect NREM and REM sleep. Whereas restraint
stress promotes REM sleep in C57BL/6J mice, we previously found that in the same strain, social defeat stress
promotes NREM sleep. As such, studying the consequences
of specific stressful stimuli may be an important tool to
unravel both the mechanism and function of different sleep
stages.
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METHODS

The study was performed with male C57BL/6J mice and
male BALB/cJ mice, 3 to 4 mo of age, purchased from Jackson
Laboratory. The animals were individually housed under a
12:12-h light-dark cycle, with lights on from 0600 to 1800.
The ambient temperature was kept constant at 21 ⫾ 1°C, and
food and water were provided ad libitum throughout the
experiments. The mice were allowed at least 3 wk of adaptation before the start of the experiments. In a first group of
mice we studied the effects of restraint stress on sleep, and in
a second group of animals we studied its effects on prolactin
and corticosterone levels.
Restraint stress and gentle handling. The mice were subjected to 1 h of restraint stress during the sixth hour of the
light phase. Restraint stress was achieved by enclosing the
animals in a plastic tube with a diameter of 3 cm. The length
of the tube was adjusted to the size of the animal to ensure
complete immobilization. The tubes had openings at both
ends for tail and nose. In addition to restraint stress, we
included a 1-h sleep-deprivation control procedure to differentiate sleep changes induced by restraint from sleep

changes induced by a period of wakefulness. The sleep-deprivation procedure that we will refer to as “gentle handling”
consisted of keeping the animals awake with as little disturbance as possible by tapping on the cage, gently shaking the
cage, and, if necessary, gently touching the animals.
Sleep recordings. In a first series of mice, we measured the
effects of gentle handling and restraint stress on sleep architecture and sleep EEG (n ⫽ 8 for each strain). Permanent
electrodes to record cortical EEG and neck muscle electromyogram (EMG) were implanted under metofane anesthesia.
Two screws through the skull (1 mm diameter) served as
EEG electrodes. One screw was placed above the right hemisphere, ⬃2 mm from the midline and 1 mm anterior of
bregma. The other screw was placed on the left hemisphere,
⬃3 mm from the midline and 1 mm anterior of lambda. Two
insulated stainless steel wires served as EMG electrodes and
were inserted under the neck muscles. The EEG and EMG
electrodes were attached to a connector that was cemented on
the skull with dental acrylic. The animals were allowed at
least 2 wk of recovery from surgery. After recovery, the
animals were hooked up to the recording equipment via a
cable and swivel that allowed free movement throughout the
cage. After at least 3 days of habituation to the recording
tether, EEG and EMG signals were recorded and fed into an
amplifier (Grass model 12; Grass Instrument Division, Astromed, West Warwick, RI). The EEG signal was amplified
10,000 times, high-pass filtered at 1 Hz (⫺6 dB, 6 dB/octave),
and low-pass filtered at 30 Hz (⫺6 dB, 6 dB/octave). The
EMG signal was amplified 5,000 times, high-pass filtered at
3 Hz, and low-pass filtered at 100 Hz. The signals were then
converted to digital format and stored at 102.4-Hz resolution.
The signals were collected and stored on an IBM-compatible
computer system with specialized software for acquiring and
processing sleep data in rodents (Multisleep; Actimetrics,
Evanston, IL). EEG and EMG were measured for 2 consecutive days, a baseline day and an experiment day, starting at
lights-on. On the second day, the animals were subjected to
gentle handling or restraint stress during the sixth hour of
the light phase. The remaining 18 h of the experiment day
were considered the recovery period (the second half of the
light phase and the following dark phase). The mice were
subjected to the gentle handling and restraint stress procedures in random order, with at least 1 wk in between. A new
baseline recording preceded each procedure.
Analysis EEG/EMG data. By visual inspection of the EEG
and EMG signals, 10-s epochs were classified as wakefulness,
NREM sleep, or REM sleep (18). The EEG signal was subjected to spectral analysis by fast Fourier transformation,
and for all NREM sleep epochs the EEG power in the deltaor slow-wave range (1–4 Hz) was calculated. To correct for
interindividual differences in strength of the EEG signal, the
delta power values were normalized by expressing them
relative to each animal’s baseline. The average NREM sleep
delta power per time block was expressed as percentage of
the average 24-h baseline NREM sleep delta power and is
referred to here and in the figures as SWA. The accumulated
NREM sleep delta power per time block was expressed as
percentage of the total 24-h baseline NREM sleep delta
power and is referred to as cumulative slow-wave energy
(SWE). The cumulative SWE was calculated to take into
account the actual time the animals were asleep, because
restraint not only kept the animals awake during the 1-h
experiment but also changed sleep time afterward. Therefore, the average SWA per time block during recovery not
only depended on the experimental manipulation but also on
the sleep-wakefulness ratio afterward. By calculating the
SWE the mice accumulated during the recovery period it was
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recovery from sleep deprivation rather than a specific
response to restraint stress. However, a caveat in the
present state of knowledge is that most studies on
restraint stress did not apply EEG spectral analysis
and, therefore, the effects on NREM sleep SWA are
uncertain. One study suggested an increase in SWA
after restraint, but it is not clear how much of the SWA
increase was due to sleep loss per se rather than to
stress, because a sleep-deprivation control was not
included (8). Thus the available data concerning the
effects of restraint stress on NREM sleep are inconclusive.
In the present study we examined the effects of
restraint stress in two strains of mice, including the
strain that was recently used for our study on social
defeat stress (18). The aim of this experiment was,
first, to confirm the REM sleep-promoting effect of
restraint stress and to establish whether it is a general
phenomenon that also occurs in mice. Second, we examined whether or not restraint indeed differs from
social defeat stress, which was found to increase
NREM sleep time and NREM sleep SWA. Third, we
compared the effects of restraint stress in two different
strains of mice, C57BL/6J and BALB/cJ, to investigate
how important genetic background is in terms of sensitivity to stress-induced alterations in sleep. There is
some evidence that BALB/c mice are more sensitive to
certain stressors than C57BL mice, at least in terms of
corticosterone response (26). Fourth, we measured prolactin and corticosterone levels as potential mediators
of restraint stress-induced changes in sleep and differences between the two strains herein. Plasma levels of
both hormones strongly increase in response to restraint stress (12, 14), and both hormones are known to
affect sleep (9, 24). In particular, the relationship between restraint stress and prolactin is of interest, because elevated prolactin has been associated with an
increase in REM sleep (4, 24). Glucocorticoids, on the
other hand, have been found to stimulate NREM sleep
but suppress REM sleep (9).
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RESULTS

NREM sleep. Whereas gentle handling did not have
any major effects on the amount of NREM sleep, restraint stress caused an initial reduction for ⬃1 h
afterward followed by an increase during the first half
of the dark phase (Fig. 1). When consecutive 6-h blocks
during recovery from restraint and handling and the
corresponding 6-h blocks during baseline were compared for the amount of NREM sleep, repeated-mea-

sures ANOVA revealed a significant treatment effect
and a significant treatment ⫻ 6-h block interaction for
both strains (C57BL/6J: F2,21 ⫽ 3.47, P ⫽ 0.050 and
F4,42 ⫽ 5.41, P ⫽ 0.001; BALB/cJ: F2,21 ⫽ 6.42, P ⫽
0.007 and F4,42 ⫽ 5.73, P ⫽ 0.001; Fig. 2). The shortlasting reduction in NREM sleep after restraint stress
significantly lowered the total amount of NREM sleep
in the remainder of the light phase only in the C57BL
mice but not in the BALB mice (Fig. 2, first 6-h block).
In both strains, the amount of NREM sleep during the
first half of the dark phase after restraint stress was
significantly higher compared with baseline and handling (Fig. 2, second 6-h block). This may represent, in
part, a compensation for the NREM sleep that was lost
immediately after restraint stress. Comparing the two
strains for the specific effects of restraint stress on
NREM sleep time during the three consecutive 6-h
blocks of recovery revealed a significant strain ⫻ 6-h
block interaction (F2,28 ⫽ 3.73, P ⫽ 0.037). However,
when tested separately, none of the three 6-h blocks
significantly differed between the strains.
The total amount of NREM sleep during the entire
18-h recovery period was significantly affected by the
treatment in both the C57BL/6J mice (F2,21 ⫽ 3.47, P ⫽
0.050) and the BALB/cJ mice (F2,21 ⫽ 6.42, P ⫽ 0.007).
In both strains, the total amount of NREM sleep after
restraint stress was significantly higher compared
with baseline but not significantly higher than the
amount of NREM sleep after handling (Fig. 3). The
total amount of NREM sleep during the 18-h recovery
period after restraint stress, expressed as deviation
from the NREM sleep time after gentle handling, was
not different between the strains (Fig. 3). Thus, although the C57BL/6J mice and BALB/cJ mice slightly
differed in the temporal pattern of NREM sleep during
recovery, the total changes relative to the posthandling
values were similar in both strains.
NREM sleep SWA. The NREM sleep that was lost
due to the experimental manipulation led to a temporary increase in NREM sleep SWA after the manipulations, which gradually disappeared in the course of
the remainder of the light phase (Fig. 1). For NREM
sleep SWA in 6-h blocks during recovery from restraint, recovery from handling, and during baseline,
there was a significant treatment ⫻ 6-h block interaction for both the C57BL/6J mice and the BALB/cJ mice
(F4,42 ⫽ 3.94, P ⫽ 0.008 and F4,42 ⫽ 3.50, P ⫽ 0.015,
respectively; Fig. 2). SWA during the remaining 6 h of
the light phase was significantly elevated after both
restraint and handling compared with baseline in the
C57BL/6J mice and after restraint compared with
baseline and handling in the BALB/cJ mice (Fig. 2,
first 6-h block). In the BALB/cJ mice, NREM sleep
SWA dropped below baseline levels during the second
half of the dark phase after restraint (Fig. 2, third 6-h
block). However, the two strains did not significantly
differ in the specific effects of restraint stress relative
to handling. Thus, although the within-strain comparison indicated slight differences in the 6-h pattern of
SWA, there were no significant differences between the
C57BL/6J and BALB/cJ mice for the specific effects of
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possible to establish whether an increase in SWA after restraint was due to increased additional wakefulness (i.e., the
quantity of wakefulness) or due to an additional effect independent of the time awake (i.e., the quality of wakefulness).
For presentation and statistical analysis of the data,
NREM and REM sleep time, NREM sleep SWA, and cumulative NREM sleep SWE were calculated for 1-h blocks, for
6-h blocks, and for the total 18-h recovery period. The 1-h
blocks were used for detailed illustration of the sleep patterns and the acute effects of the experimental manipulations. The 6- and 18-h values were less variable, gave a
clearer indication of the overall effects, and were used for
statistical analysis. The two strains of mice differed in their
sleep architecture under baseline conditions and after sleep
deprivation by gentle handling. Therefore, to be able to make
a strain comparison for the specific effects of restraint stress
on the various sleep parameters, we calculated and compared
the deviations from the posthandling values.
Prolactin and corticosterone levels. In a second experiment,
we measured the effects of restraint stress and gentle handling on plasma prolactin and corticosterone levels. Both
hormones increase in response to restraint stress and are
also known to affect sleep. We therefore considered prolactin
and corticosterone as potential candidates to explain the
effects of our experimental procedures on sleep. Male
C57BL/6J and BALB/cJ mice were subjected to handling and
restraint as described above (n ⫽ 10 for each manipulation).
After 1 h of handling or restraint stress, the animals were
rapidly decapitated and trunk blood was collected in chilled
centrifuge tubes (0°C) containing EDTA. The blood was centrifuged at 4°C for 15 min at 2,600 g, and the supernatant
was stored at ⫺80°C for later analysis. Prolactin and corticosterone concentrations were determined by RIA. The prolactin was NHPP mouse prolactin RIA provided by Dr. A. F.
Parlow (Torrance, CA); detection limit was 1.0 ng/ml; intraassay coefficient of variation was 15.5%. The corticosterone
was from double antibody 125I RIA kit, ICN Biomedicals
(Costa Mesa, CA); detection limit was 0.2 g/100 ml; intraassay coefficient of variation for low pool was 11.9% and for
high pool was 6.5%.
Statistics. Statistical analysis of the prolactin and corticosterone data was performed with two-way ANOVA with
factors “strain” (C57BL/6J and BALB/cJ) and “treatment”
(handling and restraint). For the sleep data, ANOVA with
factor treatment was applied for each of the two strains
separately to determine the effects of restraint stress and
gentle handling relative to baseline. To determine if the two
strains differed in restraint stress-specific changes in sleep
(i.e., postrestraint values of the various sleep parameters
expressed as deviation from the posthandling values), we
applied an ANOVA with factor strain. For all the sleep data
per 6-h block, ANOVA included a repeated-measures factor.
When the overall ANOVA revealed a significant effect of
treatment or strain, the different groups and consecutive 6-h
blocks were analyzed separately with t-tests to determine at
which blocks the differences occurred.
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restraint expressed as deviation from the handling
effects. When the 18-h recovery period was taken as a
whole, there was no significant overall effect of handling or restraint stress on the average SWA in either
of the two strains (Fig. 3).
Cumulative NREM sleep SWE. The relative differences in the temporal pattern of NREM sleep SWA
between treatments and strains may have been partly
due to the fact that restraint stress not only kept the
animals awake during the experimental hour but also
changed the amount of sleep afterward. In other words,
the SWA not only depended on the manipulation itself
but also on the sleep-wake ratio afterward. Therefore,
in addition to average SWA values for each time block,
we calculated the accumulated NREM sleep SWE. In
C57BL/6J mice, comparing the cumulative NREM
sleep SWE for three 6-h blocks during recovery from

restraint, recovery from handling, and during baseline,
there was a significant effect of treatment (F2,21 ⫽ 6.01,
P ⫽ 0.009). In the BALB/cJ mice, there was a significant effect of treatment (F2,21 ⫽ 5.73, P ⫽ 0.010) and a
significant treatment ⫻ 6-h block interaction (F4,42 ⫽
6.51, P ⫽ 0.000; Fig. 2). There were small differences
between the treatments, the main effect being an increase in accumulated NREM sleep SWE during the
first half of the dark phase after restraint stress in the
BALB/cJ mice, followed by a decrease in the second
half of the dark phase (Fig. 2, second and third 6-h
block). When the two strains were compared for the
specific effects of restraint stress relative to handling,
there was a significant treatment ⫻ 6-h block interaction (F2,28 ⫽ 6.51, P ⫽ 0.005), but when the 6-h blocks
were tested separately, there were no significant differences between the strains.
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Fig. 1. Non-rapid eye movement (NREM) sleep slow-wave activity (SWA; % 24-h baseline), NREM sleep time (%),
and REM sleep time (%) in C57BL/6J mice (A) and BALB/cJ mice (B) subjected to 1 h of gentle handling or 1 h
restraint stress during the 6th h of the light phase. Arrows, time of the experimental manipulation. Light/dark
cycle is indicated below the graphs.
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der baseline conditions. However, the accumulated
SWE after restraint did not differ from the total SWE
after gentle handling, suggesting that the increase in
SWE was mainly a compensation for the sleep loss per
se, rather than a specific effect of restraint (Fig. 3).
Also, there was no difference between the two strains
for the total 18 h changes in accumulated NREM sleep
SWE after restraint stress relative to handling (Fig. 3).
Thus, although there were slight differences in the
temporal pattern, the total amount of accumulated
NREM sleep SWE during the 18-h recovery after restraint stress was not different between the strains.

For the total accumulated NREM sleep SWE during
the entire 18-h recovery period, there was a significant
treatment effect in both the C7BL/6J mice (F2,21 ⫽
5.97, P ⫽ 0.009) and the BALB/cJ mice (F2,21 ⫽ 5.78,
P ⫽ 0.010). In both strains, the accumulated NREM
sleep SWE after restraint stress was higher than un-
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Fig. 2. Cumulative NREM sleep slow-wave energy (SWE; % total
24-h baseline), NREM sleep SWA (% average 24-h baseline), NREM
sleep time (%), REM sleep time (%), and REM sleep time relative to
total sleep time (%) in 6-h blocks for baseline (E), gentle handling
(shaded circles), and restraint stress (F) in C57BL/6J mice (A) and
BALB/cJ mice (B). The first 6-h block is the second half of the light
phase (hours 7–12 in Fig. 1); the second 6-h block is the first half of
the dark phase (hours 13–18 in Fig. 1); and the third 6-h block is the
second half of the dark phase (hours 19–24 in Fig. 1). Data are
expressed as averages (⫾SE) and were subjected to ANOVA (see
RESULTS). Only when ANOVA revealed a significant effect of treatment were the successive 6-h blocks compared separately with
t-tests. Significant differences: *handling relative to baseline; B,
restraint relative to baseline; H, restraint relative to handling
(2-tailed t-test, P ⬍ 0.05).

Fig. 3. Cumulative NREM sleep SWE (%total 24-h baseline), NREM
sleep SWA (%average 24-h baseline), NREM sleep time (%), REM
sleep time (%), and REM sleep time relative to total sleep time (%) for
the entire 18-h recovery period after gentle handling and restraint
stress. Open bars, baseline; shaded bars, handling; solid bars, restraint. A, absolute values; B, values after restraint stress as deviation from the values after gentle handling. Data are expressed as
averages (⫾SE) and were subjected to ANOVA (see RESULTS). When
ANOVA revealed a significant effect, the different treatments and
strains were compared separately with t-tests. Significant differences between treatments within strains (A): B, relative to baseline;
H, relative to handling. Significant differences between strains in
restraint stress-specific effects (B): X (2-tailed t-test, P ⬍ 0.05).

AJP-Regulatory Integrative Comp Physiol • VOL

281 • SEPTEMBER 2001 •

www.ajpregu.org

RESTRAINT STRESS, PROLACTIN, AND REM SLEEP IN MICE

pressed as deviation from the posthandling values,
significantly differed between the strains (F1,14 ⫽ 7.43,
P ⫽ 0.016), with the C57BL/6J mice having a stronger
increase of REM/TS than BALB/cJ mice.
REM/TS for the entire 18-h recovery period was as
significantly affected by the treatment in the C57BL/6J
mice (F2,21 ⫽ 4.84, P ⫽ 0.019) but not in the BALB/cJ
mice. In the C57BL/6J mice, REM/TS was significantly
higher after restraint stress than after handling or
under baseline conditions (Fig. 3). Also, REM/TS after
restraint stress expressed as deviation from the posthandling values significantly differed between the two
strains (F1,14 ⫽ 5.16, P ⫽ 0.039). Together, the results
indicate that restraint stress caused a specific increase
in REM sleep in C57BL/6J mice but not in the BALB/cJ
mice.
Prolactin and corticosterone. For prolactin levels,
two-way ANOVA revealed a significant effect of strain
(F1,36 ⫽ 91.96, P ⬍ 0.001), a significant effect of treatment (F1,36 ⫽ 121.61, P ⬍ 0.001), and a significant
strain ⫻ treatment interaction (F1,36 ⫽ 113.43, P ⬍
0.001). Prolactin levels after gentle handling were low
and did not differ between the two strains. After restraint stress, prolactin levels in the C57BL/6J mice
were elevated more than 10-fold compared with handling. Surprisingly, however, prolactin levels after restraint stress in BALB/cJ mice were still low and not
distinguishable from levels after handling (Fig. 4). Corticosterone levels, on the other hand, were only affected by the treatment (F1,36 ⫽ 155.70, P ⬍ 0.001).

Fig. 4. Prolactin and corticosterone levels in male C57BL/6J (A) and
BALB/cJ (B) mice after 1 h of gentle handling and 1 h restraint
stress. Data are expressed as averages (⫾SE) and were subjected to
ANOVA (see RESULTS). When ANOVA revealed a significant effect of
treatment or strain, pairwise comparisons were performed with
t-tests. Significant differences: H, restraint vs. handling; X, C57BL
vs. BALB (2-tailed t-test, P ⬍ 0.05).
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REM sleep. Whereas gentle handling did not have
major effects on the amount of REM sleep, except
maybe for a slight initial suppression in the BALB/cJ
mice, restraint stress caused a reduction in REM sleep
for 2–3 h in both strains. The initial decrease was
followed by an increase during the dark phase, which
seemed to persist longer in the C57BL/6J mice (Fig. 1).
Comparing the three consecutive 6-h blocks during
recovery from restraint and handling and the corresponding 6-h blocks during baseline for the amount of
REM sleep revealed a significant treatment effect
(F2,21 ⫽ 8.18, P ⫽ 0.002) and a significant treatment ⫻
6-h block interaction (F4,42 ⫽ 5.64, P ⫽ 0.001) for the
C57BL/6J mice but only a significant treatment ⫻ 6-h
block interaction (F4,42 ⫽ 6.06, P ⫽ 0.001) for the
BALB/cJ mice (Fig. 2). The initial short-lasting suppression of REM sleep did not significantly lower the
overall amount of REM sleep during the remainder of
the light phase (Fig. 2, first 6-h block). In the C57BL/6J
mice, REM sleep was increased throughout the dark
phase after restraint stress compared with handling
and under baseline conditions (Fig. 2, second and third
6-h block). In the BALB/cJ mice, REM sleep after
restraint was only elevated during the first half of the
dark phase (Fig. 2, second 6-h block). The differences
between the two strains in the amount of REM sleep
during the three consecutive 6-h blocks of recovery
after restraint stress, expressed as deviation from the
posthandling values, did not reach statistical significance.
The total amount of REM sleep during the entire
18-h recovery period was significantly affected by the
treatment in the C57BL mice (F2,21 ⫽ 8.17, P ⫽ 0.002)
but not in the BALB mice (Fig. 3). In the C57BL/6J
mice, the total amount of REM sleep after restraint
was significantly higher than after handling or under
baseline conditions. However, for the total amount of
REM sleep after restraint stress expressed as deviation
from the posthandling values, the difference between
the two strains did not reach statistical significance
(Fig. 3).
REM sleep/total sleep. Because under normal conditions REM sleep is preceded by NREM sleep, changes
in REM sleep may in part be secondary to changes in
NREM sleep. Therefore, to determine whether changes
in REM sleep were specific or occurred in parallel to
changes in NREM sleep, we expressed REM sleep time
as percentage of total sleep time (REM/TS). For
REM/TS there was a significant treatment effect
(F2,21 ⫽ 11.21, P ⫽ 0.000) and a significant treatment ⫻ 6-h block interaction (F4,42 ⫽ 4.30, P ⫽ 0.005)
in the C57BL/6J mice and a significant treatment ⫻
6-h block interaction (F4,42 ⫽ 2.88, P ⫽ 0.034) for the
BALB/cJ mice (Fig. 2). In the C57BL mice, REM/TS
after restraint was significantly higher throughout the
dark period, not only compared with baseline values,
but also compared with posthandling values (Fig. 2,
second and third 6-h block). In the BALB/c mice, however, REM/TS after restraint stress and handling were
not different. The specific effects of restraint stress on
REM/TS during the three consecutive 6-h blocks, ex-
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The data show that corticosterone levels were low after
sleep deprivation by gentle handling and strongly elevated after restraint stress. In contrast to prolactin
levels, there was no major difference in corticosterone
levels between the two strains (Fig. 4).
DISCUSSION
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The most striking result of this study was the effect
of restraint stress on subsequent REM sleep and the
differences between the two strains in this effect. For
2–3 h after restraint, REM sleep was suppressed,
partly parallel with the decrease in NREM sleep. After
this initial period of suppression, REM sleep increased
beyond baseline levels. This increase was much more
pronounced in the C57BL mice than it was in the
BALB mice. In the C57BL mice, the REM sleep increase during the dark phase was much larger than the
initial loss of REM sleep that occurred during and
shortly after the stress. Also, the increase in REM
sleep was disproportionally large even when the
changes in NREM sleep were taken into account. In
other words, the percentage of REM sleep was increased even when it was expressed relative to total
sleep time. Importantly, there was no increase in REM
sleep after sleep deprivation by gentle handling. Thus,
in the C57BL mice, restraint stress caused a selective
increase in REM sleep, which cannot be ascribed to any
acute REM sleep loss or change in NREM sleep. In
contrast, in the BALB mice the increase in REM sleep
during the first half of the dark phase after restraint
stress can be explained partly as a compensation for
the initial loss of REM sleep and partly as a nonselective increase parallel to the increase in NREM sleep. In
this strain, the overall amount of REM sleep during the
entire recovery period was not significantly different
from baseline or gentle handling. Especially when
changes in the amount of NREM sleep are taken into
account (i.e., REM sleep expressed as percentage of
total sleep), the amount of REM sleep in BALB/cJ mice
was similar under all conditions.
The effects of restraint stress on NREM sleep were
less pronounced than the effects on REM sleep. Overall, the mice had significantly more NREM sleep during the 18-h recovery period after restraint stress than
they had under baseline conditions. Also, compared
with the handling treatment the mice had somewhat
more NREM sleep after restraint stress, but this difference did not reach statistical significance. In other
words, the overall increase in NREM sleep time after
restraint stress was not clearly different from the normal compensatory increase after sleep deprivation by
handling.
After restraint stress, NREM sleep SWA was significantly increased above baseline for several hours. In
the C57BL mice, this elevation was not clearly different from the increase in SWA after gentle handling.
Thus, although there was a clear difference in the
quality of wakefulness, the increase in NREM sleep
SWA mainly seemed to depend on the duration of
wakefulness. In the BALB mice, the initial elevation in

SWA was higher after restraint than it was after handling. However, the total amount of NREM sleep SWE
that was accumulated was not different after handling
and restraint stress, neither during the first 6 h after
the experimental manipulation when SWA was elevated nor during the total 18-h recovery period. In
other words, the difference in SWA was attributable to
the additional wakefulness early during the recovery
period after the restraint stress. Overall, there was a
small increase in the accumulated NREM sleep SWE
after both handling and restraint stress, presumably to
compensate for the sleep that was lost during the
experimental manipulation. Together, taking into account both NREM sleep time and NREM sleep SWA,
the data do not provide convincing evidence for a specific NREM sleep-promoting effect of restraint stress
beyond what occurs after sleep deprivation by gentle
handling.
The present results obtained in mice are in line with
reports on restraint stress-induced increases in REM
sleep in rats (15, 23), except that in mice we found the
typical and specific REM sleep increase in only one of
the two strains tested. Also, in contrast to recent reports on the effects of social defeat stress (17, 18),
restraint stress appears to have little or no stimulating
effect on NREM sleep. On the other hand, in both rats
and mice, the increase in REM sleep that occurs after
restraint stress has not been found after social defeat.
Thus, whereas restraint or immobilization appears to
have a specific REM sleep-promoting effect, a social
conflict appears to have a pronounced NREM sleeppromoting effect. Therefore, the changes in sleep in
these commonly used stress models are not due to some
sort of nonspecific stress response but, rather, are due
to certain specific aspects of these stressors. In this
respect, one cannot speak in general terms about the
effects of stress on sleep but should refer to the effects
of specific stimuli.
Plasma prolactin levels may provide an important
lead to the mechanism of the specific increase in REM
sleep after restraint stress. The differential effect of
restraint stress on REM sleep in C57BL/6J and
BALB/cJ mice was paralleled by the changes in prolactin in these strains. In the C57BL mice, prolactin levels
after restraint stress were ⬎10-fold higher than after
gentle handling. In the BALB mice, on the other hand,
prolactin levels after restraint stress were low and
similar to those after gentle handling. Interestingly,
both the high prolactin response in the C57BL mice
(⬃230 ng/ml) and the low response in the BALB/c
strain (⬃35 ng/ml) may be specific for restraint stress.
When we recently measured prolactin levels after a
number of other arousing stimuli (social defeat stress
and sexual interaction with a female), both strains had
similar elevations ranging from 70 to 100 ng/ml (Ref.
18 and unpublished data). This suggests that, compared with other activating stimuli, the C57BL/6J mice
have an extraordinary high prolactin response to restraint, whereas the BALB/cJ mice have a very low
response. It is noteworthy that the corticosterone responses to restraint stress and the other stimuli were
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all be partly responsible for it. Further studies to
unravel the exact mechanism will face the following
intriguing questions. First, why is there only a restraint stress-specific increase in REM sleep in
C57BL/6J mice and not in the BALB/cJ strain? Second,
why is there an increase in REM sleep after restraint
stress but not after other stressors such as social defeat? Because the stress-induced prolactin levels parallel the changes in REM recovery sleep, both in the
comparison between strains of mice and the comparison between stressors, it provides an important lead
for further studies.
In conclusion, the present data confirm that sleep
architecture not only depends on the duration of wakefulness but also on its quality. In rats and mice, sleep
is strongly affected by experiences that are commonly
classified as “stress.” However, it is clear that different
stressors have different effects on sleep. Whereas restraint stress has a specific REM sleep-promoting effect, social defeat stress, for instance, has a prominent
NREM sleep-promoting effect. As such, studying the
different effects of specific stressful stimuli on sleep
may be a useful approach to unravel the regulatory
mechanisms and functions of specific sleep stages.
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