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Sleep is homeostatically regulated in all animal species that have
been carefully studied so far. The best characterizedmarker of sleep
homeostasis is slow wave activity (SWA), the EEG power between
0.5 and 4 Hz during nonrapid eye movement (NREM) sleep. SWA
reflects the accumulation of sleep pressure as a function of duration
and/or intensity of prior wake: it increases after spontaneouswake
and short-term (3–24 h) sleep deprivation and decreases during
sleep. However, recent evidence suggests that during chronic sleep
restriction (SR) sleep may be regulated by both allostatic and ho-
meostatic mechanisms. Here, we performed continuous, almost
completely artifact-free EEG recordings from frontal, parietal, and
occipital cortex in freely moving rats (n = 11) during and after 5 d of
SR. During SR, rats were allowed to sleep during the first 4 h of the
light period (4S+) but not during the following 20 h (20S−). During
the daily 20S− most sleep was prevented, whereas the number of
short (<20 s) sleep attempts increased. Low-frequency EEG power
(1–6 Hz) in both sleep and wake also increased during 20S−, most
notably in the occipital cortex. In all animals NREM SWA increased
above baseline levels during the 4S+ periods and in post-SR recov-
ery. The SWA increase was more pronounced in frontal cortex, and
its magnitude was determined by the efficiency of SR. Analysis of
cumulative slow wave energy demonstrated that the loss of SWA
during SRwas compensated by the end of the second recovery day.
Thus, the homeostatic regulation of sleep is preserved under con-
ditions of chronic SR.
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Sleep is homeostatically regulated in all mammalian and non-
mammalian species that have been carefully studied so far: in

general, the longer an animal stays awake, the longer and/or deeper
it sleeps (1–4). The best characterized marker of sleep pressure in
mammals and birds is slow wave activity (SWA), defined as the
electroencephalogram (EEG) power between 0.5 and 4 Hz during
nonrapid eye movement (NREM) sleep. SWA peaks at sleep onset
and decreases with time spent asleep (3). Staying awake from ∼3
to ∼24 h results in progressively higher SWA levels at sleep onset,
and naps during the day reduce SWA the following night (3). Slow
waves reflect the synchronous firing of large groups of cortical
neurons coordinated by an underlying slow oscillation, the funda-
mental cellular phenomenon of NREM sleep (5). Increasing evi-
dence suggests that slow waves can mediate some of sleep’s
beneficial effects, from the prevention of cognitive impairment to
memory consolidation (6–9). Thus, SWAmay be more than just an
epiphenomenonofNREMsleepandmaybe related to its functions.
Numerous studies have shown that SWA increases after peri-

ods of spontaneous wake or following a few hours of sleep dep-
rivation (10–12). However, fewer experiments have measured
SWA after >1 d of sleep deprivation or after several days of
sleep restriction (SR), during which sleep is only allowed for
a few hours every day (13–18). One study found that SWA did not
increase above baseline level after 4 d of total sleep deprivation
(16), and 5 d of SR resulted in a progressively smaller SWA in-
crease in one case (15) and in no change except after the first day
of SR in another (14). These results have raised doubt about the
ability of SWA to reflect chronic sleep need and, more generally,

have suggested that under conditions of chronic SR sleep may
be regulated by both allostatic and homeostatic mechanisms (14).
Experiments to chronically enforce wake are inherently diffi-

cult, because sleep pressure increases rapidly and some sleep
cannot be avoided, irrespective of stimulation. Even during ex-
periments of short-term (<24 h) sleep deprivation some portion
of baseline sleep (usually 5–10%) is always maintained (see refs.
in ref. 4), and during several days of “total” sleep deprivation rats
still sleep at least 10% of the time, due to “microsleep” episodes
(19). Perhaps more importantly, spectral EEG analysis reveals
that even during acute sleep deprivation slower activity, in-
cluding SWA (0.5–4 Hz) or low theta (5–7Hz) activity, leaks into
periods during which the subject may be moving around with
eyes open, and which are conventionally scored as wake (e.g.,
rats) (20, 21). Of note, when wake is prolonged beyond its
physiological duration cortical neuronal activity changes (22),
and brain metabolism tends to decrease, rather than increase
(23, 24), suggesting that the brain may switch into a sleep-like
mode. Unfortunately in previous studies that measured SWA
after chronic sleep deprivation or SR (13–18) either the wake
EEG could not be recorded continuously or a detailed analysis
could not be performed, due to the presence of EEG artifacts.
Chronic sleep loss is increasingly frequent in our society and has

detrimental effects on both cognitive function (25) and general
health (26, 27). Thus, the issue of whether sleep remains home-
ostatically regulated under chronic SR is important not only for
the study of sleep regulation per se, but also to understand its
negative consequences. Here we performed continuous, almost
completely artifact-free EEG recordings from frontal, parietal,
and occipital cortex in freely moving rats during and after 5 d of
SR, in which sleep was allowed for only 4 h/d starting at light
onset. To achieve the highest possible efficiency of SR, the au-
tomated method of sleep deprivation (disk over water) was sup-
plemented by continuous (24 h/d × 5 d) visual observation by the
experimenter. We found that in all animals SWA showed a sig-
nificant homeostatic increase on each day of SR and for at least 2
recovery d after SR. The SWA increase was more pronounced in
the frontal regions, consistent with previous studies of acute sleep
deprivation (12, 28, 29), and its magnitude was strongly de-
termined by the efficiency of SR. Moreover, analysis of cumula-
tive slow wave energy (SWE = SWA × time) demonstrated that
the loss of SWA during SR was compensated by the end of the
second recovery day after SR. Thus, in rats, sleep homeostasis and
SWA regulation appear intact under chronic SR conditions.

Results
SR Decreases Sleep Latency and Increases Sleep Consolidation. We
first tested whether during baseline all major sleep parameters,
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including the daily profile of SWA, did not differ in rats housed
on the disk-over-water as compared with rats recorded in their
home cages and found that this was the case (SI Materials and
Methods and Fig. S1). Each of the 5 d of SR included 20 h of
total sleep deprivation (20S−) followed by 4 h of sleep oppor-
tunity starting at light onset (4S+; Fig. S2A). During 20S− the
disk-over-water method, supplemented by continuous visual ob-
servation by the experimenter (Materials and Methods), was ef-
fective in preventing most, although not all, sleep in all rats (Fig.
1A). Specifically, there were almost no consolidated sleep bouts
during 20S−, and >90% of all sleep attempts lasted <20 s (mean
duration: 10.3 ± 0.1 s). NREM sleep was reduced by ∼80%
relative to baseline values during the same 20-h period (from
6.2 ± 0.3 to 1.1 ± 0.2 h; from 8.2 ± 0.3 to 3.2 ± 0.2 h in 24 h; Fig.
S2A). In other words, only ∼5% of time during 20S− was spent
asleep (Fig. 1B), resulting in a cumulative loss of ∼25 h of sleep
across the 5 SR d). REM sleep was almost completely eliminated
(<0.5% of baseline, see below).
Total sleep time during 20S− was higher during the last 2 d of

SR relative to the first 3 d, suggesting increased sleep pressure
(Fig. 1B). Changes in sleep architecture during 4S+ were also
indicative of increased sleep propensity (Fig. 1C). Specifically,
whereas the amount of NREM sleep did not change markedly,
the latency to the first NREM sleep episode decreased from ∼25
min to <10 min on all SR days (Fig. 1D). Moreover, sleep be-
came more consolidated, as indicated by a ∼30% increase in the
duration of NREM sleep episodes and by a ∼50% decrease in
the number of brief awakenings (Fig. 1D). Thus, when allowed to
sleep during 4S+, rats did so in a more consolidated way.

SR Increases NREM SWA and Does So Mostly in the Frontal Cortex.
Acute sleep deprivation is followed not only by shorter sleep
latency, longer sleep episodes, and fewer brief awakenings, but

also by increased NREM SWA. Thus, we asked whether SR also
increases sleep pressure as measured by SWA. Indeed, on most
SR days NREM SWA during 4S+ was significantly above base-
line levels (by ∼20%) in frontal and parietal cortex (Fig. 2 A and
B). SWA in occipital cortex, by contrast, showed a minor in-
crease only on the first day of SR. Changes in sleep EEG power
were largely restricted to SWA in the frontal and parietal deriva-
tion, whereas in the occipital area, where changes in SWA were
minor, higher frequencies (13–18 Hz) were also enhanced (Fig. 2B).
We next measured SWA changes within each NREM episode,

because the intraepisode buildup of SWA is another sensitive
measure of sleep pressure, becoming faster after short-term sleep
deprivation in rats, mice, and humans (28, 30, 31). On all 5 SR d,
the buildup of SWA during 4S+ was faster, suggesting a more
rapid transition to the deep stages of sleep. This was the case also
in the occipital cortex, despite less pronounced changes in mean
SWA (Fig. 2C). Moreover, again consistent with a homeostatic
process and in line with previous studies of total sleep depriva-
tion (20), SWA was highest at the beginning of each 4S+ period
and its decline was faster than during baseline (Fig. S3).
We also tested other sensitive markers of sleep pressure re-

lated to SWA, namely the amplitude and slope of slow waves,
because they are known to increase at the beginning of the sleep
period or after acute sleep deprivation (32–34). We found that
during 4S+ both markers were higher than in baseline on all SR
days and in all three cortical areas, again indicating higher sleep
pressure during SR (Fig. S4 A and B). As for SWA, the differ-
ences were more pronounced in the anterior derivations.
Because we observed regional differences in the response to

SR, we analyzed the origin and propagation of slow waves. As
expected, we found that during baseline most (>30%) slow waves
originated in the frontal cortex, whereas fewer started in more
posterior areas (Fig. S4C). Interestingly, on the first day of SR
the number of slow waves with frontal origin increased, while
slow waves with parietal and occipital origin became less fre-
quent, a trend then maintained across the entire duration of SR
(Fig. S4D). Thus, SR increases NREM SWA and slow waves and
does so more in the frontal regions.

SR Slows the Wake EEG Mostly in the Occipital Cortex. In rodents,
sustained wake also affects the wake EEG, with increases in the
low-frequency range that spans SWA and low theta (5–7 Hz)
activity (20, 21, 29). Such changes may reflect the buildup of sleep
pressure during wake andmay even partially compensate for sleep
need. Thus, we next investigated how SR affects the wake EEG.
During 20S−we frequently observed that the high theta (7–9Hz)

activity typical of baseline wake (21) was reduced in the frontal and
parietal cortex, consistent with our behavioral observation that rats
on the disk do not often engage in active exploratory behavior (see
below). On the other hand, EEG power in the SWA range in-
creased mostly in the occipital derivation (Fig. 3). Thus, changes in
the wake EEG during 20S− seemed somehow complementary to
those in NREM SWA during 4S+, which were largest in the frontal
derivation (Fig. 2B), andmean (averaged across all rats) wake SWA
for each SR day was negatively correlated with mean NREM SWA
(r = −0.81, P < 0.001). In other words, the frontal cortex, which
showed the highest sleep SWA during 4S+, had the lowest wake
SWA during the preceding 20S−, whereas the occipital cortex
showed the highest wake SWA and the lowest sleep SWA. Similar
results were also observed when SWA during 20S− was calculated
across all three vigilance states, rather than only in wake.

Efficiency of Sleep Loss Determines the SWA Rebound During SR.
How does the efficiency of sleep deprivation affect recovery
sleep? To address this question we first investigated whether the
level of NREM SWA during 4S+ could be predicted by the sleep/
wake history during the preceding 20S− episodes. Although rats
were awake >90% of the time during 20S−, short (<20 s) sleep
attempts occurred sporadically (Fig. S5 A–C). Their number was
negligible during baseline (3.3 attempts/1 h), increased signifi-
cantly within each SR day, and was highest in the last 2 d of SR
(Fig. 4A). Moreover, within each SR day, their number increased
during the light period and remained high during the dark phase
(Fig. S6). Thus, we subdivided all 20S− phases into those with
few (lowest 33%: average 6.3 attempts/1 h) and those with many
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Fig. 1. (A) Hypnogram and SWA in frontal cortex (percentage of 24-h mean
value in NREM sleep) during 1 of the 5 SR days in one representative rat. W,
wake; N, NREM sleep; R, REM sleep. (B) Daily amount of NREM sleep during
20S− (mean ± SEM, n = 11): the amount of sleep increases across days
[rANOVA, factor “day,” F(4,40) = 4.97, P = 0.002]. Triangles indicate differ-
ences relative to the first SR day (black, P < 0.05; white, P < 0.1). (C) 4S+

hypnograms in a representative rat during baseline (BSL), 5 SR days, and first
recovery day (R1). Note also that the sleep latency in R1 is similar to that in
BSL, because rats had already slept ad libitum for 24 h before R1 (Fig. S2A).
(D) NREM sleep amount, NREM sleep latency, NREM episode duration and
number of brief awakenings during 4S+ (mean ± SEM, n = 11). Triangles
show differences from baseline (black, P < 0.05; white, P < 0.1, after Bon-
ferroni correction).
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(top 33%: average 22.3 attempts/1 h) sleep attempts. We found
that during 4S+ the EEG power in the low frequencies (<9 Hz)
was higher when it was preceded by a 20S− phase with many sleep
attempts, and lower when 20S− included fewer sleep attempts
(Fig. 4B). In other words, the sleepier the rats were during 20S−,
as indicated by their repeated attempts to fall asleep, the higher
was the sleep pressure during subsequent 4S+, as measured by
NREM SWA, and the two parameters were positively correlated
(Fig. 4C). Mean SWA during the sleep attempts was low (84.35 ±
4.8% of the mean 24-h baseline value in NREM sleep), consistent
with their short duration and their inability to significantly de-
crease sleep pressure.
Next, we asked whether the occurrence of wake SWA during

20S− affects the NREM SWA during the following 4S+ periods.
Indeed, we found that the two parameters were negatively cor-
related in all three cortical areas, and the effect was largely specific
for the SWA range (Fig. 4D). Thus, the higher the wake SWAwas
during 20S−, the lower the sleep SWA in the following 4S+. To
confirm this result, we subdivided the SR days into two groups of
high or low SWA during 20S− (calculated over all three vigilance
states or NREM only) and computed the corresponding NREM
spectra during the following 4S+ phase. We found that NREM
SWA during 4S+ was significantly lower when preceded by a 20S−
phase with more slow waves (P < 0.05). Interestingly, we found
that during each 4S+ phase and the 2 post-SR recovery days SWA
increased also during wake and REM sleep, suggesting that the
“leakage” of slow waves into other vigilance states may be another
sensitive marker of increased NREM sleep pressure.

Wake with High Theta Activity Affects NREM SWA During SR. During
SR we did not systematically score the rats’ behavior, as it was
highly fragmented. However, we observed that rats on the disk
tried to minimize their locomotor activity by moving just enough

to adjust to the slowly rotating disk and tended to be less en-
gaged in active exploration than during baseline. Active explor-
atory behavior in rodents is associated with high theta activity
(35), and we confirmed this fact by analyzing video recordings
during baseline in a subset of animals (Fig. S5 D–F). Moreover,
in all rats we compared active wake (AW) and quiet wake (QW)
EEG during baseline (∼5 min of recording for each state) and
found that AW was reliably associated with a faster and higher
theta peak, consistent with data in mice (11) and rats (21, 36).
Specifically, during baseline the EEG power between 1–6 Hz was
higher in QW compared with AW, whereas the opposite was true
for the EEG power between 6 and 9 Hz, which was at least 50%
higher in AW (Fig. S5E). Thus, during SR we used the power
ratio 6.25–9 Hz/1.25–6 Hz to distinguish AW from QW. Overall,
rats spent more time in AW during SR than during baseline (Fig.
S7), as expected because they were awake longer, but every day
the relative amount of AW (percentage of total wake) did not
differ from baseline (Fig. S7). Moreover, the average ratio 6.25–
9 Hz/1.25–6 Hz within AW was actually lower during each SR
day relative to baseline (Fig. S7) in frontal and parietal cortex,
suggesting that when the disk rotates rats move more but may
explore less.
Previous studies (11, 12, 36) showed that AW leads to more

intense sleep as measured by SWA. Thus, we asked whether the
amount of high theta activity during 20S− could affect subsequent
sleep quality during 4S+. Indeed, the theta power between 7 and
8 Hz during 20S− was positively correlated with increased sleep
intensity as measured by SWA during the following 4S+ (Fig. 4D).
Moreover, after dividing the 20S− periods on the basis of the
number of AW epochs, we found that those with more AW were
followed by a 4S+ phase with higher NREMSWA (Fig. 4E). Thus,
AW, presumably dominated by exploratory behavior (35), leads to
more intense sleep also during SR, consistent with the idea that
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sleep) during 4S+ in baseline and the last day of SR in
one representative rat. (B) NREM sleep EEG power
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Squares depict frequency bins that differed signifi-
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homeostatic changes in sleep SWA are determined by both du-
ration and quality of wake.

Lost SWA Is Fully Recovered After SR in Frontal and Parietal Cortex.
Signs of higher sleep pressure persisted after the end of SR, be-
cause sleep was longer and more consolidated (with longer bouts
and fewer brief awakenings) throughout the first day of recovery
(Fig. 5A). In frontal and parietal cortex NREM SWA was also
increased, compared with baseline during the entire light phase of
the first post-SR day (Fig. 5B), resulting in higher cumulative slow
wave energy by the end of 24 h (SWE, SWA × time; Fig. 5C).
More limited increases in NREM SWA and higher SWE were
still seen during the second day after SR (Fig. 5C), suggesting that
the homeostatic sleep pressure cumulated during 5 SR d took at
least 2 d to dissipate.
Finally, we computed cumulative SWE throughout the entire

experiment (before, during, and after SR) and compared it to the
values that SWEwould have reached if undisturbed sleep had been
permitted during the same period. A small SWE deficit was still
present by the second day after SR when only NREM SWE was
included in the computation (P < 0.1, frontal and parietal deriva-
tion;P< 0.01, occipital derivation, Fig. S2C). Such deficit, however,
disappeared in the frontal and parietal cortex when SWA during
wake and REM sleep were also included in the computation (Fig.
5D). SWE in the occipital derivation approached baseline values
but was still lower at a tendency level (P < 0.1). Thus, frontal and
parietal cortex recovered all SWAwithin 2 d after SR,mostly during
NREM sleep, but to some extent also during wake andREM sleep.

Changes in REM Sleep During and After SR. REM sleep was almost
completely suppressed during 20S− and showed a large rebound
on each of the five 4S+ periods, when REM sleep latency de-
creased and number and duration of REM sleep episodes in-
creased (Fig. S8A). REM sleep EEG spectra during the five 4S+
periods showed a large increase in power in most frequencies
including SWA, especially in frontal and parietal cortex, whereas
EEG power in the alpha/theta range (6.25–10 Hz) increased less
or not at all (occipital cortex; Fig. S8B). In previous studies (37,

38) an increased ratio SWA to alpha/theta during REM sleep
was suggested to reflect the buildup of REM pressure, but during
our SR experiment this ratio either did not change (frontal and
occipital cortex) or increased, but not progressively (parietal
cortex). Large increases in REM sleep were also present after
SR and as a result, almost all REM sleep lost during SR was
recovered by the end of the second post-SR day (Fig. S8C).

Discussion
We show here that all of the established markers of sleep pres-
sure that we measured responded to chronic SR as they do after
acute sleep loss, namely with an increase in sleep attempts,
a decrease in sleep latency and brief awakenings, and an increase
in the duration of sleep episode, SWA, and the amplitude and
slope of NREM slow waves. It is worth pointing out that constant
visual observation of the rats for 5 consecutive days was required
to prevent sleep as successfully as possible. This may explain why
an SWA rebound (and other measures of homeostatic sleep
pressure) was not observed in some previous studies that used
similar SR regimes, but in which these somewhat “extreme”
measures were not taken. Indeed, in the most recent study (14)
the overall average SWA during the 20S− phases was not sig-
nificantly lower that during the same time period during baseline,
when rats could sleep ad libitum, and in a previous total sleep
deprivation study SWA during 4 d of presumed “total waking”
was 65.5% of the total 24-h SWA during baseline, when rats slept
at least for 12–14 h (16). In contrast, a recent human study (13)
where subjects were allowed to spend time outdoors (which
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may have helped them to stay awake more effectively), showed
a sleep rebound on each of the 5 d of SR. Another difference
between our study and that of Kim et al. (14), who used the same
SR protocol, is that we analyzed the wake EEG for the entire
duration of the experiment. This is crucial to interpret changes
in SWA, because the latter is exquisitely sensitive to the sleep/
waking history of the previous several hours (e.g., ref. 12), and it
declines quickly during sleep (39).
Do the observed changes in SWA suggest that the homeostatic

mechanisms of sleep regulation remain intact during SR? One
could argue that if so, the increasing sleep pressure should have
resulted in progressively larger SWA rebounds during the five
4S+ phases. However, this should not necessarily be the case.
Already after the first SR day rats were asleep ∼3 of the 4 allowed
hours, with almost a third of total sleep consisting of REM sleep,
and spent the remaining time mostly eating and grooming in
preparation for sleep. In our experience, even rats sleep deprived
for 1–2 wk will not forgo these activities in the first 1–2 h of re-
covery. Moreover, both the amplitude and the incidence of slow
waves, and thus SWA, cannot increase indefinitely, as they are
limited by the extent of the recruitment of local neural popula-
tions in the slow oscillation (33, 34). On the other hand, if SWA
during SR is homeostatically regulated its levels during each
sleep opportunity window should be determined by the sleep
pressure accumulated during the preceding wake interval. We
found that this was the case: the more effective we were in
enforcing wake during each 20S−, the larger was the sleep
SWA rebound during the following 4S+. More stringently, SWE
analysis demonstrated that all SWA lost during SR was re-
covered within the first 2 d of recovery. Importantly, although
most (∼90%) of the recovery occurred during NREM sleep,
some also took place in REM sleep and wake, indicating that
sleep pressure during SR is high enough to force the leakage of

slow waves into other behavioral states. Thus, it appears that
homeostatic mechanisms of sleep regulation as measured by
SWA remain intact during and after 5 d of SR, although we
cannot rule out that longer periods of sleep loss would have
produced different results. A period of 5 d was chosen to follow
as closely as possible the design used by Kim and colleagues (14),
and because it mimics what often happens in real life, where
sleep is restricted during the week days and recovered during
the weekend.
We found that the SWA rebound after chronic SR was largest

in the frontal cortex and lowest in the occipital cortex, consistent
with the results of a recent study of chronic SR in humans (18)
and of several studies of total sleep deprivation (29, 40, 41). The
frontal predominance in SWA is also observed in baseline con-
ditions (29, 40–42) and may result from stronger cortico–cortical
connections in the anterior as compared with posterior cortex
(41), leading to stronger neuronal synchronization and a prefer-
ential origin of sleep slow waves in frontal areas (43, 44). Recent
evidence suggests that SWA reflects the extent of neuronal ac-
tivity and plasticity that occurred during the prior wake period
(45–48). Thus, higher frontal SWA may also reflect heavier neu-
ronal use/plasticity in the anterior as compared with posterior
cortex, although this remains to be demonstrated. In summary,
several not mutually exclusivemechanismsmay underlie the frontal
predominance of SWA, but their respective role remains to be
tested experimentally.
Our results show that the intrusion of slow waves during wake

slows down the build up of sleep pressure and does so in a re-
gion-specific manner, a finding never reported before, to our
knowledge. From a practical point of view this means that, es-
pecially in experiments in which wake is prolonged for many
hours or days, the analysis of the wake EEG in different cortical
areas is important to understand the sleep homeostatic response.
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From a functional point of view, an intriguing possibility is that
“wake slow waves” may decrease sleep need because they pro-
vide, at the cellular level, at least some of the benefits of sleep
slow waves. Although highly speculative at this time, this hy-
pothesis can be tested experimentally, for instance by measuring
whether molecular and electrophysiological markers of synaptic
strength, which decrease during sleep (49), are also decreased
during wake with sustained increase in SWA. It is worth re-
membering, however, that an increase in wake SWA, whether
caused by prolonged wake or by certain drugs (e.g., anticholin-
ergic agents) (50), consistently results in cognitive deficits (4).

Materials and Methods
Animals. Male WHY rats (n = 11) were implanted for EEG recordings as de-
scribed (36). Animal procedures followed National Institutes of Health
guidelines and facilities were approved by the Institutional Animal Care and
Use Committee of the University of Wisconsin-Madison. SR (20S−) was
enforced using the disk-over-water method (16) (SI Materials and Methods).

EEG Scoring. Behavioral states were scored as described (36) (Fig. S5A) using
three EEG signals (frontal, F; parietal, P; occipital, O) and muscle (EMG)
signal. Because one of the main goals of the study was to assess the effects
of SR on the wake EEG, we took extreme care in excluding from the latter
even very short episodes (<2 s) containing slow waves, and epochs were
scored as NREM sleep if the EEG amplitude was >2-fold higher than wake

(Fig. S5B). Sleep attempts were defined as sleep episodes <20 s preceded and
followed by wake episodes >20 s (Fig. S5C). Brief awakenings were defined
as short episodes of arousal <16 s (20). Sleep latency was defined as the time
elapsed between the onset of the 4S+ period and the first NREM sleep ep-
isode >16 s. Epochs with movement or technical artifacts were excluded
from spectral analysis (baseline: 4.6 ± 1.2%, of which 95.6 ± 1.3% occurred in
wake; SR: 5.9 ± 1.6%, 96.7 ± 1.5% in wake). Spectral analysis was performed
on a subset of rats (n = 8), in which EEG signals remained stable throughout
the entire 8-d experimental period.

Signal Processing and Statistical Analysis. Data acquisition and analysis was
performed as described (34, 36) using MATLAB (Math Works). Detection of
individual slow waves was performed according to ref. 34 and SI Materials
and Methods). Changes in sleep variables, EEG power in selected frequency
bands, or EEG spectra were tested with one-way ANOVA for repeated
measures (rANOVA) with factor “day,” or with two-way rANOVA with fac-
tors day and “time interval.” Contrasts were tested by two-tailed paired
t tests for those cases where rANOVA was significant. The relationships
between the efficiency of 20S− and subsequent sleep during 4S+ were
assessed with linear correlation analysis.
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