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SLEEP IS A COMMON BEHAVIOR OBSERVED IN ALL 
KNOWN MAMMALIAN SPECIES. ACCORDING TO A 
WELL-ESTABLISHED MODEL OF SLEEP REGULATION, 
the timing of sleep and wakefulness is regulated by the inter-
action of a homeostatic (S) and a circadian (C) process.1,2 The 
sleep homeostat regulates sleep depth and the circadian pace-
maker in the suprachiasmatic nucleus (SCN) of the hypothala-
mus provides the sleep homeostat with a circadian framework 
and regulates the timing of sleep.3-5

During normal, undisturbed, sleep, the status of the sleep ho-
meostat is reflected by the activity in the slow wave range (1-4 
Hz) of the EEG during NREM sleep, which is an indicator of 
the discharge of sleep need.6 This notion has become evident 
from a clear dose-response relation between slow wave activity 
(SWA) and prior waking duration in many mammalian species, 
including humans.7-12 Moreover, the time course of SWA could 
be modeled successfully in three mammalian species on the ba-
sis of prior sleep and wakefulness, providing further support-
ing evidence for a strong interdependence between SWA in the 
NREM sleep EEG and prior sleep and waking duration.11,13,14

The circadian regulation of sleep is less well understood. In 
humans, application of sleep deprivation paradigms revealed 
a complex interaction between the homeostatic and circadian 

components of sleep regulation. This was investigated with a 
“nap protocol,” in which 30 min of bed rest was alternated with 
60 min of enforced wakefulness for several days,15,16 and with a 
“forced desynchrony protocol,” in which subjects are exposed 
to a 28-h day with approximately 19 h of wakefulness and 9 h 
of bed rest.17 In both protocols, NREM and REM sleep showed 
modulations over the endogenous circadian cycle with a trough 
around the late evening shortly before habitual bedtime, in-
creased NREM sleep during the night and subjective morning, 
and increased REM sleep in the early morning.16,17 Slow wave 
activity showed a small circadian modulation, whereas sigma 
activity (12.0-15.0 Hz), the EEG marker of the sleep spindles in 
humans, demonstrated a clear circadian modulation with high 
activity during the early subjective night and low activity in the 
early morning.17

In rodents this type of research has not been performed. In 
most laboratory rodents (mice, hamsters, rats) sleep-wake dis-
tribution shows clear day-night changes under light-dark (LD) 
conditions with high levels of sleep during the light period 
(rest) and low levels in the dark when the animals are active. 
This pattern does not change significantly at the transition from 
LD cycle to constant dark (DD) conditions18,19 and continues 
in prolonged DD.20-23 EEG slow wave activity increases in the 
first day in DD in rats,18 but not in mice19 while EEG activity in 
higher frequencies (> 9.25 Hz) in NREM sleep is not influenced 
by this transition18,24,25 and is thought to be under strong endog-
enous influence of the circadian clock.18,26

Of particular interest are the changes in the theta frequency 
range (5-7 Hz) of the waking EEG, which seem to be influenced 
by sleep homeostatic mechanisms,27 and between 7-11 Hz in the 
NREM sleep EEG, which represents spindle frequency activity 
(SFA) in the rat.28-32 It was proposed that cortical SWA and SFA 
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have a reciprocal relationship based on the rhythmic interplay 
within the thalamocortical neuronal networks.28,33 Accordingly, 
there may be a negative correlation between SWA and the ac-
tivity of sleep spindles, and this relationship was confirmed in 
the human sleep EEG,34,35 indicating that both frequencies may 
be under the influence of the homeostatic mechanisms. This 
negative relationship has been confirmed under several sleep 
deprivation protocols in humans.36,37 More recent experiments, 
applying repeated naps demonstrated both a homeostatic and a 
circadian component in SFA.38,39 Whether both influences exist 
in rodents remains to be established.

Developing a rodent model where circadian sleep-wake reg-
ulation can be investigated separate from homeostatic mecha-
nisms will enable research towards determining the genetic, 
molecular, and neuronal basis of the circadian changes in sleep 
and waking, and EEG frequency activity. To investigate the in-
fluence of the circadian clock on sleep regulatory processes in 
rodents we applied a “short day” sleep deprivation protocol, 
similar to the nap protocol in humans, to rats adapted to DD 
conditions for at least a week. Applying the short-day sleep de-
privation protocol consisted of 2 h sleep deprivation alternated 
with 2 h rest and continued for 2 days. It should stabilize sleep 
propensity over the 24-h circadian day, and lead to an equal 
distribution of behaviour (vigilance states), as well as a con-

stant level of SWA in the NREM sleep EEG. Simultaneously, 
prolonged constant DD eliminates the influence of the previous 
light-dark cycle. From a chronobiological point of view, this 
protocol is adequate to rule out any environmental influence 
on the daily modulation of vigilance states or EEG variables. 
Any daily change observed must be endogenous, i.e. originat-
ing from within the animal itself.3,4,40

METHODS

Animals
All experiments were approved by the Animal Experiments 

Ethics Committee of the Leiden University Medical Center. 
Adult male Wistar rats (n = 8), weight 312.3 g ± 3.9 (SEM) 
at time of surgery were used. Before the experimental proce-
dures the animals were kept individually in standard cages (41 
cm × 36 cm × 30 cm) in a 12-h light–12-h dark schedule (LD 
12:12; lights-on from 09:00 to 21:00) with food and water 
available ad libitum. Under deep anesthesia (Hypnorm, 0.5 
mL/kg, i.m., combined with Dormicum,5 mg/mL, i.p.) the rats 
were fixed in a stereotaxic frame and implanted with 2 EEG 
screw electrodes (Plastics One, Roanoke, VA; 1.4 mm diame-
ter) and 2 EMG patch electrodes (Plastics One, Roanoke, VA; 
0.35 mm diameter) as described previously.20,22,23 Briefly, one 
EEG electrode was placed over the right hemisphere (2.0 mm 
lateral to the midline, 3.5 mm caudal to the bregma) above the 
somatosensory cortex, while the other was placed above the 
cerebellum (midline, 2 mm caudal to the lambda) as a refer-
ence. Two EMG electrodes were inserted between the neck 
muscles and skin. The wire branches of all electrodes were set 
in a plastic pedestal (Plastics One, Roanoke, VA) which was 
fixed to the skull with dental cement and 3 additional support 
screws. The rats recovered for at least 7-10 days subsequent 
to the surgery.

Experimental Protocol
All the experiments were carried out under constant DD con-

dition to avoid the daily influences by light-dark changes, and 
to stabilize the circadian environment. Animals were placed 
into the experimental chambers equipped with an infrared 
camera for visual monitoring and connected through a flex-
ible cable and a counterbalanced swivel system to the record-
ing setup. Drinking activity was recorded by infrared sensors 
placed around the nipple of the water bottle to establish the tim-
ing of the subjective day and night of the animal.20,22,41,42 The 
drinking onset was determined by visual interpolation and only 
those animals were included in the study where the individual 
onset of increased waking in the baseline corresponded with 
the onset of drinking activity (circadian time [CT] 12). After at 
least one week of habituation to the experimental environment, 
a 24-h baseline day was recorded, starting at the onset of the 
subjective day (CT 0). Subsequently the short-day deprivation 
protocol (2h/2h)—2 h of sleep deprivation followed by 2 h of 
a rest—was performed for 48 h. The last 24 h are used in the 
present analysis (Figure 1B). Sleep deprivation was carried out 
by “gentle handling,” which consisted of mild interruption by 
moderate noise or introducing an interesting materials in the 
cages as soon as the animals appeared drowsy or slow waves 
were observed in the EEG.

Figure 1—Slow wave activity and vigilance states in constant dark 
conditions. Representative individual example of SWA (EEG spectral 
power density between 1-4 Hz) and vigilance states (waking, W; NREM 
sleep, N; REM sleep, R) during the 24-h baseline day (A) and the last 
24-h of the 2h/2h sleep deprivation protocol (B). Both days start at rest 
onset (CT 0). SWA is plotted as percentage of the mean EEG SWA in 
NREM sleep during the baseline 24 h. Each data point represents 1 min 
as the average of six 10-sec epochs. The horizontal bars on a top indicate 
the rest (grey) and active (black) phase. Horizontal lines on B match the 
2-h sleep deprivation periods. Note the stable level of SWA across 2-h 
rest phases of the 2h/2h deprivation protocol.
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Data Acquisition
The EEG and EMG were simultaneously and continuously 

recorded for 72 h. The signals were amplified (amplification fac-
tor ~ 2000), and band-pass filtered (EEG: 0.5-30.0 Hz, −40 dB/
decade; EMG 15.0-40.0 Hz, −40 dB/decade) by a Neurolog Sys-
tem (Digitimer Ltd., Welwyn Garden City, UK), digitized (sam-
pling rate 100 Hz) in 10-sec epochs and automatically stored on 
hard disk (Spike2, Power1401, CED, Cambridge, UK). A fast 
Fourier transformation routine with a 10-sec window was per-
formed off-line (MATLAB, The MathWorks Inc., Natick, MA) 
for the computation of EEG power density spectra within the 
frequency range 0.5-25.0 Hz. The manual scoring of vigilance 
states based on the EEG and EMG recordings was performed 
according to standardized criteria for rats.20,22,43 NREM sleep, 
REM sleep, and waking were determined, and artifacts were 
excluded for subsequent analysis.

In this study the second 24-h day (CT 0-24) of the 2h/2h 
deprivation protocol (when the amount of sleep and SWA in 
NREM sleep achieved a relatively stable level; see Results) is 
analyzed and compared to the corresponding 24-h (CT 0-24) 
of the baseline recording. The average amount of the vigilance 
states (waking, NREM sleep, REM sleep and REM sleep per 
total sleep time) and EEG spectral data were analyzed in 4-h in-
tervals, 12-h intervals, and over the whole 24-h circadian period 
and compared to corresponding baseline intervals. In a separate 
analysis, the amount of vigilance states were computed for the 
2-h rest phases during the 2h\2h day, again analyzed in 4-h, 
12-h, and 24-h circadian intervals, and compared with the cor-
responding intervals of the baseline day (Figure 3, Table 2).

Vigilance states episodes frequency and duration were auto-
matically determined for undisturbed 2-h phases of the 2h/2h 
protocol and compared with corresponding baseline intervals. 
The distribution of the vigilance state episode duration and fre-
quency was obtained based on an algorithm developed in previ-
ous studies in rats on the basis of 8-sec epochs.44 In our study, 
NREM sleep, REM sleep, and waking episode were considered 
for analysis if they lasted ≥ 20 sec. Vigilance states episodes 
were terminated if followed by 2 consecutive 10-sec epochs not 
scored as the corresponding vigilance state or 7 non-consecu-
tive epochs not scored as the corresponding vigilance state.

To investigate the behaviour of EEG power density in more 
detail, the mean time course of SWA, SFA (7-11 Hz), and higher 
frequencies (11-25 Hz) was analyzed in 10-sec intervals within 
the first 7 min after NREM sleep onset during the undisturbed 
2-h intervals of the 2h/2h protocol and the corresponding 2 h of 
baseline. The average activity in the first 7 min of NREM sleep 
was calculated for subsequent statistical analysis.

Statistical Analysis
For data analyses, the SPSS statistical software (SPSS 16.0.2, 

SPSS Inc., Chicago, IL) was used. One-way analysis of vari-
ance for repeated measures (rANOVA) was applied to test the 
uniformity level of the data across the experimental days; 2-way 
rANOVA with a mixed-design model including the between-
factor day (baseline or 2h/2h protocol) and the within-factor 
interval (6 time points across the experimental day) was applied 
to test the effect of repeated sleep deprivation depending on 
time of the day. All P values were based on Huynh-Feldt (H-F) 
corrected degrees of freedom, but the original degrees of free-

dom are reported. Two-tailed paired t-test was applied for the 
comparisons between the baseline day and the 2h/2h protocol 
(day or interval as a factor). All P-values derived from paired 
t-test and rANOVA were set at 0.05 level of significance.

To detect circadian modulation in the non-uniformly distrib-
uted data (which demonstrated a significant daily modulation 
with rANOVA, factor interval) a fitting function (cosinor meth-
od) with a 24-h period was applied. The indexes of the good-
ness of fit (GF) from 0 (best) to 1 (worse) with 95% confidence 
levels are reported.

RESULTS
A representative example of EEG SWA and vigilance states 

distribution shows that during the baseline recording period 
(Figure 1A), sleep predominated during the subjective day 
(CT 0-12) and occurred only occasionally during the subjec-
tive night (CT 12-24). SWA in the NREM sleep EEG gradually 
decreased during the subjective day and increased in the course 
of the subjective night. The 2h/2h sleep deprivation paradigm 
changed both the time course of SWA and the vigilance states 
distribution (Figure 1B). Each 2-h rest period showed relatively 
large amount of NREM and REM sleep, and SWA in NREM 
sleep remained at a constant level across the 2-h rest phases of 
the 2h/2h protocol.

VIGILANCE STATES
During the baseline day, a clear difference between the sub-

jective day (CT 0-12) and night (CT 12-24) was seen in the 
amount of the vigilance states, with high levels of NREM and 
REM sleep in the subjective day and high levels of waking in 
the subjective night, thus demonstrating a robust circadian pat-
tern both for 4-h mean values (Table 1 and Figure 2, indexes of 
GF after significant one-way rANOVA, factor interval, Wak-
ing: GF = 0.041, P < 0.01; NREM: GF = 0.043, P < 0.02; REM: 
GF = 0.038, P < 0.01; REM/TST: GF = 0.043, P < 0.02) and for 
2-h mean values (Table 2 and Figure 3, GF after significant rA-
NOVA, factor interval, Waking: GF = 0.054, P < 0.02; NREM: 
GF = 0.047, P < 0.02; REM: GF = 0.035, P < 0.01; REM/TST: 
GF = 0.056, P < 0.02). This circadian modulation decreased 
dramatically during the 2h/2h protocol, with relatively constant 
levels over the 24-h day for all vigilance states, both when 2-h 
sleep deprivations were included in the analyses (Table 1, Fig-
ure 2) and when only the 2-h rest periods and corresponding 2-h 
baseline periods were considered (Table 2, Figure 3).

Across 4-h intervals (including sleep deprivation), the 2h/2h 
protocol increased the amount of waking and decreased the 
amount of NREM sleep to levels encountered during the sub-
jective night and, at the same time, stabilized their distribution 
across the 24-h day (Figure 2, Waking: GF = 0.195, P > 0.05; 
NREM: GF = 0.174, P > 0.05; after significant rANOVA, fac-
tor interval; Waking: F5,35 = 4.2, P < 0.05; NREM: F5,35 = 5.2, 
P < 0.05). All vigilance states decreased their circadian ampli-
tude as indicated by significant day × interval interaction (Wak-
ing: F5,70 = 20.2, P < 0.0001; NREM: F5,70 = 21.7, P < 0.0001; 
REM: F5,70 = 8.8; P < 0.0001; REM/TST: F5,70 = 4.2; P < 0.05). 
REM sleep and REM/TST remained at an intermediate level 
and did not show significant changes in their total amount over 
24-h (Figure 2, one-way rANOVA, interval: REM: F5,35 = 1.8; 
P = 0.155; REM/TST: F5,35 = 1.8; P = 0.176; Table 1, 2-tailed 
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ble 2, 2-tailed t-test, P > 0.05). This resulted in a significant 
increase in REM/TST in the first two-thirds of the subjective 
night during the 2h/2h sleep deprivation protocol (2-way rA-
NOVA, day × interval, REM/TST: F5,70 = 4.0; P < 0.01), but 
still with an equal distribution over the 24-h day (Figure 3, one-
way rANOVA, factor interval: F5,35 = 1.7; P = 0.20; Table 2, 
2-tailed t-test, P > 0.05). Significant differences were found in 
the amount of NREM sleep during the 2h/2h protocol across the 
2-h rest intervals (Figure 3, one-way rANOVA, factor interval: 
F5,35 = 4.1; P < 0.05) and waking (Figure 3, one-way rANOVA, 

t-test, P > 0.05). Total sleep time (TST) over 24-h of the 2h/2h 
protocol was significantly less (43.3% ± 1.0% SEM) than base-
line (50.8% ± 1.3% SEM, 2-tailed paired t-test, P < 0.01).

During the 2-h rest periods, the amount of waking decreased 
below baseline levels, whereas NREM sleep increased above 
baseline in all intervals (Figure 3). REM sleep increased sig-
nificantly both during the subjective day and night (Table 2, 
2-tailed t-test, P < 0.01) which lead to equal amounts of REM 
sleep over the 2-h rest intervals within the circadian day (Fig-
ure 3, one-way rANOVA, interval: F5,35 = 2.0; P = 0.104; Ta-

Table 1—Amount of the vigilance states and REM sleep per total sleep time over baseline and 2h/2h deprivation protocol

Circadian time (h)
NREM (%) REM (%) Waking (%) REM/TST (%)

baseline 2h/2h baseline 2h/2h baseline 2h/2h baseline 2h/2h
CT 0-12 59.9 (1.6) 41.3 (0.7) ** 9.3 (1.2) 5.5 (0.7)** 30.9 (2.3) 53.2 (1.0)** 13.2 (1.6) 11.7 (1.3)**
CT 12-24 30.2 (1.9) §§ 34.9 (2.1) §* 2.7 (0.4) §§ 4.9 (0.4)* 67.1 (2.3) §§ 60.1 (2.0) §** 8.0 (0.8) § 12.7 (1.2)*
CT 0-24 44.9 (1.3) 38.1 (1.2)** 6.0 (0.5) 5.2 (0.5) 49.2 (1.3) 56.7 (1.0)** 11.7 (1.0) 12.2 (1.2)

Mean values in % (± SEM); n = 8, for 12-h intervals (CT 0-12, subjective day; CT 12-24, subjective night) and over the day (CT 0-24). REM/TST, REM per 
total sleep time. *Significant differences between the baseline and deprivation protocol (2h/2h). §Comparison between subjective day (CT 0-12) and night (CT 
12-24). *§P < 0.05, §§**P < 0.01, 2-tailed paired t-test

Figure 2—Amount of vigilance states over baseline and 2h/2h deprivation protocol. Vigilance states (waking, NREM sleep, REM sleep) and REM/TST are 
plotted as a percentage of recording time. The curves connect 4-h mean values (n = 8) for the 24-h baseline (circles) and the 2h/2h protocol (dots). The data 
are double plotted to visualize the daily rhythm. Rest onset (CT 0) was determined per individual animal. The horizontal bars on a top indicate the rest (grey) 
and active (black) phase. Significant differences between the 2h/2h protocol and corresponding intervals of baseline day are indicated by *(P < 0.05) and 
**(P < 0.01), 2-tailed paired t-test after significant rANOVA, factor “day.”
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the corresponding baseline intervals (Figure 4, Table 3). Un-
der baseline conditions, the episode frequency of all vigilance 
states demonstrated strong circadian modulation (Figure 4, top 
panels, NREM: GF = 0.078, P < 0.05; REM: GF = 0.033, P < 
0.01; Waking: GF = 0.061, P < 0.05; after significant rANOVA, 
factor interval). NREM sleep episode duration showed signifi-
cant circadian modulation as well (Figure 4, bottom left panel, 
NREM: GF = 0.05, P < 0.02; after one-way rANOVA, factor 
interval: F5,35 = 6.3, P < 0.05 and Table 3, t-test P < 0.01). The 
duration of waking episodes showed daily modulation in base-

factor interval: F5,35 = 3.4; P < 0.05) and between the subjective 
day and night (Table 2, t-test, P < 0.05). However, these daily 
modulations did not fit significantly to a 24-h cosine function 
(Figure 3, Waking: GF = 0.214, P > 0.05; NREM: GF = 0.174, 
P > 0.05).

The above described changes in the vigilance states were the 
result of temporal changes in the frequency and duration of vig-
ilance state episodes. Therefore, we compared the distribution 
of vigilance state episode duration and frequency during the 
2-h rest phases of the deprivation day with the episodes during 

Table 2—Amount of vigilance states and REM sleep per total sleep time in baseline and in undisturbed 2h periods of the 2h/2h deprivation protocol

Circadian time (h)
NREM (%) REM (%) Waking (%) REM/TST (%)

baseline 2h/2h baseline 2h/2h baseline 2h/2h baseline 2h/2h
CT 0-12 57.6 (2.4) 69.9 (1.1)** 8.1 (1.1) 10.8 (1.3)** 34.2 (2.5) 19.1 (2.2)** 12.3 (1.6) 13.2 (1.3)
CT 12-24 30.3 (3.6)§§ 60.2 (2.9)**§ 2.1 (0.5)§§ 9.7 (0.9)** 69.0 (4.4)§§ 31.5 (3.4)**§ 5.9 (0.9)§ 14.0 (1.3)**
CT 0-24 43.9 (2.9) 65.1 (1.4)** 5.1 (0.5) 10.2 (1.0)** 51.6 (3.2) 25.3 (1.3)** 10.5 (0.9) 13.6 (1.3)

Mean values in % (± SEM); n = 8, for 12-h intervals (CT 0-12, subjective day; CT 12-24, subjective night) and 24-h intervals (CT 0-24, the experimental day). 
REM/TST, REM per total sleep time. *Significant differences between corresponding intervals of baseline and deprivation protocol (2h/2h). §Comparison 
between subjective day (CT 0-12) and night (CT 12-24). *§P < 0.05, **§§P < 0.01, 2-tailed paired t-test

Figure 3—Amount of vigilance states during the undisturbed 2-h periods of the 2h/2h deprivation protocol and corresponding baseline intervals. Vigilance 
states (waking, NREM sleep, REM sleep) and REM/TST are plotted as percentage of recording time. The curves connect 2-h mean values (n = 8) for the 
24-h of the 2h/2h protocol (dots) and corresponding baseline intervals (circles). Data are double plotted to visualize the daily rhythm. Rest onset (CT 0) was 
determined per individual animal. The horizontal bars on a top indicate the rest (grey) and active (black) phase. Significant differences between the 2h/2h 
protocol and corresponding intervals of baseline are indicated by *(P < 0.05) and **(P < 0.01), 2-tailed paired t-test after significant rANOVA, factor “day.”
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of waking episodes decreased 
to the lowest baseline values. 
In contrast, the frequency of 
REM sleep episodes increased 
above baseline levels (Figure 4, 
top middle panel). NREM sleep 
episode duration still showed 
significant modulation over the 
day (Figure 4, bottom left pan-
el, one-way rANOVA, factor 
interval, F5,35 = 2.8; P < 0.05), 
but these changes did not reach 
significance in the cosine fit-
ting procedure (GF = 0.087, 
P > 0.05). The duration of REM 
sleep episodes was increased to 
the highest baseline levels and 
did not show significant changes 
over the day (Figure 4, bottom 

middle panel; one-way rANOVA, factor interval, F5,35 = 0.4; 
P = 0.821). Waking episode duration reduced its daily circa-
dian amplitude compared to baseline (Figure 4, bottom right 
panel; 2-way rANOVA, interaction day × interval: F5,70 = 3.5; 
P < 0.05), due to a significant decrease of episode duration at 
CT 20-24.

EEG Power Density
The time course of SWA in NREM sleep during the baseline 

day showed a gradual decrease in the course of the rest phase 
and a gradual increase in the course of the active phase. This 
was in contrast with the activity between 7-11 Hz and 11-25 
Hz, which both showed high activity at the beginning of the ac-
tive phase and gradually decreased and reached lowest levels in 
the first two-thirds of the rest phase, after which a fast increase 
was observed (Figure 5). All 3 frequency ranges showed highly 
significant circadian modulation over the 24-h baseline day 
(Figure 5, SWA: GF = 0.062, P < 0.05; 7-11 Hz: GF = 0.031, 

line (one-way rANOVA, factor interval: F5,35 = 7.2, P < 0.01 
and Table 3, t-test P < 0.05) but did not reach a significant level 
in the cosine fit (GF = 0.139, P > 0.05). The daily changes in 
the frequency of vigilance state episodes in baseline were not 
always visible in the mean values over the subjective day and 
night, where NREM sleep and waking episode frequency did 
not show a significant difference between the 2 phases of the 
day (Table 3).

During the 2h/2h protocol, the distribution of all vigilance 
states changed dramatically as the episode frequency distribu-
tion was found to be constant (Figure 4, one-way rANOVA, 
factor interval, top panels, NREM sleep: F5,35 = 0.4; P = 0.781; 
REM sleep: F5,35 = 2.4; P = 0.058; waking: F5,35 = 0.7; P = 0.560). 
This distribution was different from baseline (significant day × 
interval interaction two-way rANOVA, NREM sleep: F5,70 = 3.5; 
P < 0.01; REM sleep: F5,70 = 3.2; P < 0.05; waking: F5,70 = 4.7; 
P < 0.001). NREM sleep episode frequency remained at inter-
mediate levels compared to baseline, whereas the frequency 

Table 3—Duration and frequency of the vigilance states episodes in baseline and 2h/2h deprivation protocol

Circadian 
time (h)

NREM REM Waking
baseline 2h/2h baseline 2h/2h baseline 2h/2h

DURATION
(min)

CT 0-12 5.5 (0.4) 7.1 (0.5)** 1.6 (0.1) 1.5 (0.1) 1.5 (0.1) 1.6 (0.3)
CT 12-24 3.4 (0.4)§§ 5.6 (0.4)**§§ 1.5 (0.1) 1.4 (0.1) 4.0 (0.8)§ 2.5 (0.4)
CT 0-24 4.5 (0.4) 6.3 (0.4)** 1.5 (0.1) 1.5 (0.1) 2.5 (0.2) 2.0 (0.2)

FREQUENCY
(events per 
hour)

CT 0-12 6.6 (0.3) 5.9 (0.4) 3.1 (0.4) 4.4 (0.4)** 12.9 (0.7) 8.6 (0.9)
CT 12-24 5.5 (0.5) 6.2 (0.3) 1.0 (0.3)§§ 4.0 (0.3)** 10.8 (0.9) 9.2 (1.3)
CT 0-24 6.0 (0.3) 6.0 (0.3) 2.1 (0.2) 4.2 (0.4)** 11.8 (0.5) 8.9 (1.1)*

Mean values (n = 8) of duration (min ± SEM) and frequency (events/h ± SEM) of the vigilance states episodes 
for 12-h intervals (CT 0-12, subjective day; CT 12-24, subjective night) and for 24-h intervals (CT 0-24, the 
experimental day). NREM, non-rapid eye movement sleep; REM, rapid eye movement sleep. *Significant 
differences between corresponding intervals of baseline and deprivation protocol (2h/2h). §Comparison between 
subjective day (CT 0-12) and night (CT 12-24). *§P < 0.05, **§§P < 0.01, 2-tailed paired t-test

Figure 4—Duration and frequency of vigilance states episodes during baseline and 2h/2h deprivation protocol. Top panels–episode frequencies (events per 
hour); bottom panels–episode duration (min) for corresponding vigilance states. The curves connect 2-h mean values (n = 8) for the 24-h of the 2h/2h protocol 
(dots) and corresponding baseline intervals (circles). Data are double plotted to visualize the daily rhythm. Rest onset (CT 0) was determined per individual 
animal. The horizontal bars on a top indicate the rest (grey) and active (black) phase. Significant differences between the 2h/2h protocol and corresponding 
intervals of baseline are indicated by *(P < 0.05) and **(P < 0 .01), 2-tailed paired t-test after significant rANOVA, factor “day.”
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within the first minute of the NREM sleep episode, but after-
wards gradually increased (Figure 7, 7-11 Hz, middle panel) 
or remained stable (Figure 7, 11-25 Hz, bottom panel) within 
the first 7 min of the NREM sleep episode. For both frequency 
ranges, average activity in baseline demonstrated the lowest 
values in the first 2 intervals of the rest phase (CT 0-8; 7-11 Hz: 
82.0% ± 1.7%; 11-25 Hz: 81.5% ± 1.5%) and higher stable lev-

P < 0.01; 11-25 Hz: GF = 0.021, P < 0.001; after significant one-
way rANOVA, factor interval, SWA: F5.35 = 5.1, P < 0.01; 7-11 
Hz: F5.35 = 8.2, P < 0.001; 11-25 Hz: F5.35 = 15.7, P < 0.001).

During the 2h/2h protocol SWA in NREM sleep increased 
above baseline levels during all intervals except between CT 
0-4, and no significant daily modulation of SWA was observed 
(Figure 5, one-way rANOVA, factor interval: F5,35 = 2.2; 
P = 0.096). Remarkably, the power density in the range of 7-11 
Hz and 11-25 Hz still showed circadian modulation (Figure 5, 
7-11 Hz: GF = 0.039, P < 0.01; 11-25 Hz: GF = 0.068, P < 0.05; 
after significant one-way rANOVA, factor interval, 7-11 Hz: 
F5,35 = 11.8; P < 0.001; 11-25 Hz: F5,35 = 11.7; P < 0.001), 
which did not differ from baseline (2-way rANOVA, day × in-
terval, 7-11 Hz: F5,70 = 1.1; P = 0.347; 11-25 Hz: F5,70 = 1.7; 
P = 0.148).

Analysis of the 5-7 Hz band of the EEG in REM sleep and 
waking during the baseline revealed that the activity gradually 
decreased during the active phase and rapidly increased after 
the transition to the rest phase both in REM sleep and wak-
ing, thus demonstrating a significant circadian pattern (Figure 
6, REM: GF = 0.07, P < 0.05; Waking: GF = 0.022, P < 0.01; 
after significant one-way rANOVA, factor interval, P < 0.001). 
During the 2h/2h protocol, EEG 5-7 Hz activity in REM sleep 
still showed significant modulation over the day (GF = 0.063, 
P < 0.05 after one-way rANOVA, factor interval: F5,25 = 5.4, 
P < 0.01). The 5-7 Hz activity in waking did not change sig-
nificantly compared to baseline (one-way rANOVA, factor 
day: F1,11 = 0.1, P = 0.722; 2-way rANOVA, day × interval: 
F5,55 = 1.1; P = 0.354) and still showed significant variation over 
the 2-h intervals (one-way rANOVA, factor interval: F5,25 = 7.9, 
P < 0.01), although this did not reach significant level in the 
cosinor fitting procedure (GF = 0.117, P > 0.05).

To analyze the dynamics of EEG power density in NREM 
sleep in more detail, the average time course of SWA (1-4 Hz), 
SFA (7-11 Hz), and higher frequencies (11-25 Hz) were ana-
lyzed for the first 7 min within a NREM sleep episodes (Figure 
7). In the baseline day, SWA progressively increased, reaching 
peak activity within 2-5 min after the onset of NREM sleep, 
and then gradually decreased (Figure 7, SWA, top panel). Dur-
ing the first 4-h interval of baseline (CT 0-4), EEG SWA in 
the first 7 min of NREM sleep reached a mean activity level 
of 117.4% ± 5.4%. This decreased to 91.8% ± 3.5% between 
CT 4-8, and the lowest mean level was found between CT 8-12 
(79.0% ± 1.9%). At the end of the subjective night (CT 18-24), 
SWA reached the average level of 107.4% ± 7.1%. These mean 
levels in SWA showed highly significant circadian modulation 
over the baseline day (GF = 0.049, P < 0.02 after one-way rA-
NOVA, factor interval: F5,35 = 7.1; P < 0.001). During the 2h/2h 
protocol, this circadian variation was abolished (GF = 0.436, 
P > 0.05 after one-way rANOVA, factor interval: F5,35 = 3.3; 
P < 0.05).

Activity between 7-11 Hz and 11-25 Hz in NREM sleep EEG 
(Figure 7, middle and bottom panels) demonstrated a dissimilar 
pattern within the 7 min episodes, as well as over 24-h compared 
to SWA, and showed no significant difference in the mean ac-
tivity levels between baseline and the 2h/2h protocol (one-way 
rANOVA, factor day, 7-11 Hz: F1,14 = 0.1; P = 0.766; 11-25 Hz: 
F1,14 = 0.6; P = 0.465). Within the frequency band 7-25 Hz, 
average activity reached maximum levels almost immediately 

Figure 5—SWA (1-4 Hz), SFA (7-11 Hz), and higher frequency activity 
(11-25 Hz) in NREM sleep. Data are plotted as percentage of the mean 
activity of the corresponding frequency during the baseline 24-h. The 
curves connect 2-h mean values (n = 8) for the 24-h of the 2h/2h protocol 
(dots) and corresponding baseline intervals (circles). Data are double 
plotted to visualize the daily rhythm. Rest onset (CT 0) was determined per 
individual animal. The horizontal bars on a top indicate the rest (grey) and 
active (black) phase. Significant differences between the 2h/2h protocol 
and corresponding intervals of baseline are indicated by *(P < 0.05) and 
**(P < 0.01), 2-tailed paired t-test after significant rANOVA, factor “day.”
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dian control, compared to REM sleep episode duration, which 
seems to respond more strongly to sleep homeostatic demands. 
At the same time, the frequency of the episodes noticeably sta-
bilized for all vigilance states under the 2h/2h protocol. NREM 
sleep episode frequency remained at an intermediate level, 
whereas the frequency of waking episodes was decreased.

Our findings are in contrast to previous notions, which pro-
pose a functional relationship between NREM and REM sleep 
episode duration.45 REM sleep propensity would accumulate in 
the course of a NREM sleep episode, which would predict simi-
lar changes in the duration of NREM and REM sleep episodes 
from baseline to the 2h/2h protocol.

In the present protocol, waking episode duration in par-
ticular seemed to be almost independent of sleep homeostatic 
processes and determined primarily by the phase of the circa-
dian clock. To a lesser extent, the same holds true for NREM 
sleep, although the diurnal amplitude was reduced. In contrast, 
REM sleep episode duration appeared to be very susceptible 
to the moderate increase in sleep pressure, and the influence of 
the circadian clock was not visible during the 2h/2h protocol. 
The remaining daily modulation in the amount of waking and 
NREM sleep in the 2h/2h protocol was caused by daily changes 
in waking and NREM sleep episode duration.

The 2-h values of SWA in the NREM sleep EEG did not show 
a significant circadian modulation during the 2h/2h protocol. 
This phenomenon was observed previously in SCN lesioned 
rats,46 Guinea pigs,47 and winter adapted Djungarian hamsters.48 
In all these cases NREM sleep was equally distributed across 
the 24-h day, as in the present results. This constant pattern of 
SWA is in accordance with the 2-process model of sleep regu-
lation,1,2,6 which predicts that SWA in the NREM sleep EEG 
changes as a function of prior waking duration; presumably, 
when the amount of waking is evenly distributed over 24 h, 
SWA will not show a significant modulation. Indeed, the pres-

els over the subsequent intervals (CT 8-24; 7-11 Hz: 105.2% ± 
2.0%; 11-25 Hz: 110.2% ± 2.2%). This pattern remained in the 
2h/2h schedule. Circadian changes were observed for both 7-11 
Hz and 11-25 Hz activity in baseline (7-11 Hz: GF = 0.027, 
P < 0.005; 11-25 Hz: GF = 0.024, P < 0.005 after one-way rA-
NOVA, factor interval, 7-11 Hz: F(5,35) = 18.3; P < 0.001; 11-25 
Hz: F5,35 = 26.7; P < 0.001) and during the 2h/2h protocol (7-11 
Hz: GF = 0.053, P < 0.02; 11-25 Hz: GF = 0.074, P < 0.05 after 
rANOVA, factor interval, 7-11 Hz: F5,35 = 9.8; P < 0.001; 11-25 
Hz: F5,35 = 11.4; P < 0.001).

DISCUSSION
The 2h/2h sleep deprivation paradigm in the rat under DD 

conditions resulted in a relatively stable level of sleep over the 
circadian day. The animals spent only 7.5% more of the 24-h 
in wakefulness compared to baseline; this time was composed 
of NREM sleep during the baseline day. The amount of REM 
sleep over 24 h did not change significantly. The amount of 
REM sleep was slightly reduced during the subjective day, and 
increased during the 2-h rest periods in the subjective night. 
Despite the mild influence on TST over 24 h, the application of 
2h/2h protocol had dramatic effects on the distribution of sleep 
and, at the same time, was remarkably successful in stabilizing 
the amount of SWA in the NREM sleep EEG.

Although sleep and wakefulness were almost evenly distrib-
uted and a constant DD condition was applied, a clear circadian 
fluctuation of EEG power density in the faster frequencies (> 7 
Hz; see below), as well as a daily modulation in the vigilance 
state episode duration could still be observed. In our study, the 
duration of NREM sleep did not lose daily modulation under 
influence of the 2h/2h protocol, whereas REM sleep did. The 
duration of REM sleep episodes was constant and high over the 
2h/2h experimental day. This indicates that daily modulation of 
NREM sleep episode duration is under relatively strong circa-

Figure 6—Theta activity (5-7 Hz) in REM sleep and waking. Data are plotted as percentage of the mean activity of the corresponding frequency during the 
baseline 24-h. The curves connect 2-h mean values (n = 8) for the 24 h of the 2h/2h protocol (dots) and corresponding baseline intervals (circles). Data are 
double plotted to visualize the daily rhythm. Rest onset (CT 0) was determined per individual animal. The horizontal bars on a top indicate the rest (grey) and 
active (black) phase. Significant differences between the 2h/2h protocol and corresponding intervals of baseline are indicated by *(P < 0.05), 2-tailed paired 
t-test after significant rANOVA, factor “day.”
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the highest levels of NREM sleep when the body temperature 
was low. REM sleep peaked shortly after the trough in core 
body temperature.17 In our protocol, NREM sleep was slightly 
reduced during the subjective night, and waking was increased 
by a similar amount. However, a short distinct period of mark-
edly increased waking (like that in humans at 22:00-23:00) and 
a clear peak in REM sleep propensity were not found. This is 
probably attributable to the ultradian sleep-wake pattern of the 

ent data indicate that sleep pressure across 4-h intervals over 
the 24-h day was almost constant and higher than baseline 
during all intervals except CT 0-4 (when the amount of SWA 
did not differ from baseline). These facts demonstrate that the 
2h/2h protocol resulted in both stabilization and a moderate in-
crease in sleep pressure. A slight daily modulation was seen in 
SWA in the first 7 min of a NREM sleep episode, indicating that 
changes in SWA observed on the basis of hourly values may not 
reflect what happens within a separate NREM sleep episode.

Activity in the NREM sleep EEG frequencies above 7 Hz 
still showed clear circadian modulation that did not differ from 
baseline. This is the first demonstration that faster EEG frequen-
cies in rodents are not influenced by sleep homeostatic mecha-
nisms and show circadian modulation with an endogenous 
origin. Circadian rhythms originate from the circadian clock 
located in the suprachiasmatic nucleus (SCN) of the hypothala-
mus3-5; however, the mechanism by which this clock determines 
the activity in the higher frequencies of the NREM sleep EEG 
remains unclear. It has been suggested that melatonin, which is 
released during the (subjective) dark period is influencing the 
EEG.49 However, melatonin should then exert opposite effects 
in day active animals compared to night active animals, because 
activity in faster frequencies of the EEG also shows an oppo-
site pattern.25 Other hormones with a circadian release pattern, 
such as hypocretin/orexin and cortisol,50,51 may cause circadian 
changes in sleep or the sleep EEG. As an alternative hypothesis, 
it was proposed that daily fluctuations in brain temperature may 
cause circadian changes in EEG activity in frequencies above 
20 Hz.52 Higher brain temperatures during the active phase may 
increase the firing rate of individual neurons, which in turn, 
would increase EEG activity in the faster frequencies. Whether 
the 2h/2h protocol influences body temperature is unclear. A 
similar nap protocol in humans, who were carefully controlled 
for body posture, did not change the circadian time course in 
body temperature.53 Therefore, the 2h/2h protocol may also not 
have changed body temperature levels within NREM and REM 
sleep when the animals are in the same sleeping posture. The 
present data show that frequencies above 7 Hz in the NREM 
sleep EEG of the rat display endogenous circadian modulation, 
which is not influenced by sleep homeostatic mechanisms.

The present results can be compared with an experiment in 
humans, in which subjects were forced to sleep for 30 min ev-
ery 90 min. In this nap protocol, the amount of sleep dropped 
from the normal 7-8 h over the 24-h baseline day to less than 5 
h15,54; therefore, the sleep deprivation in these studies was much 
more severe than in our experiments in the rat. Nevertheless, 
clear circadian modulation of NREM and REM sleep was ob-
served under the nap protocol in humans, with low amounts of 
NREM and REM sleep shortly before normal bedtime (22:00-
23:00) and high levels of NREM and REM sleep shortly after 
the core body temperature minimum.16,54 Although in our ex-
periments the sleep deprivation was much milder than in the 
nap protocol in humans, the distribution of sleep seemed to be 
influenced more in the rat. In particular, REM sleep distribution 
was strongly influenced by the 2h/2h protocol. Application of 
the forced desynchrony protocol is another well-accepted way 
to investigate circadian modulation of sleep and the sleep EEG 
in humans.17,55 Similar to the nap protocol, it was shown that 
the lowest level of sleep was found around 22:00-23:00, and 

Figure 7—Time course of SWA, SFA (7-11 Hz), and higher frequency 
activity (11-25 Hz) within the first 7 min of NREM sleep onset. Data 
are plotted as percentage of the mean activity of the corresponding 
frequency during the baseline 24 h. The curves connect 10-sec mean 
values (n = 8) of corresponding activity for the last minute before, and 
first 7 min after, a NREM episode. Each panel represents mean values 
(n = 8) for undisturbed 2-h periods of the 2h/2h deprivation protocol and 
corresponding baseline intervals. The horizontal bars on a top indicate 
the rest (grey) and active (black) phase. Significant differences between 
the average levels of activity in the 2h/2h protocol and corresponding 
baseline intervals are indicated by *(P < 0.05) and **(P < 0.01), 2-tailed 
paired t-test after significant rANOVA, factor “day.”



SLEEP, Vol. 33, No. 5, 2010 640 Sleep Regulation under Constant Sleep Pressure—Yasenkov et al

mainly through changes in episode frequency. In contrast to hu-
mans, the circadian clock in the rat seems to have only weak 
control over the occurrence of REM sleep, which responds 
very strongly to mild changes in homeostatic sleep demand by 
changes in episode frequency and duration.
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