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INTRODUCTION
Many people in modern society voluntarily reduce the 

amount of time they sleep for vocational or lifestyle reasons. 
However, experimental studies in humans reveal that sleeping 
2 to 3 h less than their normal sleep time, even for only a few 
consecutive days, leads to significant impairment in cardiovas-
cular, immune, endocrine, and cognitive functions.1 Consistent 
with these reports are epidemiological studies which suggest 
that habitual short sleep duration is associated with obesity,2 
heart disease,3 and mortality.4

While most studies have focused on the health consequences 
of chronic sleep restriction (CSR), only a few studies have in-
vestigated the sleep responses to CSR. In two well-designed 
human CSR studies on neurobehavioral cognitive functions, 
subjects consistently rated their subjective sleepiness as “mild” 
as CSR continued.5,6 In contrast, these subjects clearly showed 
severe sleepiness when objectively assessed using the multi-
ple sleep latency test. In addition, they exhibited cumulative 
impairments in daily cognitive performance. These results 
indicate that chronically sleep restricted humans suffer from 
worsening performance without recognizing it is due to insuf-
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ficient sleep. Although these two studies together gave insights 
into how CSR alters subjective and objective sleepiness, as well 
as cognitive performance, it remains unknown how CSR alters 
the brain’s sleep-wake regulatory systems.

A recent study by the first author and colleagues7 investi-
gated the homeostatic sleep response in a rat model of CSR. 
In this study, following daily 20-h sleep deprivation, animals 
did not exhibit enhanced NREM delta power (which is widely 
used as a measure of sleep intensity) or increased total sleep 
time (TST) during the daily 4-h sleep opportunity (SO) after 
the first 2 days of sleep restriction (SR), despite the daily ac-
cumulation of sleep pressure. These data demonstrated that, un-
like the homeostatic response to acute sleep loss, CSR induces 
an adaptive, or allostatic sleep response. Allostasis is achieving 
stability through change.8

The inhibitory neuromodulator adenosine has been proposed 
as an endogenous sleep factor that mediates sleepiness.9,10 Dur-
ing periods of prolonged wakefulness, extracellular adenosine 
levels rise in the basal forebrain (BF), leading to inhibition of 
wake-active neurons, which have widespread projections to the 
cerebral cortex and other brain areas.10

The present study was designed to test the hypothesis that the 
adenosine system mediates the CSR-induced changes in sleepi-
ness. First, we measured sleep amount and sleep latency to de-
termine if the rats are sleepier when compensatory increases in 
sleep time/intensity are absent during 5 days of CSR. Second, 
changes in brain adenosine receptor mRNA levels during CSR 
were examined to determine whether the time course of adenos-
ine receptor mRNA changes follows the time course of the ho-
meostatic or the allostatic sleep response to CSR. Here we show 
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the decoupling of sleepiness from sleep time/intensity in rats 
under the CSR condition and report new evidence that changes 
in the brain adenosine receptor system may mediate sleepiness, 
but not sleep time/intensity.

METHODS

Subjects
Three-month-old male Sprague-Dawley rats were housed in-

dividually and maintained on a 12:12h light-dark cycle (light on 
at 10:00 AM) with free access to food and water. Protocols were 
approved by the Institutional Animal Care and Use Committee 
at the VA Boston Healthcare System.

Experimental Design 1: EEG/EMG Recording
Following 2 weeks of recovery from EEG/EMG surgery, 

animals (N = 9) were habituated to the sleep deprivation wheels 
for 2 h per day for 2 consecutive days. On experiment day 1, 
sleep was recorded in their home cages for a 24-h baseline (BL) 
period beginning 6 h after light onset (Zeitgeber time 6, ZT6 = 
4 PM), as depicted in Figure 1. For the next 5 consecutive sleep 
restriction days (SR1-SR5), animals were sleep deprived for 
18 h (ZT6-24), followed by a restricted 6-h free sleep opportu-
nity (ZT0-6). The protocol was designed with the 6-h blocks of 
SO at the beginning of the rats’ rest period (light onset) to model 
typical human CSR. Following the last day of SR, animals were 
allowed unrestricted recovery sleep for 3 days (R1-R3). EEG/
EMG recordings were continued throughout the entire protocol. 
The sleep latency of each rat was measured twice during the 6-h 
SO periods: ZT1 and ZT5, which are 1 h after the end of sleep 
deprivation and 5 h after the start of SO on SR days.

Experimental Design 2: mRNA Measurements
A separate group of animals without EEG/EMG surgery 

went through the same experimental procedure designed for 
the EEG/EMG recording experiment. Brains were collected at 
the light onset (i.e., immediately following 18-h sleep depriva-
tion on SR days) on baseline, sleep restriction day 1, 3, 5, and 
recovery sleep day 1, and 3. Changes in mRNA levels for ade-
nosine A1 (A1R) and A2a receptor (A2aR) were analyzed using 
a reverse transcription – polymerase chain reaction (RT-PCR) 
technique in 5 different brain areas: the BF, frontal cortex, ante-
rior cingulate cortex, hippocampus, and thalamus. These brain 
areas are chosen because previous studies reported that sleep 
deprivation induces changes in adenosine and/or its receptors 
level in the BF, frontal cortex, anterior cingulate cortex, and 
hippocampus.11-13 The thalamus was chosen as a control area.

EEG/EMG Surgical Procedures
Rats were anesthetized with isoflurane (2.5%), positioned in 

a stereotaxic apparatus, and surgically implanted with EEG and 
EMG electrodes. For monitoring EEG signals, 2 stainless steel 
screw electrodes were implanted, one above the frontal cortex 
(2 mm anterior to bregma, 2 mm lateral to the central suture), 
and a second above the cerebellum area (2 mm posterior to 
lambda on the extended line of the central suture). Differen-
tial recording with this EEG electrode configuration maximizes 
the amount of EEG delta activity acquired. EMG activity was 
monitored using nylon-insulated stainless steel wires placed bi-
laterally in the nuchal muscle in the dorsal neck region.

Sleep Deprivation
Animals were sleep deprived by placing each animal in a 

periodically rotating wheel (14 inches in diameter × 4.3 inches 
in width, Lafayette Instrument, product #80860) programmed 
on a repeated cycle of 4-s on (3 m/min) and 12-s off during the 
daily 18-h periods of sleep deprivation (Animal Wheel Monitor 
software, Lafayette Instrument). The wheel is situated vertical-
ly between a solid aluminum plate on one side and a transparent 
sheet of acrylic on the other, which supports the food bin and 
water bottle. Animals had access to food and water during the 
whole sleep deprivation periods. The acrylic sheet has a vertical 
slit to enable the tether to be connected to a swivel commutator 
(SL6C, Plastics One, Inc.) so that the EEG/EMG activity of ani-
mals could be continually recorded during the sleep deprivation 
period. After the daily 18-h sleep deprivation period, animals 
were quickly returned to their sleep recording home cage for 
the 6-h SO. During the 18-h sleep deprivation, the rats slept 
less than 1.3 h even on the last SR day, which corresponds to 
only 7% of the entire 18-h period, indicating the sleep depriva-
tion procedure produced ≥ 93% wakefulness during the CSR 
protocol. This sleep deprivation procedure is far more effective 
than the disc-over-water method, producing only about 85% 
wakefulness,14 or equivalent to the disc-over-water along with 
constant monitoring by an experimenter (approximately 93% 
wakefulness).15

Sleep Latency
Sleepiness is defined operationally the propensity to fall 

asleep.16 To assess sleepiness, a sleep latency test was adminis-
tered at 2 time points during the daily 6-h SO period: first at 1 h 

Figure 1—Schematic diagram of experimental design. A 24-h baseline 
sleep-wake recording was collected beginning 6-h after light onset 
(zeitgeber time 6 [ZT6] = 4 PM). Over the next 5 sleep restriction days 
(SR1-SR5), animals were sleep-deprived (SD) for 18 h each day followed 
by a 6-h sleep opportunity (ZT0-6). Thereafter, animals had a 3-day 
unrestricted period allowing sleep recovery (R1-R3). The 12-h:12-h light-
dark cycle is indicated at the bottom (open bar = light phase; black bar = 
dark phase). “A” represents brain tissue collection time points (ZT0) for 
mRNA measurements, and “L” indicates sleep latency test at ZT1 (11 AM) 
and ZT5 (3 PM).
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after the end of 18-h sleep deprivation (ZT1) to detect the sleep 
pressure built during the sleep deprivation period, and second 
at 5 h after the start of 6-h SO (ZT5) to detect any sleep pres-
sure remained after 5 h of sleep opportunity (see Figure 1). This 
study used only 2 sleep latency trials to minimize the amount of 
additional sleep loss produced by the sleep latency tests them-
selves. However, sleep latency data were highly variable, re-
sulting in large error bars and inconsistent data at a single time 
point (see Figure 5, top panel). Nonetheless, we reported sleep 
latency data per trial to show an important trend over sleep op-
portunity time (for detail, see Discussion).

Briefly, animals were awakened for 5 min by a mild noise 
(e.g., tapping cages), and then given an uninterrupted sleep op-
portunity. The sleep latency was calculated as the time between 
the moment when the brief forced wakefulness was stopped 
and the time when the rat fell asleep, exhibiting NREM (and 
REM) sleep episodes in at least 5 of 6 consecutive 10-s epochs. 
A maximum sleep latency value of 20 min was used.

Sleep Data Collection
Using Grass 15A94 Quad Neuroamplifiers (Astro-Med Inc., 

West Warwick, RI), EEG signals were amplified 10,000 times 
with high and low pass filters set at 0.3 and 100 Hz, respec-
tively; and EMG signals were amplified 5,000 times with high- 
and low-pass filters set at 30 and 300 Hz. Both signals were 
then digitized at 256 Hz and waveforms were collected using 
Gamma Research Data Acquisition & Analysis System v4.6 
(Astro-Med Inc., West Warwick, RI).

Sleep Data Analysis
The EEG and EMG signals were visually scored in 10-sec 

epochs as wake (low voltage, high frequency EEG; high ampli-
tude EMG), NREM sleep (high voltage, mixed frequency EEG; 
low amplitude EMG), or REM sleep (mixed frequency EEG 
with a predominance of theta activity (6-10 Hz); very low am-
plitude EMG). For quantitative analysis of the EEG signal, each 
epoch were subjected to a fast Fourier transformation using the 
Research Sleep Stager program (v 3.2, Grass Technologies, 
West Warwick, RI). For all epochs of wake, NREM, and REM 
sleep, the EEG power in the delta (0.5-4 Hz) frequency range 
was calculated. Epochs containing EEG artifact were elimi-
nated from power spectral analysis (13.0% ± 1.8% of artifacts 
per day in average). NREM delta power was not corrected over 
9 experimental days because the total power was not changed 
significantly between BL and R3 (paired 2-tailed t-test, N = 6, 
P = 0.83).

Depending on the particular analysis, wake, NREM sleep 
and REM sleep time, as well as delta power, were determined in 
6, 18, or 24-h time blocks. For statistical comparisons of sleep-
wake parameters across BL, SR1-SR5, and R1-R3 conditions, 
a repeated-measures analysis of variance (ANOVA) test was 
used. Post hoc comparisons, when indicated, were made using 
the Fisher LSD test. For comparing 3 days of recovery sleep 
from the baseline sleep in 2-h intervals, paired 2-tailed t-test 
was used. Comparisons were considered significant if P < 0.05.

RT-PCR
RT-PCR procedures have been previously described by Ba-

sheer et al.17 Briefly, brain tissue samples were punched (2 mm 

in diameter) from brain slices for the 5 different brain areas. 
The RNA was extracted using TRIzol Reagent (Invitrogen, 
Carlsbad, CA) and reverse transcribed using Oligo(dT)20 and 
SuperScript III (Invitrogen). Real time PCR was performed 
using Taqman Gene Expression Assays (Applied Biosystems, 
Foster City, CA) on rat A1R and A2aR (Cat# Rn00567668_m1 
and Rn00583935_m1, respectively), as well as beta-actin (Cat# 
4352340E) to serve as an internal control to normalize RNA 
concentration variation among samples. Relative quantification 
was done using the comparative Ct method (ΔΔCt method).18 
The fold-difference in the levels of mRNA expression was 
calculated as described previously.19 The Wilcoxon signed-
rank test was used to compare ΔΔCt values from experimental 
groups to the baseline values. A P value less than 0.05 was con-
sidered significant.

RESULTS
Following a baseline sleep day, rats underwent 18-h sleep 

deprivation each day followed by 6-h SO given during the first 
6 h of the light period (10 AM to 4 PM, or zeitgeber time [ZT] 
0-6). Sleep deprivation was done by placing rats in periodically 
rotating wheels which were programmed on a repeated cycle of 
4-s on and 12-s off. This SR protocol was repeated for 5 con-
secutive days, followed by 3 unrestricted recovery sleep days 
(R1-R3). Sleep time and NREM EEG delta power were ana-
lyzed in 2-h, 6-h (ZT0-6), 18-h (ZT6-24) and 24-h time blocks.

Total Sleep Time Did Not Increase During the 6-h SO on SR Days 
2 through 5

On the BL day, rats slept 11.1 h on average over the 24-h 
period, derived from 7.2 h in the ZT6-24 time block (18 h) and 
3.9 h in the ZT0-6 time block (6 h) (Figure 2A, BL). During 
the 18-h sleep deprivation period (ZT6-24) on the 5 SR days, 
the rats slept only about 1.1 h on SR1 and 1.3 h on SR5; this 
amount of sleep corresponds to 5.9% to 7.4% of the entire 18-h 
period, indicating the sleep deprivation procedure produced 
92.6% to 94.1% wakefulness during the sleep deprivation peri-
ods of the SR protocol. The TST achieved during the18-h sleep 
deprivation periods was not significantly different among 5 SR 
days. During the 6-h SO (ZT0-6) on SR1, the TST was signifi-
cantly increased (P = 0.009) by +23.4 min, compared to the cor-
responding time period of the BL day. However, this significant 
increase in TST during the 6-h SO on SR1 was not observed on 
days SR2 through SR5, despite the continued accumulation of 
sleep debt across the 5 SR days. Following the 5 days of SR, 
rats had 3 days of unrestricted sleep opportunity. During these 
3 recovery days, a trend towards an increase in TST (P = 0.054) 
was observed only on the first recovery day (R1), but not on 
days R2 and R3 (Figure 2A). In total, rats lost 30.4 h of their 
normal sleep time by the end of 5 days of SR and gained only 
1.5 h during 3 recovery sleep days (R1-R3), resulting in net loss 
of 28.9 h of sleep.

NREM Sleep Time Decreased During the 6-h SO on SR Days 2 
through 5

The pattern of changes in NREM sleep time (Figure 2B) was 
similar to that of TST changes (Figure 2A). However, there 
were 3 major differences: (1) A significant increase in NREM 
sleep time was absent on the first day of SO (ZT0-6). (2) More 
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surprisingly, relative to the BL day, NREM sleep time during 
the 6-h SO decreased significantly on SR3 (P = 0.024), SR4 
(P = 0.004) and SR5 (P = 0.002) days. (3) On the first recovery 
day (R1), following the 5 days of SR, the increase in NREM 
sleep time over the 24-h period was almost absent, unlike the 
TST (Figure 2A).

The time course of NREM sleep time in 2-h intervals dur-
ing the first 72 h immediately following the end of the last 18-h 
sleep deprivation on SR day 5 is shown in Figure 3 (top panel). 
It should be noted that the hours 0-6 are the same as the 6-h SO 
on the last day of sleep restriction (SR5). On the first recovery 
day, there was a significant decrease in NREM sleep time in the 
first 2 h of recovery (P = 0.0037 for hours 0-2), followed by 

a significant increase during the dark period compared to cor-
responding BL levels (P < 0.05 for hours 12-14, 16-18, and 22-
24). The increases in NREM sleep time were observed mainly 
in or near the dark period on the recovery day 2 (P < 0.05 for 
hours 34-36, 36-38, and 48-50) and 3 (P < 0.05 for hours 60-62).

REM Sleep Time Increased Mildly During the 6-h SO on SR Days 
2 through 5

Changes in REM sleep time over 9 experimental days 
showed a different pattern from that of TST and NREM sleep 
time (Figure 2C). On the BL day, rats spent an average of 2.2 h 
in REM sleep over the 24-h period, derived from 1.6 h during 
the ZT6-24 time block and 0.6 h during the ZT0-6 time block. 
During the 18-h sleep deprivation (ZT6-24) on 5 SR days, 
REM sleep was completely absent. During the daily 6-h SO 
(ZT0-6), REM sleep time was significantly increased through-
out SR days (all P < 0.008), except SR1 (P = 0.066). However, 
the magnitude of this gain (16.8 min on SR1 to 27.0 min on 

Figure 3—Baseline sleep versus sleep on the 3 unrestricted recovery 
sleep days. Overall, NREM sleep time and NREM delta power showed 
significant differences from the baseline (BL) level mainly on the first 
24 h of recovery sleep opportunity and returned to the BL level by the 
third recovery day. NREM delta power was continuously lower than the 
corresponding BL level over the first 48 h. NREM sleep time (top panel, 
mean min ± SEM) and NREM delta power (bottom panel, mean % of 
24-h baseline ± SEM) are depicted for the 24-h BL (open circles) and the 
3 recovery days (filled circles) in 2-h intervals. The recovery data were 
taken immediately after the last 18-h sleep deprivation period on sleep 
restriction day 5 and therefore begin at light onset (ZT0). Note that the 24-h 
BL distribution is re-plotted 3 times in order to allow visual comparisons 
with all 3 recovery days. The 12-h dark periods are indicated with black 
bars at the bottom. The paired-t test was used to compare recovery sleep 
vs. baseline sleep in 2-h intervals. The asterisk (*) indicates statistical 
significance (P < 0.05, N = 8) compared to the baseline.
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SR5 relative to baseline) was far less than the amount of REM 
sleep lost each day of the CSR protocol (~1.6 h per day). On 
recovery sleep days, significant increase (P = 0.007) in REM 
sleep time over 24-h period was observed only on the first day 
(R1); thereafter, REM sleep time returned to the BL levels on 
days R2 and R3. Rats lost 6.0 h of their normal REM sleep 
time by the end of 5 days of SR and gained only 0.7 h during 
3 recovery sleep days (R1-R3), resulting in net loss of 5.4 h of 
REM sleep time.

NREM Delta Power Did Not Increase During the 6-h SO on SR 
Days 2 through 5

The sleep time data revealed that rats did not exhibit compensa-
tory increases in sleep time from SR2 through SR5. NREM EEG 
delta power was examined to determine whether animals com-
pensate for their loss of sleep time by an increase in their sleep 
intensity (Figure 4). Following the rats’ first exposure to sleep 
deprivation (18-h sleep deprivation on SR1), the NREM delta 
power during the subsequent 6-h SO was significantly increased 
by 44.2% (P = 0.006), compared to the corresponding BL level 
(Figure 4, top panel). However, in the subsequent SR days (SR2-
SR5), the magnitude of NREM delta power rebound was not sig-
nificant, and, indeed, gradually declined to the BL level from SR2 
to SR5. For the brief periods of NREM sleep (~1.2 h/day) that rats 

obtained during the daily 18-h sleep deprivation periods, NREM 
delta power did not increase, but actually decreased significantly 
on sleep deprivation day 3 to 5 (all P < 0.026).

Next, to assess possible intrusion of delta power into the rats’ 
arousal state, wake delta power was assessed. As shown in the 
bottom panel of Figure 4, no significant changes of wake EEG 
delta power were found either during the 18-h sleep deprivation 
or during the 6-h SO periods over 9 experimental days.

The time course of NREM delta power in 2-h intervals dur-
ing the first 72 h immediately following the end of the last 18-h 
sleep deprivation on SR day 5 is shown in Figure 3 (bottom 
panel). On the first 12 h of the first recovery day, there was no 
significant changes in NREM delta power compared to corre-
sponding BL levels, followed by long-lasting decreases, mostly 
in the dark period of the recovery day 1 (all P < 0.05 for hours 
12 to 26) and 2 (all P < 0.05 for hours 36 to 40 and 48-50). The 
NREM delta power returned to the BL level in the dark period 
of the recovery day 3.

Sleepiness Remained Increased Over the 5 Days of SR
To determine whether rats exhibit behavioral sleepiness de-

spite of the absence of compensatory increases in sleep time/
intensity, the sleep latency was measured twice a day: at ZT1 
and ZT5. The sleep latency value at ZT1 indicates the sleep 
propensity induced during the previous sleep deprivation, while 
the one at ZT5 indicates sleep propensity remaining after 5 h of 
free SO. Sleep latencies 1 h after the end of 18-h sleep depriva-
tion (ZT1) were significantly reduced to 3.0 min or less from 
SR1 through SR4 (all P < 0.043), compared to 9.4 min on the 
BL day (Figure 5, top panel). However, 3 of the 9 rats stayed 

Figure 4—NREM and Wake EEG delta power. Delta power (mean % of 
baseline ± SEM) was determined across 18-h (ZT6-24, open bar) and 
6-h (ZT0-6, gray bar) time blocks on baseline (BL), sleep restriction (SR1-
SR5) and recovery sleep (R1-R3) days. NREM delta power (top panel) 
was increased significantly after the first 18-h of sleep deprivation (SR1), 
but not on SR2 through SR5. For ~ 1 h of sleep obtained during the 
18-h sleep deprivation (SD) periods, NREM delta power did not increase, 
but actually decreased significantly on SR3 to SR5 (all P < 0.05). The 
wake delta power (bottom panel) was not significantly increased over 9 
experimental days, suggesting the absence of dissipating delta power 
into the rats’ wake state. The asterisk (*) indicates statistical significance 
(P < 0.05, N = 8) compared to the corresponding baseline.
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awake until the cutoff time (20 min) on SR5, and the decrease 
in latency was not statistically significant (P = 0.526).

For the sleep latency at ZT5 (after the rats had experienced 
5 h of SO on the SR days), the rats still showed a trend towards 
decreased sleep latency on SR4 (P = 0.090), and this trend only 
became a significant decrease on SR5 (P = 0.036), as shown in 
the bottom panel of Figure 5.

Adenosine Receptor MRNA Levels Exhibited Site Specific Changes
A1R and A2aR mRNA levels were measured using a RT-PCR 

technique. Brain tissue was collected at the light onset (ZT0), 
which was immediately after the end of the 18-h sleep depriva-
tion period on SR days. As shown in the top panel of Figure 6, 
A1R mRNA levels in the BF were significantly increased on 
SR1 (+49%, P = 0.024) and remained elevated throughout the 
5 SR days (+25% on SR3 and +29% on SR5), and the 3 recov-
ery sleep days (+24% on R1 [P = 0.038] and +27% on R3). 
In contrast, A1R mRNA levels were significantly decreased in 
the anterior cingulate cortex on SR3 (−22%, P = 0.017) and 
SR5 (−32%, P = 0.025). A2aR mRNA levels were significantly 
decreased in the frontal cortex from SR1 (−38%, P = 0.017) 
through SR5 (−26%, P = 0.022) and R1 (−36%, P = 0.047). The 
other brain areas did not show any significant changes except 
the A2a mRNA in the hippocampus on SR5 (+38%, P = 0.018).

DISCUSSION
This is the first study demonstrating that, after the first day of 

the 5-day SR protocol, animals do not sleep longer or deeper, 
even though they show elevated sleepiness throughout the 5 SR 
days. Therefore, we propose that there are at least two different 
sleep regulatory systems: one mediating sleepiness and the oth-
er mediating sleep time and intensity. The results of adenosine 
receptor mRNA measurements suggest that alterations in brain 
adenosinergic tone may be a neurochemical mechanism un-
derlying the continuous increase in sleepiness observed during 
CSR (a homeostatic response), rather than the adaptive change 
of sleep time/intensity (an allostatic response).

CSR Induces an Allostatic Sleep Response in Sleep Time and 
Intensity

When rats were sleep deprived for 18 h on the first SR day, 
they showed a compensatory increase in sleep time and sleep 
intensity during the subsequent 6-h SO (Figures 2 and 4). This 
is a well-characterized sleep response to short-term sleep de-
privation. However, NREM sleep time was not increased after 
18-h sleep deprivation on SR day 1. This finding is consistent 
with previous reports where a compensatory increase in NREM 
sleep time following sleep deprivation is absent when recovery 
sleep is given at a normal rest period.20-22

The typical homeostatic sleep response was no longer ob-
served from the second SR day (Figures 2 and 4). These data 
demonstrated that CSR induces allostatic sleep responses, 
which have been also observed in previous studies using a 
different protocol: 24-h total sleep deprivation for 4 days14 or 
12-h sleep deprivation for 5 days.22 Interestingly, the allostatic 
sleep responses were not observed in a recent study that used 
Wistar-Kyoto rats,15 a strain that is hypersensitive to stress23 
and does “not adapt” to a chronic stress.24 Furthermore, two 
recent human CSR studies with 4-h SO per day for 5 days 

Figure 6—Adenosine A1 (A1R) and A2a receptor (A2aR) mRNA levels on 
baseline (BL), sleep restriction (SR1, SR3 and SR5) and recovery sleep 
days (R1 and R3). The brain tissue was collected immediately after 18-h 
sleep deprivation on SR days. The increase in the basal forebrain A1R, 
and decrease in the frontal cortex A2aR mRNA levels (mean ± SEM) 
were consistent throughout the days of sleep restriction; this time course 
of adenosine receptor mRNA changes resembles that of the sleep latency 
changes observed throughout the 5 days of sleep restriction, suggesting that 
the basal forebrain and cortical adenosine receptor changes may mediate 
sleepiness rather than sleep time or intensity. The asterisk (*) indicates 
statistical significance (P < 0.05, N = 7~11) compared to the baseline. 
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showed that slow wave activity (SWA) on the first SO follow-
ing 20-h sleep deprivation was only slightly increased25 or did 
not increase.26 This lack of a robust SWA response following 
acute sleep deprivation in these two studies makes it difficult to 
interpret the additional findings that SWA on SO5 was similar 
to that of SO1.

Our results rule out the possibility that animals preserve in-
tact homeostatic sleep drive under the CSR condition. One pos-
sible explanation on the absence of compensatory increases in 
NREM delta power is that animals dissipate sleep pressure in 
a form of wake delta power during forced wakefulness.15,27 An-
other possibility is that animals sleep very briefly but frequently 
between the wheel movements. Since these microsleeps typi-
cally last only 2~3 s, the whole 10-s epoch is often scored as 
wake rather than sleep. However, both cases should result in 
increased delta power in the epochs designated as wakefulness. 
We found no significant changes of wake EEG delta power 
either during the 18-h sleep deprivation or during the 6-h SO 
periods over 9 experimental days (Figure 4, bottom panel). 
Therefore, this finding is contrary to both possibilities; we thus 
conclude that the absence of NREM delta power rebound on SR 
days 2 through 5 is not because of microsleeps or delta power 
intrusion into periods of wakefulness. This observation is con-
sistent with our previous report that animals do not increase total 
delta power (i.e., sum of wake, NREM, and REM delta power 
divided by total number of epochs) during forced wakefulness 
over 5 SR days (see Kim et al.,7 SI Figure 2). Rechtschaffen and 
colleagues also reported that the total delta power during 4 days 
of total sleep deprivation was only 65.5% of the BL level.14 The 
recent CSR study by Leemburg et al.15 also failed to observe 
any increases in wake delta power in the rat frontal cortex dur-
ing 5 days of sleep restriction, although significant increases 
were observed in the parietal and occipital cortex.

CSR Induces a Homeostatic Response in Sleepiness
We measured sleep latency to objectively measure the ani-

mals’ behavioral sleepiness in addition to the EEG signature of 
sleepiness. In contrast to the absence of an increase in NREM 
delta power from the second SR day, sleepiness was elevated 
over all 5 SR days (Figure 5, top panel). Furthermore, even 
when sleep latencies were measured near the end of the daily 
6-h SO (ZT 5), the rats still exhibited elevated sleepiness on 
the last 2 days of SR (Figure 5, bottom panel). This implies 
that CSR-induced sleepiness seems to be “cumulative” in na-
ture and proportional to the number of days of SR. These find-
ings are consistent with the results of human CSR study which 
used a multiple sleep latency test.6 However, this human study 
failed to detect a cumulative effect because the sleep latency 
had already reached its minimum level on the second SR day. 
In contrast, the cumulative effects of CSR on daily performance 
have been well characterized in humans.5,6 Consequently, we 
postulate that the sleep latency test is so sensitive to the ma-
nipulation of sleep deprivation or sleep restriction that it results 
in subjects reaching the minimal level very quickly (i.e., a floor 
effect). To detect a gradual change in the sleep pressure accu-
mulated over days, a better strategy might be to measure sleep 
latencies after allowing a few hours of sleep recovery period so 
that human or animal subjects could release some portion of the 
sleep pressure.

CSR Leads to Decoupling of Sleepiness from Sleep Time and 
Intensity

It is traditionally and widely accepted that sleepiness and 
sleep propensity can be best measured by slow wave activ-
ity (or NREM EEG delta power).28,29 NREM delta power may 
be also correlated with sleep intensity or sleep depth.28,30 The 
results of the present study suggest that there are at least two 
different sleep regulatory systems in the brain: one mediating 
sleepiness and the other mediating sleep time and intensity. Our 
data indicate, for the first time, that CSR leads to a decoupling 
of sleepiness from sleep time/intensity. In response to acute 
sleep loss (e.g., ≤ 24 h), these two systems exhibit a parallel 
response. However, with longer periods of repeated sleep loss 
(e.g., ≥ 3 days), the response pattern of these two systems di-
verges. In other words, when sleep duration is reduced chroni-
cally, we are unable to sleep longer or deeper because the brain 
sleep-wake regulatory system has adapted to the new condition 
(i.e., an allostatic sleep response). In humans, subjective sleepi-
ness also showed an allostatic sleep response.5,6 However, this 
allostatic change was not without cost because cognitive per-
formance kept declining and objective sleepiness continued to 
be elevated throughout CSR.5,6

The Brain Adenosinergic System May Mediate Sleepiness 
Rather than Sleep Time or Sleep Intensity

To assess dynamic changes in adenosine system during CSR, 
we measured adenosine receptor mRNA levels. We hypothe-
sized that changes in adenosine receptors are a better indica-
tor of adenosinergic tone for long periods of sleep disruption 
than measures of extracellular adenosine levels, which are bet-
ter suited to assess shorter periods of sleep loss. Indeed, previ-
ous studies revealed that brain adenosine levels have already 
reached a plateau even during 6-h sleep deprivation.12,31

We found that A1R mRNA in the basal forebrain was main-
tained at elevated levels throughout the 5 days of SR and re-
covery day 1, while A2aR mRNA in the frontal cortex was 
maintained at significantly reduced levels (see Figure 6). This 
is consistent with the previous finding that following 3 and 6-h 
sleep deprivation, the levels of A1R in the BF and A2aR in the 
olfactory tubercle changed in opposite directions.17 It appears 
that, in the BF and frontal cortex, elevated extracellular levels 
of the ligand downregulates excitatory receptors (e.g., A2aR) 
and upregulates inhibitory receptors (e.g., A1R). However, the 
direction of change seems also brain area-specific since we also 
found decreased A1R mRNA in the anterior cingulate cortex 
and increased A2aR in the hippocampus.

How might alterations in adenosine receptors mediate 
sleepiness? Via the A1R, adenosine is hypothesized to inhibit 
wake-active BF neurons which project to the cerebral cortex 
and promote wakefulness.10,32 CSR-induced increase in the 
number of A1R in the BF will amplify the inhibitory action of 
elevated extracellular adenosine levels, which in turn results in 
less arousal during wakefulness, leading to elevated sleepiness. 
However, it is unknown how A2aR in the frontal cortex regu-
lates sleep-wake states. A recent microdialysis study33 reported 
that A2aR are involved in releasing acetylcholine in the pre-
frontal cortex and brain stem of the mouse. Thus, downregula-
tion of excitatory A2aR during CSR might reduce acetylcholine 
release from cholinergic neuron terminals in the frontal cortex, 
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also resulting in reduced cortical arousal and wakefulness. 
Therefore, simultaneous upregulation of inhibitory A1R in the 
BF and a downregulation of excitatory A2aR in the frontal cor-
tex might have the same net effect: decreasing cortical arousal 
and increasing behavioral sleepiness.

Unlike mice with constitutive A1R knockouts,34 recently 
Bjorness et al.35 using mice with a conditional CNS knock-out 
of the A1R found that NREM delta power (3~4.5 Hz) did not 
increase during 48 h of intermittent sleep deprivation, suggest-
ing that the A1R is necessary for the NREM delta power re-
bound. However, this study did not measure sleepiness, which 
is frequently associated with increases in SWA in a baseline 
sleep or recovery sleep following acute sleep deprivation con-
dition. In addition, their study compared absolute delta power 
between two groups of mice, which is an inherently difficult 
and unusual analysis. Therefore, whether adenosine system me-
diates sleep time/intensity or sleepiness is still inconclusive. To 
this end, CSR studies may be needed using mice with selective 
and complete conditional knock out of adenosine receptors in 
the BF or other specific brain regions.

This study includes a few limitations. Our findings of chang-
es in adenosine receptor mRNA levels do not fit precisely with 
the pattern of changes in sleep latency. Specifically, on recov-
ery day 1, BF A1R mRNA levels remained elevated and fron-
tal cortex A2aR mRNA levels remained decreased, while sleep 
latency returned to the baseline level. Although the reason for 
this discrepancy is unknown, it is possible that the adenosine 
itself or receptor protein may correlate better with the sleepi-
ness on recovery day 1. Future studies are needed to investigate 
factors causing the discrepancy by assessing each component 
of overall adenosine tone. In addition, awakening rats for the 
sleep latency tests could actually interfere with their sleep op-
portunity, reducing the amount of sleep obtained. To minimize 
this possibility, we used only two sleep latency trials consisting 
of 5-min waking per trial during 6-h sleep opportunities, which 
is less than 3% of their total sleep opportunity. Finally, the pres-
ent study, and most studies to date, has measured the EEG ef-
fects of sleep deprivation using signals derived from the frontal 
cortex, where the largest amplitude of SWA is observed. How-
ever, findings from human and rodent CSR studies15,25 illustrate 
the importance of measuring cortical EEG changes from more 
widespread cortical regions. Recent progress in measuring 
high-density EEG in behaving rodents36 is likely to resolve the 
issue of topographic changes in cortical SWA.

To conclude, our data indicate that the time pattern of chang-
es in mRNA levels of the BF A1R and the frontal cortex A2aR 
resembles that of sleepiness during CSR (cf. Figures 5 and 6). 
These results imply that the brain adenosine system is more 
likely to mediate sleepiness rather than sleep time or intensity. 
Even though future studies are needed to confirm that changes 
in adenosine system directly mediate the elevated sleepiness 
observed in CSR, this is the first study to reveal a possible neu-
rochemical mechanism underlying the homeostatic and allo-
static changes in sleep observed during CSR.
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