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Prolonged wakefulness increases electroencephalogram (EEG) low-frequency activity (o10 Hz) in waking and sleep, and reduces spindle

frequency activity (B12–16 Hz) in non-rapid-eye-movement (nonREM) sleep. These physiologic markers of enhanced sleep propensity

reflect a sleep–wake-dependent process referred to as sleep homeostasis. We hypothesized that caffeine, an adenosine receptor

antagonist, reduces the increase of sleep propensity during waking. To test this hypothesis, we compared the effects of caffeine and

placebo on EEG power spectra during and after 40 h of wakefulness. A total of 12 young men underwent two periods of sleep

deprivation. According to a randomized, double-blind, crossover design, they received two doses of caffeine (200 mg) or placebo after

11 and 23 h of wakefulness. Sleep propensity was estimated at 3-h intervals by measuring subjective sleepiness and EEG theta (5–8 Hz)

activity, and polysomnographic recordings of baseline and recovery nights. Saliva caffeine concentration decreased from 15.7 mmol/l 16 h

before the recovery night, to 1.8mmol/l 1 h before the recovery night. Compared with placebo, caffeine reduced sleepiness and theta

activity during wakefulness. Compared with sleep under baseline conditions, sleep deprivation increased 0.75–8.0 Hz activity and reduced

spindle frequency activity in nonREM sleep of the recovery nights. Although caffeine approached undetectable saliva concentrations

before recovery sleep, it significantly reduced EEG power in the 0.75–2.0 Hz band and enhanced power in the 11.25–20.0 Hz range

relative to placebo. These findings suggest that caffeine attenuated the build-up of sleep propensity associated with wakefulness, and

support an important role of adenosine and adenosine receptors in the homeostatic regulation of sleep.
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INTRODUCTION

Sleep is homeostatically regulated (Borbély and Achermann,
2000). Changes in sleep propensity following deviations of
sleep duration from an average ‘reference value’ are
counteracted not only by changes in sleep duration but
also by changes in sleep intensity. Electroencephalogram
(EEG) low-frequency activity (spectral power o10 Hz) and
spindle frequency activity (SFA, power within 12–16 Hz) in
non-rapid-eye-movement (nonREM) sleep serve as physio-
logic markers of sleep intensity. Low-frequency activity
rises as a function of time awake and declines during sleep,
whereas SFA is reduced after sleep deprivation (Borbély

et al, 1981; Dijk et al, 1993; Landolt et al, 2000; Finelli et al,
2001).

Caffeine is an adenosine receptor antagonist (Fredholm
et al, 1999; Dunwiddie and Masino, 2001). The neuromo-
dulator adenosine may be critically involved in sleep
homeostasis (Radulovacki, 1993; Benington and Heller,
1995; Porkka-Heiskanen et al, 1997, 2002). Consistent with
this hypothesis, a bedtime dose (100 mg) of caffeine
decreased EEG spectral power between 1.25 and 2.0 Hz
and increased power between 13.25 and 15.0 Hz in nonREM
sleep (Landolt et al, 1995a). Remarkably similar and long-
lasting effects were found at night after morning caffeine
(200 mg) intake even when the saliva caffeine concentration
approached zero (Landolt et al, 1995b). Together with a
study in rats (Schwierin et al, 1996), these findings indicated
that the homeostatic process build-up during wakefulness
can be attenuated by caffeine.

An EEG correlate of sleep homeostasis can now be
tracked also during wakefulness. Power in the theta band of
the waking EEG increases during sleep deprivation (Torsvall
and Akerstedt, 1987; Cajochen et al, 1995; Aeschbach et al,
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1997; Finelli et al, 2000). The time constant of this increase
is similar to that of the wake-dependent increase of low-
frequency activity in nonREM sleep (Cajochen et al, 1995;
Aeschbach et al, 1997). A positive correlation between the
rise rate of theta activity (5–8 Hz) in waking and the
enhancement of low-frequency activity (0.75–4.5 Hz) in
nonREM sleep after sleep deprivation indicated that these
variables are closely related (Finelli et al, 2000). Although
caffeine reduced theta activity in the waking EEG for 1–4 h
(Künkel, 1976; Dimpfel et al, 1993), the involvement of
adenosine and adenosine receptors in homeostatic sleep
regulation is still uncertain (Wurts and Edgar, 2000; Van
Dongen et al, 2001; Stenberg et al, 2003).

To further elucidate the role of adenosine in sleep
homeostasis, we investigated whether caffeine attenuates
the increase of subjective sleepiness during prolonged
wakefulness and affects the EEG correlates of sleep
propensity across the wake–sleep continuum. Sleepiness
and theta activity do not rise in a monotonic fashion, but
are also modulated by the endogenous circadian clock
(Aeschbach et al, 1997, 1999; Dumont et al, 1999; Finelli
et al, 2000; Cajochen et al, 2002). When sleep is terminated
in the morning, these variables are low throughout the first
15–20 h of waking, increase steeply when the subjects
usually sleep, and peak early during the second day of
wakefulness. To investigate the effects of caffeine at times of
low and high levels of sleepiness and EEG theta power, two
doses were administered, after 11 and 23 h of a 40-h period
of waking. This intake pattern minimized acute caffeine
effects on recovery sleep, which began 17 h after the second
dose. Based on our previous observation that morning
caffeine induced sleep EEG changes indicative of attenuated
sleep propensity in subjects who were not sleep deprived
(Landolt et al, 1995b), we predicted that caffeine, as
compared with placebo, would induce similar changes in
the sleep EEG during recovery sleep after sleep deprivation.

METHODS

Subjects and Procedures

Participants were healthy male students (n¼ 12; mean age:
25.3 years; range: 20–30 years) with a mean body mass
index of 23.7 kg/m2 (range: 20.4–28.7 kg/m2) recruited from
the University of Zürich and the Swiss Federal Institute of
Technology. They were paid for participation in the study.
They reported having no medical history of neurologic and
psychiatric disease, being in good health and not taking any
medication or having consumed illicit drugs at least 2
months before the study. All were nonsmokers and reported
habitual consumption of less than five alcoholic drinks per
week, and less than 300 mg caffeine (in beverages such as
coffee, tea, cola drinks) per day. Their sleep questionnaires
revealed that they were good sleepers with regular bedtimes
and no subjective sleep disturbances. Upon reception of
their written informed consent, they were screened by
polysomnography in the sleep laboratory to exclude sleep
apnea and periodic limb movements in sleep (PLMS).
Subjects with a sleep apnea and/or a PLMS index of 5 or
more per hour of sleep, or a sleep efficiency of lower than
80% were excluded from participation in the study.

The local ethics committee for research on human
subjects approved the study protocol, which was carried
out in accordance with the Declaration of Helsinki. It
consisted of two blocks of four consecutive nights separated
by 1 week. In each block, the first and second nights served
as adaptation and baseline nights, respectively. The subjects
then stayed awake for 40 h (ie for 2 days, skipping one night
of sleep) until bedtime of the fourth (recovery) night.
During the period of extended wakefulness, the volunteers
were under continuous supervision of a member of the
research team and engaged in studying, playing games,
watching films, and occasionally taking a walk outside the
laboratory.

During the 2 weeks prior to the study, the subjects were
asked to abstain from all caffeine (coffee, tea, cola drinks,
chocolate, energy drinks), to wear a wrist-activity monitor
on the nondominant arm, and to keep a sleep–wake diary.
During the 3 days prior to the study, the participants were
instructed to abstain also from ethanol and to maintain a
regular sleep–wake cycle with sleep scheduled from 2300 to
0700 (n¼ 4) or from 2400 to 0800 (n¼ 8) according to their
questionnaires and sleep diaries. They were not allowed to
deviate from these bedtimes by more than 1 h. Compliance
with this instruction was verified by inspection of the rest–
activity plots. Abstinence from alcohol and caffeine was
verified on sleep recording days by determining the breath
ethanol concentration and the saliva caffeine level upon
arrival in the sleep lab.

In the adaptation and baseline nights, sleep was scheduled
from 2300 to 0700 (n¼ 4) or from 2400 to 0800 (n¼ 8). The
recovery nights started at 2300 (n¼ 4) or 2400 (n¼ 8) and
lasted 10.5 h. The analyses reported here were restricted to
the first 480 min after lights-out.

Two doses of 200 mg caffeine were administered to each
subject during sleep deprivation according to a randomized,
placebo-controlled, double-blind, crossover design. The
first dose was given 11 h after waking from the baseline
night (at 1800 or 1900), and the second dose after 23 h
waking (at 0600 or 0700). The kinetics of saliva caffeine
concentration was followed. Samples were collected 5 min
before and 30 and 60 min after caffeine intake, and at 3-h
intervals immediately before all waking EEG recordings that
followed the first dose of caffeine. The samples were stored
at �201C and later analyzed for caffeine with a homogenous
enzyme immunoassay (Emits-Caffeine Test, Syva Com-
pany, Palo Alto, CA) (Oellerich, 1980).

Self-rated sleepiness during sleep deprivation was quan-
tified every 3 h with a German translation of the Stanford
Sleepiness Scale (Sturm and Clarenbach, 1997).

Waking EEG Recordings

The waking EEG was recorded intermittently in 14 sessions
at 3-h intervals starting 15 min after lights-on at the end of
the baseline nights. To record the waking EEG, participants
were instructed to relax comfortably in a chair at a desk in
the sleeping room and to place their chin on an individually
adjusted head-rest. Each recording consisted of a 3-min
period with eyes closed, followed by a 5-min period with
eyes open while fixating a black dot at a distance of 3 m
attached to the wall. When signs of drowsiness were
detected (eg reduced EEG alpha activity and rolling eye
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movements), the subjects were alerted by addressing them
over the intercom. At 1 h before each waking EEG, the
subjects had to stay in the laboratory (constant tempera-
ture, light intensity o150 lux), and 15 min before the
recordings they remained in their bedrooms where they
were free to read or write.

The EEG (data from the C3A2 derivation are reported
here), electro-oculogram (EOG), submental electromyo-
gram (EMG), and electrocardiogram (ECG) were recorded
using a polygraphic amplifier (PSA24, Braintronics Inc.,
Almere, The Netherlands). The analog signals were condi-
tioned by a high-pass filter (�3 dB at 0.16 Hz), a low-pass
filter (�3 dB at 102 Hz and approximately �40 dB at
256 Hz), and a notch filter (50 Hz), digitized and transmitted
via fiber-optic cables to a personal computer. Data were
sampled with a frequency of 512 Hz, digitally filtered (EEG
and EOG: low-pass FIR filter, �3 dB at 49 Hz; EMG: band-
pass FIR filter, �3 dB at 15.6 and 54 Hz) and stored on a
hard disk with a resolution of 128 Hz. EEG artifacts were
identified by visual inspection. Power spectra, conditioned
by application of a Hanning window and linear detrending,
were computed off-line by a fast Fourier transform (FFT)
routine (MATLABs, The MathWorks Inc., Natick, MA).
Theta activity (power within 5–8 Hz) during the 5-min
periods with eyes open was computed for each artifact-free
2-s epoch and averaged across these epochs for each
session. Electrode impedance was checked regularly, and
electrodes were replaced when necessary.

Relative theta activity (EEG power within 5–8 Hz) was
expressed as a percentage of the mean value over the first
four waking EEG recordings, that is, before placebo and
caffeine administration, respectively.

Polysomnographic Recordings

Continuous all-night polysomnographic recordings were
performed during all experimental nights. The EEG, EOG,
EMG, and ECG data were recorded, filtered, digitized, and
stored on a hard disk in the same way as the waking EEG
data. The power spectra of consecutive 4-s epochs (10%
cosine window) were computed on-line by an FFT routine
resulting in a frequency resolution of 0.25 Hz. Values above
20 Hz were omitted and adjacent bins were averaged into
0.5 Hz (0.25–5.0 Hz) and 1.0 Hz (5.25–20.0 Hz) bins. The
sleep stages were visually scored for 20-s epochs according
to standard criteria (Rechtschaffen and Kales, 1968). The 4-
second epochs with movement- and arousal-related artifacts
were visually identified and eliminated. Power spectra of
five consecutive 4-s epochs were averaged and matched with
the sleep scores.

Data Analyses and Statistics

The caffeine concentration in saliva, subjective sleepiness
ratings, EEG power spectra in waking and sleep (stages
2–4), and visually scored sleep variables were analyzed. For
data analyses, the SASs statistical software (SAS Institute
Inc., Cary, NC) was used. Because the two baseline sleep
episodes did not differ for any variable, the recovery sleep
episodes (ie SD-Placebo and SD-Caffeine) were compared
with the average of the two baseline nights. Two- and three-
way analyses of variance for repeated measures (rANOVA)

with the between-factor order (caffeine–placebo, placebo–
caffeine) and the within-factors condition (baseline, SD-
Placebo, SD-Caffeine), treatment (placebo, caffeine), time of
caffeine administration (evening, morning), and 3-h time
interval (14 time points across sleep deprivation) were
performed to estimate the effects of caffeine and prolonged
waking. No analysis revealed a significant order effect or a
significant interaction involving the factor order. For factors
with more than two levels, the Huynh–Feldt-corrected
degrees of freedom were computed, but the original degrees
of freedom are reported. The significance level was set at
a¼ 0.05. To approximate a normal distribution, values of
sleep latency, REM sleep latency, and absolute power
densities were log-transformed prior to statistical tests.

RESULTS

Caffeine Concentration in Saliva

The time course of caffeine in saliva during sleep
deprivation is illustrated in Figure 1a. Prior to drug intake,
the caffeine level was below the limit of detection (5.2 mmol/
l) in all subjects. A 200 mg dose of caffeine after 11 and
23 h waking led to mean maximum saliva concentrations of
9.871.6 mmol/l (7SEM, n¼ 12) and 15.772.1 mmol/l,
respectively. At 1 h before lights-out, caffeine was below
the detection limit in nine individuals, and 10.2, 6.4, and
5.5 mmol/l in the remaining subjects (mean concentration:
1.871.0 mmol/l; samples with caffeine below the detection
limit were assigned a value of zero).

Subjective Sleepiness

Subjective sleepiness increased nonmonotonically from the
first to the second day of sleep deprivation (Figure 1b,
three-way rANOVA with factors order, interval, and
treatment; factor interval, F13,130 ¼ 41.5, po0.001). Whereas
a significant effect of pharmacological treatment was found
(F1,10¼ 6.7, po0.03), no significant treatment� interval
interaction emerged (F13,130 ¼ 1.5, p40.1). The mean
subjective sleepiness rating across the final 29-h waking
period was lower in the caffeine condition than in the
placebo condition (3.270.1 vs 3.770.2; one-way rANOVA
with factor treatment, F1,11 ¼ 5.8, po0.04), whereas it did
not differ before caffeine and placebo administration
(1.970.1 vs 2.170.1; F1,11¼ 1.3, p40.2).

EEG Theta Activity during Waking

Repeated waking EEG recordings were conducted at 3-h
intervals throughout the sleep deprivation period. Theta
activity increased during prolonged wakefulness and also a
circadian modulation was evident (factor interval,
F13,130 ¼ 7.3, po0.001). The evolution of theta activity
during sleep deprivation differed between the pharmacolo-
gical conditions, as evidenced by a significant treat-
ment� interval interaction (F13,130 ¼ 2.4, po0.03; factor
treatment, F1,10 ¼ 12.2, po0.006). Compared with placebo,
theta activity was reduced 1, 4, and 7 h after the first, and 1
and 4 h after the second dose of caffeine (minimum
F1,11 ¼ 5.0, po0.05).
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To investigate the interaction between caffeine and the
homeostatic build-up of sleep propensity as reflected in the
waking EEG, the reduction of theta activity was analyzed 1 h
after evening (11 h waking) and morning (23 h waking)
caffeine administration. In comparison with placebo, theta
power was reduced by 22.576.0% in the evening and
31.875.1% in the morning, respectively. These drug-
induced changes in the waking EEG differed, as indicated
by a significant treatment� time interaction (F1,10¼ 4.8,

p¼ 0.05; factor treatment, F1,10 ¼ 29.0, po0.001; factor time,
F1,10 ¼ 24.1, po0.001). The reduction in theta activity was
not associated with the caffeine saliva concentration
(Pearson’s product-moment correlation: revening ¼�0.49,
p40.1 and rmorning ¼�0.44, p40.1, n¼ 12).

EEG Power Spectra during Recovery Sleep

The effects of sleep deprivation and caffeine on EEG power
spectra in nonREM sleep during the first 480 min of the
recovery sleep episodes are illustrated in Figure 2. The sleep
deprivation effect consisted of an increase of power in delta
and theta frequencies (0.25–8.0 Hz), and a decrease in the
sigma/beta frequency range (placebo: 11.25–19.0 Hz; caf-
feine: 13.25–15.0 Hz). Consistent with previous sleep
deprivation studies (Borbély et al, 1981; Dijk et al, 1993;
Landolt et al, 2000; Finelli et al, 2001), the increase in low-
frequency power was largest in the low delta range (o3 Hz).
Compared with placebo, caffeine attenuated the increase of
power in the 0.75–2.0 Hz range (factor treatment, minimum
F1,11 ¼ 5.1, po0.05) and the reduction of power in the entire
11.25–20.0 Hz band (minimum F1,11¼ 7.9, po0.02).

Figure 1 Time course of (a) saliva caffeine concentration, (b) subjective
sleepiness (Stanford Sleepiness Scale), and (c) EEG theta activity (C3A2
derivation, power within 5–8 Hz) across 40 h waking. Sleepiness ratings and
theta activity are plotted for consecutive 3-h intervals of the placebo (open
circles) and caffeine conditions (filled circles), respectively. Theta activity is
expressed as a percentage of mean theta activity in the first four waking
EEG recordings (at 0, 3, 6, and 9 h waking). Error bars represent SEM
(n¼ 12). Caffeine (200 mg) was administered at 11 and 23 h waking
(vertical dashed lines). The asterisks indicate the time intervals with
significant treatment effects (po0.05, one-way rANOVA with factor
treatment).

Figure 2 Relative EEG power spectra (C3A2 derivation) in nonREM
sleep (stages 2–4) of the placebo (SD-Placebo, open circles) and caffeine
(SD-Caffeine, filled circles) recovery sleep episodes after 40 h waking.
Spectra were computed for the first 480 min from lights-out. For each
frequency bin, means (n¼ 12, SEM) are expressed as a percentage of the
corresponding mean value of the baseline nights (top) or the SD-Placebo
night (bottom, horizontal dashed lines indicate 100%). Values are plotted at
the upper limit of 0.5- or 1.0-Hz bins. Triangles above the abscissae denote
frequency bins for which power differed significantly from baseline (SD-
Placebo, D; SD-Caffeine, m) or SD-Placebo conditions (one-way rANOVA
with factor treatment). Orientation of triangles indicates the direction of
deviation.
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Visually Scored Sleep Variables

The distinct changes in visually scored sleep variables that
typically follow sleep deprivation were present after both
caffeine and placebo administration. Compared with base-
line, total sleep time, sleep efficiency, and slow-wave sleep
were increased, while sleep latency, stage 1 sleep, and
wakefulness after sleep onset were decreased (Table 1). All
values were remarkably similar in both treatment condi-
tions and did not differ between caffeine and placebo.

DISCUSSION

The main findings of this study are that the adenosine
receptor antagonist caffeine attenuated the effects of sleep
deprivation on electrophysiological correlates of sleep
homeostasis in waking and sleep. The data are consistent
with the hypothesis that some sleep deprivation-induced
changes in the EEG during waking (ie increase in theta
activity) and sleep (ie increase in low-frequency activity,
decrease in SFA) are mediated via the adenosinergic system.
Moreover, the findings corroborate and extend our previous
observation that 200 mg caffeine in the early morning
reduces low-frequency activity and enhances SFA in
nonREM sleep in the subsequent night (Landolt et al,
1995b). We are now investigating whether caffeine affects
the waking and sleep EEG with regional specificity (Finelli
et al, 2000, 2001), and differently in subjects with high and
low subjective caffeine sensitivity.

In accordance with our previous report (Landolt et al,
1995b), 200 mg caffeine resulted in saliva levels of 9.8 and
15.7 mmol/l 1 h after drug intake (Figure 1a). After oral

administration of 100–300 mg caffeine, the ratio between the
concentrations in saliva and plasma equals approximately
0.8 (Zylber-Katz et al, 1984; Haeckel, 1990). The measured
saliva levels correspond thus to plasma levels of approxi-
mately 2.5–4.5 mg/ml (Kaasinen et al, 2004). A very similar
caffeine concentration was observed in a recent study, in
which 15 subjects received a sustained low dose of 0.3 mg/kg
caffeine at hourly intervals during the last 66 h of an 88-h
waking period (Van Dongen et al, 2001). In comparison
with an independent group of 13 subjects receiving placebo,
no consistent effects of caffeine were found on nonREM
sleep duration and cumulative slow-wave activity (ie slow-
wave energy) in nonREM sleep during five 2-h naps. Based
on these and findings in rats (Wurts and Edgar, 2000), the
proposed inhibitory effect of caffeine on the homeostatic
drive for sleep was questioned (Van Dongen et al, 2001). It
could be, however, that a ceiling effect after prolonged
wakefulness led to similar nonREM sleep durations in all
naps irrespective of treatment (the first nap occurred after
425 h of waking). Moreover, a high interindividual
variability in slow-wave energy may have obscured subtle
effects of low-dose caffeine in the between-groups compar-
ison.

To estimate the build-up of sleep propensity associated
with wakefulness, the time course of subjective sleepiness
and theta frequency activity (5–8 Hz) in the waking EEG was
quantified at 3-h intervals. Both variables increased with the
increasing duration of wakefulness, and also a circadian
modulation was present. Consistent with the notion that
theta power in the waking EEG represents an objective
measure of sleepiness (Akerstedt and Gillberg, 1990;
Cajochen et al, 1995; Aeschbach et al, 1999; Dumont et al,

Table 1 Visually Scored Sleep Variables

Variable Baseline SD-Placebo SD-Caffeine F2,20 (p)

Recording time (min) 480.0 480.0 480.0

Total sleep time (min) 445.1714.5 468.673.8** 467.972.0** 24.6 (0.001)

Sleep efficiency (%) 92.873.0 97.770.8** 97.670.4** 24.7 (0.001)

Sleep latency (min) 17.6714.5 4.273.0** 4.872.9** 9.1 (0.008)

REM sleep latency (min) 72.5714.6 69.2713.0 65.4710.7 1.9 (0.17)

Stage 1 (min) 37.7714.0 16.777.6** 20.2711.8** 63.2 (0.001)

Stage 2 (min) 226.9722.8 210.6738.6 209.7733.1 2.6 (0.10)

Stage 3 (min) 43.178.0 55.1712.5* 55.1712.3* 8.5 (0.002)

Stage 4 (min) 42.5720.4 88.6723.9** 84.6733.0** 40.3 (0.001)

Slow-wave sleep (min) 85.6721.1 143.7727.6** 139.7734.5** 68.5 (0.001)

REM sleep (min) 94.9715.1 97.7735.6 98.4722.6 0.4 (0.61)

WASO (min) 7.177.4 2.173.4* 1.272.0** 8.1 (0.007)

Movement time (min) 9.974.2 8.972.6 10.571.8 1.6 (0.23)

W+MT+stage 1 (min) 54.6717.4 27.779.2** 31.9712.3** 48.3 (0.001)

Values represent means7SD (n¼ 12) for the first 480 min from lights-out. Baseline: average of two baseline nights; SD-Placebo: recovery night after 40 h wakefulness
and placebo treatment; SD-Caffeine: recovery night after 40 h wakefulness and caffeine treatment (2� 200 mg); sleep efficiency: percentage of total sleep time per
480 min; sleep latency: time from lights-out to the first occurrence of stage 2; REM sleep latency: time from sleep onset to the first occurrence of REM sleep; stages 1–4:
nonREM sleep stages; REM sleep: rapid-eye-movement sleep; WASO: wakefulness after sleep onset; MT: movement time; W+MT+stage 1: accumulated wakefulness,
movement time, and stage 1 after sleep onset.
F- and p-values: factor condition of a two-way ANOVA with the between-factor order (caffeine–placebo, placebo–caffeine) and the within-factor condition (baseline,
SD-Placebo, SD-Caffeine). F-ratios exceeding p¼ 0.001 are highlighted in bold. **po0.001, *po0.03 compared with baseline (one-way rANOVA with factor
condition).
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1999; Finelli et al, 2000), both variables showed a similar
time course and were reduced by caffeine treatment. The
stimulant caused an immediate, yet transient pharmacolo-
gical reduction of theta activity in the evening and in the
morning (Figure 1c). More importantly, with respect to
sleep regulation, the evolution of theta activity during sleep
deprivation showed a statistically significant interaction
with pharmacological treatment. The reduction of theta
activity was stronger after 23 h of wakefulness than after
11 h of waking, when both subjective and objective
sleepiness measures were high and low, respectively.
Although circadian influences cannot be excluded, the
distinct effects of caffeine at times of low and high
sleepiness support the conclusion that the drug interacted
with a homeostatic sleep regulatory mechanism. This
evidence is strengthened by the observation that caffeine
induced changes in sleepiness and low-frequency EEG
activity in waking that were very similar to those observed
in an intermittent-nap protocol (Cajochen et al, 2001). An
earlier study did not find an interaction between the effects
of caffeine (75 or 150 mg twice daily) on average daily sleep
latency in an MSLT protocol and sleepiness after normal
and restricted sleep (Rosenthal et al, 1991). It is possible,
however, that more sensitive measures of caffeine effects
and sleepiness would have revealed a consistent result.

A dissociation between the results derived from visual
sleep stage scoring and the results from sleep EEG spectral
analysis was also observed in this study. Sleep deprivation
shortened sleep latency and increased slow-wave sleep to
the same degree irrespective of pharmacological treatment.
In contrast, the increase of power in the delta range (0.75–
2.0 Hz) and the reduction in the sigma/low-beta band
(11.25–20 Hz) in nonREM sleep after sleep deprivation were
attenuated after caffeine when compared with placebo
(Figure 2b). These results are consistent with our previous
findings (Landolt et al, 1995b). Because no differences
between the treatments were present in the waking EEG
before the recovery night, the caffeine-induced changes in
nonREM sleep are unlikely to be due to residual caffeine.
Although it is possible that the stimulant differently
modified EEG markers of sleep homeostasis in waking
and sleep, the data suggest that the changes during sleep
reflect an attenuated build-up of sleep propensity during
wakefulness. This conclusion is further supported by the
fact that the drug-induced changes in the EEG in nonREM
sleep closely mimicked the reported reduction in delta
activity (1–2.5 Hz) and the increase in SFA following the
physiologic attenuation of sleep propensity by multiple
naps (Knoblauch et al, 2002).

The neurochemical substrate of sleep homeostasis is
unknown. The transition from the desynchronized EEG in
wakefulness to the synchronized EEG in nonREM sleep is
postulated to involve tonic membrane hyperpolarization in
thalamo-cortico-thalamic and cortical circuits (Steriade
et al, 1993; McCormick and Bal, 1997; Steriade, 2003). Sleep
spindles are elicited in vitro and in vivo when the
membrane potential is hyperpolarized to an intermediate
level. At more negative membrane potentials, the interburst
intervals are similar to the duration of delta waves
(McCormick and Bal, 1997; Steriade, 2003). Excessive and
more rapid membrane hyperpolarization of these networks
may underlie the homeostatic changes in slow-wave activity

and SFA after sleep deprivation (Borbély et al, 1981; Dijk
et al, 1993; Landolt et al, 2000; Finelli et al, 2001). Two
distinct mechanisms are known to increase inhibitory ionic
conductance in the central nervous system (reviewed by
Benington and Heller, 1995). The first is mediated by g-
amino-butyric acid (GABA), the most prevalent inhibitory
neurotransmitter in the mammalian brain. Nevertheless,
prolonged wakefulness and pharmacologically stimulated
GABA-ergic inhibition induced different effects in the sleep
EEG and these manipulations are likely to promote,
therefore, separate neurophysiological processes (Landolt
et al, 2000). The second mechanism, which may underlie
increased inhibition of thalamo-cortico-thalamic and cor-
tical cells following sleep deprivation, is mediated by
amplified neuronal potassium conductance (gKþ ). While
nonREM sleep might be regulated by multiple biochemical
mechanisms (Obal and Krueger, 2003), the neuromodulator
adenosine is released in response to increased metabolic
demand by neurons and glia cells and promotes gKþ via
activation of G-protein-coupled A1 adenosine receptors.
This mechanism has been hypothesized to mediate the
homeostatic increase of slow-wave activity after sleep
deprivation (Benington and Heller, 1995; Porkka-Heiskanen
et al, 2002).

Sleep deprivation-induced changes in subjective sleepi-
ness, the waking EEG, sleep architecture, and the sleep EEG
were present after both placebo and caffeine treatment.
These changes consisted of the global increase of sleepiness
and theta power in waking, enhancement of slow-wave
sleep, and the augmentation of low-frequency activity and
the reduction of SFA in nonREM sleep. Nevertheless, we
found distinct effects of caffeine on EEG markers of sleep
homeostasis in waking and subsequent sleep, which
supports the hypothesis that caffeine attenuated the build-
up of sleep propensity associated with wakefulness.
Although one needs to be cautious when comparing
physiological mechanisms of sleep regulation and pharma-
cological interventions, the striking similarity of the effects
of caffeine with those of a physiologic reduction of sleep
pressure by intermittent naps (Cajochen et al, 2001;
Knoblauch et al, 2002) is consistent with the hypothesis of
an important role of adenosine and adenosine receptors in
the homeostatic regulation of sleep.
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