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INTRODUCTION

Sleep is a regulated process. As early as 1937 electrophysiological concomitants
of sleep regulation have been described. Blake and Gerard (9) reported that sleep
intensity as specified by the arousal threshold is associated with the level of slow
waves in the sleep EEG. Low-frequency high-amplitude activity typically pre-
dominates in the first part of sleep and then declines as sleep becomes shallower.
Slow waves are exacerbated by sleep deprivation and decreased by cxcess sleep
(see ref. 11 for early references). Kleitman was well aware of sleep regulation
depending on prior sleep and waking, a facet that now is being referred to as sleep
homeostasis (10, 13). In the beginning of the century, homeostatic sleep regulation
was viewed in the context of humoral theories of sleep (30, p.351). It was assumed
that sleep may be the result of the accumulation of end-products of metabolism or
other substances (toxins) in the tissucs. It is interesting to note that after presenting
these theories extensively, Kleitman dismissed the concept for the following rea-
son (30, p. 354):

‘A strong argument against the toxin theories is that, on staying awake for
several days, one does not get continuously sleepier but follows a periodic curve
of greater sleepiness at night and lesser sleepiness in the daytime.’

We know now that these puzzling variations in sleep propensity can be ac-
counted for by the interaction of two different processes.

Two-process model.

According to the two-process model (11, 19), sleep architecture and sleep
propensity are determined by a history-dependent homeostatic process and a cir-
cadian process. The interactions between the two processes have been formalized
in the model (see ref. 12 for a recent overview). The model, originally proposed
to account for sleep regulation in the rat, postulates that a homeostatic process
(Process S) rises during waking and declines during sleep. S intcracts with a
circadian process (Process C) that is independent of sleep and waking. The time
course of Process S was derived from EEG slow-wave activity (SWA; spectral
power in the 0.75-4.5 Hz band). Various aspects of human sleep regulation were
accounted for first by a qualitative version of the model (11). Subsequently, an
elaborated, quantitative version had Process S vary between two thresholds that are
modulated by a circadian process (19). Diverse phenomena such as the recovery
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from sleep deprivation, circadian phase-dependence of sleep duration, sleep during
shift work, sleep fragmentation during continuous bedrest, and internal
desynchronization in the absence of time cues could be successfully simulated.
Achermann and colleagues claborated the homeostatic facet of the model by
incorporating the ultradian dynamics of SWA which is generated by the nonREM-
REM sleep cycle (1, 2). Then a parameter estimation in conjunction with an
optimization procedure was performed on a large data base (26 nights from 16
subjects; 3). A sensitivity analysis revealed the model to be robust to small changes
of the parameter values. The parameter values estimated from the baseline set were
then used to simulate independent data scts from three experimental protocols in
which the timing and duration of sleep differed. A close fit was obtained between
the simulated and empirical SWA data, and even the occasional late SWA peaks
during extended sleep (‘resurgence of slow wave sleep’) could be reproduced. The
relatively simple model based on the homeostatic Process S proved effective in
accounting for the time course of SWA in a variety of paradigms. REM sleep was
not yet incorporated in the model itself but introduced as an external parameter.

Simulation of sleep in short and long sleepers.

In a recent application of the model the global time course of SWA was simu-
lated in habitual short and long sleepers (4). The study was designed to examine
whether the large differences in slecp duration were due to different parameters in
the sleep regulatory processes. The system was challenged by sleep deprivation.
It turned out that one and the same model could predict the level of SWA for both
baseline and recovery sleep. In accordance with the model, the enhancement of
SWA after sleep loss was considerably larger in long sleepers (47%) than in short
sleepers (19%). By restricting their sleep duration, short sleepers chose to live
under a higher “non-REM sleep pressure” than long sleepers. However, the analy-
sis demonstrated that there was no nced to assume different time constants for the
homeostatic Process S. Differences between the two groups were recently reported
also for the wake EEG (7). Average power in the frequency range of theta — low
alpha calculated for a 24-h waking cpisode was higher in short sleepers than in
long sleepers. Since power in this frequency range is known to reflect sleep
propensity, the results support the conclusion that short sleepers live at a higher
level of ‘sleep pressure’.

Simulation of animal sleep.

The homeostatic facct of the two-process model was used to simulate also
animal data. In a simulation of rat sleep, Process S was assumed to decrease
exponentially in nonREM sleep, and increase according to a saturating exponential
function in waking and REM sleep (23). In a 96-h experiment SWA was calculated
for consecutive 8-s epochs of a 24-h baseline period, a 24-h sleep deprivation
period, and a 48-h recovery period. This extensive data set served as the basis for
the simulation. After optimizing the initial value and the time constants of S, a
close fit was obtained between the hourly mean values of SWA and Process S. In
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particular, major changes of SWA could be reproduced such as the biphasic time
course during baseline, the initial increase after sleep deprivation and the subse-
quent prolonged negative rebound.

A similar approach was recently taken for simulating sleep regulation in mice
(28). After a parameter estimation based on baseline recordings, the effect of 6-
h sleep deprivation on SWA was simulated and also here a good fit was obtained
between empirical and simulated data.

In summary, it has been demonstrated that the homeostatic sleep process can be
successfully simulated in both humans and animals.

Validation of the model by the forced desynchrony protocol.

The basic assumption of the two-process model is that two separate, constituent
processes determine the main aspects of steep regulation. For a long time it was
difficult to test the model because the two facets could not be independently
manipulated. The forced desynchrony protocol proved to be an ingenious paradigm
for disentangling the two processes. Experiments were performed in which sub-
jects were scheduled to a 28-h sleep-waking cycle (22). During one third of the
cycle the lights were switched off and the subjects were encouraged to sleep. Since
the frec-running circadian rhythm has a period of 24.1-24.2 h (18), sleep episodes
occurred at different circadian phases. The data showed that maximal slecp pro-
pensity coincided closcly with the nadir of the circadian rectal temperaturc rhythm.
The rising limb of rectal temperature was paralleled by a gradual decrease in sleep
propensity, which reached its lowest level 16 hours after the temperature mini-
mum. This phase corresponds to the habitual bedtime under entrained conditions.
When sleep was initiated at this phase, sleep continuity during the following hours
was high, whereas sleep initiation after the temperature minimum gave rise 10
disrupted sleep. An important result of this experiment was that changes in SWA
could be largely accounted for by the homeostatic (i.c. sleep-waking dependent)
factor, whereas the influence of the circadian rhythm was negligible. This result
confirms the major tenet of the two-process model. In contrast to SWA, other EEG
variables such as spindle frequency activity, and the REM sleep/nonREM sleep
ratio were determined by both homeostatic and circadian factors. The sleep-related
disinhibition of REM sleep was another result that confirmed a prediction of the
initial version of the model (11).

Markers of sleep propensity in the waking FEG.

It has becomc increasingly apparent that slecp propensity is reflected in the
waking EEG. In humans, power in the theta band is closely linked to the duration
of waking (8, 44). However, in contrast to SWA in the sleep EEG, theta activity
is not determined predominantly by homeostatic factors but also by the circadian
rhythm. The changes of the homeostatic component have been approximated by a
saturating exponential function (5, 6, 15). Interestingly, the time constant is similar
to the one of Process S that was derived from the changes of SWA in the sleep
EEG. This suggests that theta activity in the wake EEG and SWA in the sleep EEG
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may be related, and may even rcpresent two faccts of a common underlying
process. In support of this assumpticn, the rise rate of theta power during pro-
longed waking exhibited a positive correlation with the increment of SWA in the
tfirst nonREM sleep episode between baseline and recovery sleep (22a). Could
theta activity in the waking EEG reflect a sleep-like recuperative process that
occurs during the wake state? This possibility will require experimental scrutiny.

In animals, SWA is the index of sleep propensity in the wake EEG (14, 24, 28).
Thus a rat subjected to 24-h sleep deprivation exhibits a rising level of slow waves
even though it is active and engaged in different behaviors (14, 24). Again the
question of a possible functional significance arises. [t is conceivable that the small
increment of SWA in recovery sleep between 12-h and 24-h sleep deprivation (39),
is due to the compensatory action of slow waves during waking. The failure to
analyze the wake EEG precluded the recognition of slow waves in prolonged sleep
deprivation experiments (34). The moderate rebound of slow waves during recov-
ery sleep was puzzling and appeared not to support the tenets of the two-process
model. However, by disregarding major changes in the wake EEG only a partial
picture is obtained which is prone to erroneous interpretations. If a partial compen-
sation of a sleep debt may occur during waking, it is impossible to perform a
prolonged total sleep deprivation. For investigating sleep regulation it is therefore
mandatory to analyze the EEG during both sleep and waking.

Slow-wave activity and sleep continuity.

Slow waves are a marker of sleep homeostasis. However, are they actually
associated with the sleep process or do they represent mere epiphenomena? In
animals and humans, sleep is not continuous but is repeatedly interrupted by brief
awakenings. Sleep continuity can be quantified by determining the frequency of
such short waking episodes. Animal studies showed a close correlation between
SWA and sleep continuity (24, 28, 40). This correlation was present even during
the phase of “negative rebound’ in which SWA declines below baseline, and which
follows upon the initial positive rebound (23, 24).

A wake-like process during hibernation?

Some rodents are capable of lowering periodically their metabolism and enter-
ing into a prolonged sleep-like state. Hibernating species such as the ground
squirrel reduce their body temperature to a level that is just above the freezing
point. However, the hibernation period is not maintained throughout the winter
season but is periodically interrupted by brief euthermic episodes. The Djungarian
hamster exhibits a milder form of hypometabolism. On some winter days it enters
daily torpor for several hours, its body tempcrature declining to the level of room
temperature. Since natural sleep is associated with a slight decline of metabolism
and body temperature, it is informative to compare it to the more prominent states
of hypometabolism. Studies yielded two unexpected observations (20, 21, 45):
First, animals emerging from hibernation spent a large part of their euthermic
episode in sleep. Second, sleep exhibited a high initial level of SWA, similar to
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recovery sleep after sleep deprivation. Moreover, the enhancement of SWA was
related to the duration of the episode spent in hibernation or daily torpor. This
indicates that hypometabolic states are functionally more closely related to waking
than to nonREM sleep because they appear to give rise to a slecp debt. Thus the
reduction of metabolism does not arrest the process that underlies the enhancement
of slow wave propensity.

Sleep as a local, use-dependent process.

In addition to its global aspect, sleep may have also a local facet. The hypothesis
of a use-dependent regional modulation of sleep was examined in an experiment
in which the cortical projection area of the dominant hand was selectively activated
during the waking hours preceding sleep (29). The slecp EEG recorded from the
central lead overlying the somatosensory cortex exhibited a shift in power towards
the contralateral side during the first hour of sleep. Such changes were significant
in the low-frequency range and were restricted to the central derivation.

A regional facet of sleep could be expected to emerge also during normal sleep
since cortical areas are involved to a varying extent in waking activities. A regional
analysis of the sleep EEG showed a prevalence of slow waves at frontal EEG
derivations during the initial part of sleep, a regional difference that vanished as
sleep progressed (46, 47). This finding may indicate that a putative recuperative
process of sleep of which slow waves are a marker, occurs at a higher rate in frontal
arcas than in other areas. This interpretation is consistent with reports that a sleep
deficit impairs primarily high-level cognitive skills which depend on frontal lobe
function (25, 26).

Sleep homeostasis as a key for identifying antecedents of sleep.

Sleep-like behavioral states are not a prerogative of vertebrates but exist also in
invertebrates (¢.g. moth, bee, craytish) (38). However, it is fairly recent that the
regulatory aspects of sleep have been utilized to explore the evolution of sleep. In
analogy to sleep deprivation in mammals, two invertebrate species, the scorpion
and the cockroach, were “rest-deprived” by keeping the animals active for several
hours (41, 42). Both species exhibited an increase in rest episodes after these
manipulations. The results are consistent with an early appearance of homeostatic
regulatory mechanisms that compensate excessive activity by a prolonged sleep-
like resting state. In recent experiments, Drosophila (27, 37) and honey bees (30)
were subjected to rest-deprivation. Also in these insects a ‘rest rebound’ was
observed.

The experimental approach that is based conceptually on mammalian sleep
homeostasis, can be extended to investigate changes at the molecular genetic level.
Techniques such as subtractive hybridization and differential display can be em-
ployed to determine, at least in principle, all the genes that modify their expression
between sleep and waking (33, 35). When a rat was either spontancously awake or
sleep deprived for a few hours, the expression of c-fos, NGFI-A and other imme-
diate early genes was high in cortex, hippocampus, and other brain rcgions (17, 31,
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32). In a systematic survey of gene expression in the brain of sleeping and waking
animals using differential display it was found that waking is associated with
levels of mitochondrial mRNA that are higher than in sleep by 20-30% (16, 43).
This is a large change considering that these mRNAs are expressed ubiquitously
and at high levels. It is possible that this increase may represent a local regulatory
response of mitochondria. Studies are in progress to see whether the changes in
gene expression observed in Drosophila (37) can be compared to those identified
in mammals.

CONCLUSION

Since Kleitman’s classic sleep studies, considerable advances werec made in our
understanding of sleep. Nevertheless, its basic mechanism and function remains
little understood. A useful approach has been to deduce the major regulatory
properties of sleep from the response of SWA, a salient sleep EEG variable, to
various experimental challenges. The two-process model served as a conceptual
framework. Due to the recent spectacular progress in elucidating the generation of
circadian rhythmicity, attention has shifted away from sleep homcostasis. Some
have advocated emulating in sleep research the research strategy that had proved
successful in rhythm research. However, this advice may be questionable in view
of the fact that sleep processes have a much higher degrce of complexity than
circadian rhythms. Circadian factors appear to act merely as modulators ot sleep
processes and are not involved in their basic generating mechanism. Sleep homeostasis
persists even in the absence of circadian rhythmicity (13).

One of the aspects that are in common to sleep and circadian rhythm research,
is the search for homologies on a molecular genetic level between simple organ-
isms and mammals. Can sleep-like processes be identified in species that emerged
early in evolution and will they be ultimately found to be present even within a
single cell as has been the case for circadian rhythmicity? According to Kleitman
(30, p. 346) Pavlov has anticipated this possibility in 1935:

To a member of the audience who wondered why such an important function as
sleep should not have a center, Pavlov repeated: “It is very simple. Inhibition and
sleep exist in every cell. Why then should there be a special group of cells?”

Now, in the beginning of a new century, we are approaching this problem on a
somewhat similar avenue with the help of molecular genetics, a field whose
explosive development and huge significance in neuroscience could not have been
imagined by either of the two pioneers.

SUMMARY
EEG slow waves are the epitome ot deep nonREM sleep. The level of slow-wave

activity (SWA; defined as spectral power in the 0.5-4.5 Hz band) in the initial part
of sleep is determined by prior sleep and waking, and thereby represents a marker
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of a homeostatic sleep regulating process (Process S). Models based on SWA were
successful in simulating sleep architecture in a variety of experimental protocols.
SWA is an exceptional sleep variable in that it is little influenced by circadian
phase and variations of the photoperiod. There is recent evidence that it is not
waking per se but the absence of sleep, which engenders a rise in sleep propensity.
Thus animals emerging from the hypometabolic states of hibernation or daily
torpor exhibit an increase in SWA akin to sleep deprivation. Recent human studies
showed SWA to be a marker of a local, use-dependent facet of sleep. Selective
activation of specific cortical arcas during waking enhanced SWA over the acti-
vated region during sleep. A frontal predominance of power in the 2-Hz band was
documented in the initial part of a normal sleep episode. Sleep homeostasis may
be a valuable concept for exploring the evolutionary origin of sleep. Thus ‘rest
homeostasis” has been demonstrated in invertebrate species, and the search for
homologies of rest and sleep on a molecular genetic level has begun. Conceptual-
izing and characterizing sleep as a regulated process may eventually shed light on
its function.

Acknowledgements. - The work was supported by the Swiss National Science Foundation and
the Human Frontiers Science Project.

REFERENCES

l.  AcCHERMANN, P. aND Borbrty, ALA. Simulation of human sleep: ultradian dynamics of
EEG slow-wave activity. J. Biol. Rhythuns, 5: 141-157, 1990.

2. AcHERMANN, P., BEERSMA, D.G.M. AND BORBELY, A.A. The two-process model: ultradian

dynamics of sleep. Pp. 296-300. In: HornE, J.A. (Ed.), Sleep ‘9¢. Bochum, Pontenagel

Press, 1990.

ACHERMANN, P, Duk, D.J., BRUNNER, D.P. AND BorBELY, ALA. A modcl of human sleep

homeostasis based on EEG slow-wave activity: quantitative comparison of data and

simulations. Brain Res. Bulfl., 31: 97-113, 1993.

4. Axscupact, D., Cajocuen, C., Laxporr, H.P. axp BorsiiLy, A.A. Homeostatic slcep
regulation in habitual short slecpers and long sleepers. Am. J. Physiol., 270: R41-R53,
1996.

S. AgescHBacH, D., MaTTHEWS, J.R., Postoracui, T.T., Jackson, M.A., GizseEN, H.A. AND
Wenr T.A. Dynamics of the human EEG during prolonged wakefulness: cvidence for
frequency-specific circadian and homeostatic influences. Neurosci. Lett., 239: 121-124,
1997.

6. ArscHacH, D., Mattuews, I.R., Postoraci, T.T., Jackson, M.A., GusiN, H.A. AND
WEnR, T.A. Two circadian rhythms in the human electroenccphalogram during wake-
fulness. Am. J. Physiol., 277: R1771-R1779, 1999.

7. AgrscHuBacH, D., MartHEWS, J.R., Postoracug, T.T. Suer, L., Giessn, H.A., JACKSON,
M.A. AND WEHR, T.A. EEG theta/low alpha activity (5.25-9.0 Hz) during wakefulness
is higher in short sleepers than in long sleepers. Sleep Research Online 2 (Suppl. 1):
514, 1999,

8. Axersteor, T. anp GILLBERG, M. Subjective and objective sleepiness in the active
individual. 7at. J. Neurosci. 52: 29-37, 1990).

(S5}



60

11.
12.

16.

17.

19.

20.

21.

22.

224a.

23.

24.

25.

26.

27.

28.

A. BORBELY

Brakk, H. anp GEraRD, R.W. Brain potentials during sleep. Am. J. Physiol., 119: 692-
703, 1937.

. BorBELY, A.A. Sleep: circadian rhythm versus recovery process. Pp. 151-161. In:

Koukkou, M., LEuMANN, D. aND ANGsT J. (Eds.), Functional states of the brain: their
determinants. Amsterdam, Elsevier, 1980.

BORBELY, A.A. A two-process model of sleep. Human Neurobiol., 1: 195-204, 1982.
BORBELY, A.A. AND ACHERMANN, P. Sleep homeostasis and models of sleep regulation.

J. Biol. Rhythms, 14: 557-568, 1999.
. BOrRBELY, A.A. AND ACHERMANN, P. Sleep homeostasis and models of sleep regulation,

Pp. 377-390. In: KryGer, M.H., RotH, T. AND DEMENT, W.C. (Eds.), Principles and
Practice of Sleep Medicine. Philadelphia, W.B. Saunders Co., 2000.

. BorBELY, A.A., ToBLER, . AND HanaGasIOGLU, M. Effect of sleep deprivation on sleep

and EEG power spectra in the rat. Behav. Brain Res., 14: 171-182, 1984.

. CatocueN, C., BRUNNER, D.P., Krauchi, K., Graw, P. axp Wirz-JusTICE, A. Power

density in theta/alpha frequencies of the waking EEG progressively increases during
sustained wakefulness. Sleep, 18: 890-894, 1995.

CireLLl, C. anp Tononi, G. Differences in brain gene expression between sleep and
waking as revcaled by mRNA differential display and ¢cDNA microarray technology.

J. Sleep Res., 8 (Suppl. 1): 44-52, 1999,

CireLLl, C., PomrElaANO, M. AND ToNoNI, G. Sleep deprivation and c¢-fos expression in
the rat brain. J. Sleep Res., 4: 92-106, 1995.

. CzeisLERr, C.A., Durry, J.F., Suananan, T.L., Brown, E.N., MiTcHELL, J.F., Dux, D.J.,

RiMMER, D.W., Ronpa, J.M., ALLaN, J.S., EmENns, J.S., aAnD KronaUER R.E. Reassess-
ment of the intrinsic period of the human circadian pacemaker in young and older
subjects. Sleep Res., 24A: 505, 1995,

Daan, S., BEErsma, D.G. anp BorBELY A.A. The timing of human sleep: recovery
process gated by a circadian pacemaker. Am. J. Physiol., 246: R161-R178, 1984,
Daan, S., Barngs, B.M. AND STRUKSTRA, A.M. Warming up for sleep? Ground squirrels
sleep during arousals from hibernation. Neurosci. Lett., 128: 265-268, 1991.
DrBoER, T. aNp ToBLER, I. Natural hypothermia and sleep deprivation: common effects
on recovery sleep in the Djungarian hamster. Am. J. Physiol., 271: R1364-R1371, 1996.
Dux, D.J. anp CzeisLer, C.A. Contribution of the circadian pacemaker and the sleep
homeostat to sleep propensity, sleep structure and electroencephalographic slow-waves
and sleep spindle activity in humans. J. Neurosci., 15: 3526-3538, 1995.

FiNeLLT, L.A., Baumany, H., BorBELY, A.A. AND ACHERMANN, P. Dual clectroencepha-
logram markers of human sleep homeostasis: correlation between theta activity in
waking and slow-wawe activity in sleep. Neurosci., 101: 523-529, 2000.

FRrRANKEN, P., TOBLER, I. AND BorBELY, A.A. Sleep homeostasis in the rat: simulations
of the time course of EEG slow-wave activity. Neurosci. Lett., 130: 141-144, 1991.
Franken, P., Duk, D.J., ToBLER, I. AND BOrBELY, A.A. Sleep deprivation rats: effects
on EEG power spectra, vigilance slates, and cortical temperature. Am . J. Physiol., 261:
R198-R208, 1991.

Harrison, Y. anp Horne, J.A. Sleep loss affects frontal lobe function as shown in
complex ‘real world’ tasks. Sleep Res., 25: 467, 1996.

Harrison, Y. aAND HorNE, J.A. Sleep deprivation affects speech. Sleep Res., 26: 615,
1997.

Henbricks, J.C., Finn, S.M., Panckieri, K. AL, Clavikin, J., WiLLiams, JLA., SEHGAL, A.
AND Pack, A.l. Rest in Drosophila is a sleep-like state. Neuron, 25: 129-138, 2000.
Huper, R., DEBOER, T. anp ToBLER, 1. Effects of sleep deprivation on sleep and sleep
EEG in three mouse strains: empirical data and simulations. Brain Res., 857: 8-19,
2000.



40.

41.

42,

43.

44.

45.

46.

47.

FROM SLOW WAVLES TO SLEEP HOMEOSTASIS: NEW PERSPECTIVES 61

. KaTtTLER, H., Duk, D.J. AND BoreeELy, A.A. Effect of unilateral somatosensory stimu-

lation prior to sleep on the sleep EEG in humans. J. Sleep Res., 3: 159-164, 1994,

. KrerrMaN, N. Sleep and Wakefulness. Chicago, University of Chicago Press, 1963.
. Pompeiano, M., CireLLl, C. anDp Tononi, G. Effects of sleep deprivation on Fos-like

immunoreactivity in the rat brain. Arch. Ital. Biol., 130: 325-335, 1992.

. PompEIaNO, M., CireLLl, C. anp Tononi, G. Immediate-carly genes in spontaneous

wakefulness and sleep: Expression of c-fos and NGFI-A mRNA and protein. J. Sleep
Res., 3: 80-96, 1994,

. Pomperano, M., CireLLl, C. anD TonNoNi, G. Reverse transcription mRNA differential

display: a systematic molecular approach to identify changes in gene expression across
the sleep-waking cycle. Pp. 157-166. In: Lypic, R. (Ed.), Molecular Regulation of
Arousal States. Boca Raton, CRC Press, 1998.

. RECHTSCHAFFEN, A., BERGMANN, B.M., GiLLILAND, M.A. aND BAUER, K. Effects of method,

duration, and sleep stage on rebounds from sleep deprivation in the rat. Sleep, 22: 11-
31, 1999.

. Ruyner, T.A., BorBELY, A.A. AND MarLET J. Molecular cloning of forebrain mRNAs

which are modulated by sleep deprivation. Eur. J. Neurosci., 2: 1063-1073, 1990.

. SAUER, S., HERRMANN, E. AND Kaister, W. The effects of forced activity on a behavioural

sleep sign in honey bees. Sleep Res. Online, 2 (Suppl. 1): 217, 1999.

. Snaw, P.J., CireLLL, C., GREENSPAN, R.J. AND TonoNI, G. Correlates of sleep and waking

in Drosophila melanogaster. Science, 287: 1834-1837, 2000.

. TosLER, [. Phylogenése du sommeil. Pp. 3-16. In Benoit, O. anp ForeT, M. (Eds.), Le

sommeil humain: bases expérimentales, physiologiques et physiopathologiques. Paris,
Masson, 1995,

. ToBLER, I. AND BorBELY, A.A. Sleep EEG in the rat as a function of prior waking.

Electroenceph. clin. Neurophysiol. 64: 74-76, 1986.

TOBLER, I. AND FRANKEN, P. Sleep homeostasis in the guinea pig: similar response to
sleep deprivation in the light and dark period. Neurosci. Lett., 164: 105-108, 1993,
ToBLER, I. AND NEUNER-JEHLE, M. 24-h variation of vigilance in the cockroach Blaberus
giganteus. J. Sleep Res., 1: 231-239, 1992,

ToBLER, I. AND STALDER, J. Rest in the scorpion - A sleep-like state?.J. Comp. Physiol.
A, 163: 227-235, 1988.

Tononi, G., CreLLl, C. aNp PompEIANO, M. Changes in gene expression during the
sleep-waking cycle: a new view of activating systems. Arch. ltal. Biol., 134: 21-37,
1995.

TorsvALL, L. ANp AkersTeDT, T. Sleepiness on the job: continuously measured EEG
changes in train drivers. Electroenceph. clin. Neurophysiol. 66: 502-511, 1987.
TracuserL, L., Epcar, D.M. anp HerLer, H.C. Are ground squirrels sleep deprived
during hibernation? Am. J. Physiol., 260: R1123-R1129, 1991.

WERTH, E., ACHERMANN, P. anp BORBELY, A.A. Brain topography of the human sleep
EEG: antero-posterior shifts of spectral power. NeuroReport, 8: 123-127, 1996.
WERTH, E., ACHERMANN, P. AND BORBELY, A.A. Fronto-occipital EEG power gradients
in human sleep. J. Sleep Res., 6: 102-112, 1997.



