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I
t is what many of us dream of: to
sleep for only a fraction of our usual
sleep time and still feel so well rested
and attentive that daytime produc-

tivity does not suffer and extra time is
gained. Of those who have tried to achieve
this dream, few if any have succeeded.
After skipping most sleep for a single
night, we notice an increased sleep pres-
sure that compels us to soon make up for
the lost sleep. Is there no way to escape
the characteristic homeostatic buildup of
sleep pressure with an increasing duration
of wakefulness?
Three years ago, a PNAS report by Kim

et al. (1) gave some hope. Their findings
suggested that rats gradually lowered their
homeostatic set point, so that they actually
learned to do with less sleep if exposed
to chronic sleep restriction for several days
rather than acute sleep deprivation for
a single day. The finding by Kim et al.
triggered the following question: could we
humans learn the same by not giving in to
our sleep need after a brief night of sleep?
Unfortunately, the answer seems “no.”
Last year, Åkerstedt et al. (2) reported
that humans exposed to repeated sleep
restriction do not reset their homeostatic
set point and preserve the need to recover,
leaving us with a puzzling—and frustrating
for those of us who dream of doing with
less sleep—apparent discrepancy between
the effects of chronic sleep restriction on
homeostatic sleep regulation in rats
versus humans.
In PNAS, Leemburg et al. (3) use more

refined methodologies to investigate in
detail whether rats indeed respond to
chronic sleep restriction by resetting their
sleep homeostat. Their findings lead to
a different conclusion than the report of
Kim et al. (1) and suggest that the meth-
ods of enforcing wakefulness and of as-
sessing the effects of sleep deprivation that
we have traditionally relied on in short-
term protocols may not apply in chronic
sleep restriction protocols.
As to the improved method for sleep

deprivation, Leemburg et al. (3) carry out
an unprecedented scrutiny in trying to
keep the animals awake by placing them
under observation for all 5 d of partial
sleep deprivation, 24 h/d, and by taking
action if behavioral signs suggested at-
tempts to sleep. It was thus demonstrated
that a chronic sleep restriction protocol
requires an ever-increasing rate of per-
turbation of the rat to counteract its
growing number of sleep attempts. None-

theless, as in chronic “total” sleep depri-
vation protocols (4), it appeared to be
impossible to keep rats awake for more
than about 90–95% of the time.
As to the improved method for evalu-

ating homeostatic sleep pressure, the
authors carefully quantify these sleep
intrusions into forced wakefulness. More-
over, they managed to quantify electroen-
cephalographic (EEG) slow wave activity
(SWA <4 Hz)—the accepted best readout
of homeostasis—not only during sleep
but also during 94% of the time awake—
notably difficult because of the artifacts.
As with chronic “total” sleep deprivation,
SWA as well as low θ (5–7 Hz) activity
started to “leak” into periods of forced
wakefulness during which the animal could
even be observed to show locomotor ac-
tivity and have its eyes open.
These brief intrusions of sleep and

slow wave activity into awake epochs may
not have received enough attention in
previous deprivation studies. The sleep
homeostasis model, discussed below, is
usually interpreted with the implicit as-
sumption that epochs of wakefulness in-
crease sleep pressure, whereas epochs of
non-rapid eye movement sleep dissipate
sleep pressure. The work of Leemburg
et al. (3) shows that this dichotomization
does not account for the subtle sleep in-
trusions and SWA leakage that occur
during repeatedly enforced prolonged
wakefulness. Actually, awake epochs dis-

sipated rather than accumulated sleep
pressure when they contained SWA in-
trusions; the more leakage of SWA that
occurred during enforced wakefulness, the
less SWA increased in subsequent sleep.
Even when the intrusions are brief, their
sleep pressure dissipating effect may still
be considerable because the strongest
dissipation of sleep pressure occurs at the
onset of SWA and subsequently declines
exponentially (Fig. 1).
This dissipation may have gone un-

noticed in the work of Kim et al. (1), al-
though it may have been crucial in the
reported gradual lowering of SWA during
sleep over subsequent days of sleep re-
striction, which Kim et al. interpreted as
an allostatic response. The careful re-
cording and analysis of mostly artifact-free
EEGs obtained throughout wakefulness
and sleep during the entire 8-d period of
the experiment allowed Leemburg et al.
(3) to integrate all SWA and demonstrate
that its net accumulation and dissipation
were unaltered during chronic sleep re-
striction, indicative of the preservation of
sleep homeostasis.

Fig. 1. Schematic view of homeostatic buildup of sleep pressure. On baseline day 1, for as long as
wakefulness is maintained (16 h on day 1 in this example) sleep pressure increases to a certain level (arrow
on left), after which it dissipates during sleep. On day 2, representing short-term sleep restriction, wake-
fulness is forced to be maintained for 20 h, causing sleep pressure to build up to a higher level (arrow in
center). Only 4 h of sleep is subsequently allowed. On day 3, representing long-term sleep restriction, sleep
pressure builds up for another 20 h, but brief periods of dissipation due to intrusion of sleep and/or EEG
slow wave activity result in a sleep pressure at sleep onset (arrow on right) that does not differ from
baseline; sleep homeostasis is preserved, however. Black horizontal bars represent forced wakefulness.
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What makes the report of Leemburg
et al. (3) important? First, the model of
homeostatic regulation of sleep and its
electrophysiological correlate of SWA is
the best window that we have on the
mechanisms and functions of sleep. The
homeostatic regulation of sleep pressure
has become a cornerstone in our quest
to understand the mechanisms and func-
tions of sleep. In the early 1980s, excellent
scientists, including Borbély, Daan, Beer-
sma, Åkerstedt, and others, all contributed
to a model that combined the homeostatic
buildup and circadian regulation of sleep
(5–7). Many others subsequently added
important findings that defined the pa-
rameters and interactions of the model
(e.g., 8–10), which has continued to prove
extremely valuable. As mentioned, slow
oscillations in the EEG have continued to
prove the best readout of homeostasis and
have inspired many to build strong hy-
potheses of their functional relevance,
ranging from a default oscillation that
emerges intrinsically as soon as neuronal
networks are formed (see ref. 11) to an
indispensable process guarding the ho-
meostasis of their synaptic density (e.g.,
12, 13). Numerous studies have since
demonstrated the specific functional rele-
vance of SWA for health, brain function,
and cognition (e.g., 14, 15). Thus, 30 y of
studies of rodents and humans have shown
the consistency and validity of the sleep
homeostasis model across these species.
There would be significant consequences if
it was determined that a model of such
wide-ranging influence to sleep neurosci-
ence applied only to short-term depriva-
tion studies, and not to long-term sleep
restriction, or if it were concluded that rats
and humans differ in a pronounced way
in their sleep homeostat response to
chronic sleep restriction. The work of
Leemburg et al. (3) indicates that there
is no reason to abandon either the model
of sleep homeostasis or the use of the
rat as a valuable model for human sleep
regulation. Of course, there will be species
differences. When exposed to chronic
sleep restriction, rats may be somewhat

more likely to show intrusions of sleep and
slow oscillations simply because they are
used to polyphasic sleep; humans might be
more likely to show lapses of attention and
θ oscillations because fast state switching
is not a normal property of our biphasic
sleep habit.
Second, only very few previous human

studies and only one previous rat study
have pushed the homeostatic sleep drive
to its limits by applying chronic sleep re-
striction rather than acute total sleep dep-
rivation. The report of Leemburg et al. (3)
shows that valuable information can
be obtained by doing so. For example, it led
to the insight of the topography-dependent
differential cortical effects of chronic sleep
restriction. Although the frontal and pari-
etal cortex responded with a boost in slow
wave activity primarily during the 4-h
time window that allowed for sleep, the
occipital cortex responded with a boost in
slow wave activity primarily during the 20-h
window of enforced wakefulness. Also,
the number of traveling slow waves origi-
nating in the frontal cortex increased during
chronic sleep restriction but decreased
in the occipital cortex. Furthermore, the
careful recording of artifact-free EEGs
showed that, during chronic sleep restric-
tion, the brain tries to dissipate sleep pres-
sure, as quantified by EEG SWA, in every
possible way, even during wakefulness.
Finally, the work of Leemburg et al. (3)

has consequences for the methodology
that we use to evaluate sleep homeostasis.
First, the study clearly shows that auto-
mated sleep deprivation methods that ap-
ply a fixed rate of perturbation fail to
compensate for the increase in brief sleep
attempts that occurs with repeated sleep
restriction. It would make sense to develop
automated sleep deprivation devices that
gradually increase the rate of perturbation,
which we are presently developing and
validating in our laboratory. In addition to
a gradually increasing rate of mechanical
perturbation, it can be evaluated whether
the expression of SWA during wakefulness
may be suppressed by other manipulations
of the environment, including its bright-

ness and temperature (16, 17). Second,
a strict discrimination of wakefulness—
during which sleep pressure increases—
and of sleep—during which sleep pressure
decreases—does not seem to be an ap-
propriate way to evaluate the homeostasis
of sleep pressure in protocols that apply
repeated sleep restriction, especially not if
EEG is scored over larger intervals of
several seconds. With the increasing pos-
sibility of recording from arrays of elec-
trodes rather than from a few electrodes,
the golden standard of power spectral
density analyses may be supported by
methods such as template matching and
independent component analysis to elimi-
nate movement artifacts in awake EEGs
and to be able to better quantify slow wave
activity during wakefulness.
In conclusion, although previous studies

in rats were less successful in obtaining
continuous artifact-free awake EEGs,
Leemburg et al. (3) succeed and show that
sleep homeostasis is preserved during
chronic sleep restriction, in part by in-
trusion of sleep and SWA into wakeful-
ness. The excellent work of many dedi-
cated researchers will ultimately bring us
closer to understanding the mechanisms
and brain substrates of homeostatic sleep
regulation and its involvement in main-
taining health and the level of alertness
during wakefulness. Will it bring us closer
to understanding the function of sleep? If,
of course, this is a valid question at all;
likewise, what would be the function of
wakefulness? Perhaps the states of sleep
and wakefulness reflect mainly an organi-
zational principle, evolved to separate
processes, ranging from the molecular to
the behavioral, that would, if taking place
simultaneously or close in time, be detri-
mental to the organism? The fact that
chronic sleep restriction is detrimental to
health and causes cumulative neuro-
behavioral deficits (18), despite the adap-
tive processes that reroute part of the
homeostatic sleep pressure into wakeful-
ness, supports this view. Time will tell
whether timing is key. For now, doing with
less sleep remains a dream.
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