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One of the key features of sleep is that if the duration of a
waking period is prolonged, the following sleep period will be
longer, including more slow-wave activity. This homeostasis is
explained by production of sleep pressure that accumulates
during the waking period. It is generally accepted that neuronal
activity, in one way or other, is the driving force for
accumulation of sleep pressure, both during spontaneous
sleep-wake cycle and during prolonged wakefulness.

Prolonged wakefulness is associated with increased energy
consumption, production of danger signals and modulations in
neural plasticity. Data derived from experiments with
Drosophila melanogaster introduces a fascinating window to
the basic mechanisms of sleep and sleep homeostasis, and
undoubtedly sheds light to the mechanisms of sleep regulation
also in humans. However, the existence of substantial cortex,
which is regarded as a key actor in mammalian NREM sleep
regulation, will add to the complexity of the regulatory circuits.
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What is sleep homeostasis?

The mathematical two-process model of sleep regulation
is constructed of EEG recordings obtained from different
species, and it describes the relationship between a
period of wakefulness and the sleep following it. The
model shows that the longer the previous waking period
has been, the more sleep (in form of slow waves and
duration of the sleep period) it will induce. It can accu-
rately predict how much EEG delta power increases after
a known period of (prolonged) wakefulness [1].

Check for
updates

The concept of sleep pressure, or sleep need, describes
the mechanism by which sleep is produced, either during
spontaneous sleep-wake cycle (normal sleep) or after
prolonged waking period (recovery sleep). The generally
accepted idea is that neuronal activity, in one way or
other, drives the accumulation of sleep pressure, but there
is no consensus as to the details of this process, or rather,
these processes.

What in wakefulness produces recovery
sleep?

Energy consumption-related mechanism

Reasoning for the concept

Neuronal activity consumes energy — the more activity,
the more energy is consumed. As neurons are more active
during waking than sleep [2], the duration of waking will
increase need for energy, and prolonged waking may
expose brain for energy depletion. A molecule that would
signal of energy shortage could also act as a sleep homeo-
stat, or sleep-inducing factor. Indeed, such molecule
exists: adenosine, a metabolite of ATP, increases in the
basal forebrain in the course of prolonged wakefulness [3]
and is able to increase sleep via adenosine Al receptors
[4,5]. In addition, many genes involved in energy metab-
olism are upregulated during waking [6°°]. Increased
oxidative phosphorylation in mitochondria increases reac-
tive oxygen species (ROS), which can activate immune
defense [7], bridging increased neuronal activity, energy
production and immune defense.

Neuronal plasticity-related mechanisms

Reasoning for the concept

Neuronal activity modifies the number and strength of
synapses. Both forming of new synapses and keeping up
neuronal activity consume energy. Moreover, continuous
strengthening of synapses can develop into runaway
potentiation [8°°], which restricts neuronal plasticity
and impairs memory and learning. For these reasons,
synaptic strength needs to be re-scaled. The decrease
in need to process (sensory) information during sleep
appears to offer an optimal condition for the synaptic
scaling that aims at restoring overall synaptic strength.
Experimental evidence to support this view comprises of
studies conducted on fruit flies and rodents as well as
humans [8°°].

Synaptic strength homeostasis, as defined by the synaptic
homeostasis hypothesis (SHY), states that overall synaptic
strength in the brain increases during waking and
decreases during sleep [9,10°°]. In effect, the scaling is
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selective: electron microscope imaging of the synapses in
mouse cortex and hippocampus demonstrated that axon-
spine interface size decreased between wake and sleep in
small and medium sized synapses (majority of the synap-
ses), but not so much in large synapses [10°°,11]. The
overall weakening does not exclude the option that some
synapses are fortified [8°°].

One recent study showed that during sleep, AMPA
receptors are removed from synapses and dephosphory-
lated, which weakens the synapses via mechanisms
involving Homerla, mGLURI1/5, noradrenaline and
adenosine [12°°]. In this scenario, the long form of Homer
1 that couples mGluR1/5 to IPR3 signaling pathway is
replaced by the shorter form, Homer-1a, weakening the
IPR3-mediated signaling during sleep. Homer-1a also
activates the GluR1/5 signaling that is independent of
agonist, which drives weakening of excitatory synapses
during scaling down process. Noradrenaline prevents
Homer-1a from binding to GluR1/5, while adenosine
promotes it [12°°,13].

Neuronal firing homeostasis expresses itself in observa-
tions that both after a period of excessive activity and
quiescence, activity in neuronal circuits’ returns to
baseline levels [14]. Firing rates appear to be homoge-
nized during sleep-wake cycle: neurons with high firing
rates during waking decrease their firing in sleep, while
those with low firing rates in waking, increase firing
during sleep [15].

Understanding of some basic mechanisms of sleep
homeostasis has derived from experiments conducted
on Drosophila melanogaster. One sleep homeostasis-
regulating area in the fly brain is localized in the central
complex that is important for motor control and
navigation [16°°] (see Figure 1). The area also receives
innervation from the monoaminergic systems, enabling
state-dependent modulation of the activity of the circuit-
ries [16°°]. The core circuit consists of R2 cells of the
ellipsoid body and dFSB neurons in the fan-shaped body.
The R2 cells collect information from other brain areas,
including Helicon cells that respond to visual input [17],
and contribute to generating sleep need. The R2 cells
increase their firing rate in the course of waking, inducing
plasticity changes that potentially code the need for sleep.
Manipulations of R2 cell activity affects sleep, suggesting
that they convey this information to the dFSB cells, which
then execute the sleep regulation.

The dFSB cells act as sleep switch, increasing their firing
rate upon increasing sleep pressure. Two potassium
channels, Shaker and Sandman, regulate the activity of
the dFSB cells. Shaker is a voltage-gated potassium
channels that regulates the repolarization efficacy of
action potentials, promoting faster repolarization and
faster spiking activity. Sandman is a leak-channel that

leaks potassium out of the cell, hyperpolarizing it and
decreasing its firing rate.

In waking, dFSB cells are in OFF-state, characterized
by Shaker channel inactivity (promoted by dopamine)
and Sandman channel integration to cell membrane,
allowing potassium leak. In the course of waking,
Shaker channel activates through its subunit, Hyperki-
netic, allowing potassium flow through the channel and
thus promoting firing of the dFSB cell. To the same
effect plays internationalization of Sandman: potassium
leak from the cells stops, and the dFSB neurons
increase their firing rate, moving to ON state, which
initiates sleep.

"The role of hyperkinetic has been clarified only recently [19]:
Hyperkinetic senses oxidation/reduction status of the cell
through connection to NADPH/NADP + unit. The oxida-
tion of NADPH to NADP + is promoted by reactive oxygen
species (ROS), which are formed in mitochondria in oxida-
tive phosphorylation. When NADPH is bound to Hyperki-
netic, potassium current through Shaker is blocked.

In the course of waking and high energy demand,
NADPH is oxidized to NADP + and Shaker current is
activated, allowing activation of the dFSB cell. This
mechanism offers a link between the activity of the
dFB neurons and energy production, giving supports to
the energy theory of sleep homeostasis.

The other fly brain area connected to homeostatic sleep
regulation is the mushroom body, which is important in
olfactory learning and memory [20], and has been sug-
gested to correspond to hippocampus in mammals. They
Keynon interneurons in the mushroom bodies receive
sensory inputs and their axonal projections form two
target areas of which one is involved in promotion of
wakefulness and the other in promotion of sleep [21°°].
Sleep-promoting and wake-promoting areas project to
two brain areas, the crepine (CRE) and the superior
medial protocerebrum (SMP), where also dFSB neurons
have dendrites. It is thus possible that the Keynon-
mediated signals are transmitted to the central complex
via CRE and SMP and are integrated to sleep regulation
by fFSB neurons [21°°].

Interestingly, two separate areas, one involved in motor
control and navigation, the other in olfactory learning and
memory, form sleep homeostasis regulating circuits. It
can be hypothesized that each activity unit, sensory,
motor or integrative, forms local sleep regulation circuits
for sleep homeostasis. These circuits may be integrated,
although loosely, since profound sleep increases/
decreases can be induced by manipulations of the circuits
separately [18]. In mammals, sensory and motor informa-
tion flows through thalamus, which also profoundly reg-
ulates vigilance states [22].
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Figure 1
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(a) Mushroom body. Of the three subpopulations of the Keynon cells axonal branches in the mushroom bodies, one promotes selectively sleep
(yellow) and the other waking (grey). Of their postsynaptic output neurons, those that promote wakefulness are glutamatergic (purple rings) and
those that promote sleep are cholinergic (red rings). Activity of the sleep promoting neurons is increased in sleep deprivation. Both project to the

crepine (CRE) and the superior medial protocerebrum (SMP) areas, where they may interact with central complex neurons.
(b) The central complex. The increased firing of the R2 cells in the course of waking induces plastic changes (increase Ca2+ and dNR1) [18]. The

information is conveyed to dFSB cells.

Two potassium channels, Shaker and Sandman, regulate the activity of the dFSB cells. Shaker is a voltage-gated potassium channels that
regulates the repolarization efficacy of action potentials, promoting faster repolarization and faster spiking activity. Sandman is a leak-channel that
leaks potassium out of the cell, hyperpolarizing it and decreasing its firing rate.

In the course of waking, Shaker channel activates through its subunit, Hyperkinetic that senses oxidation/reduction status of the cell through

connection to NADPH/NADP+ unit.

The oxidation of NADPH to NADP+ is promoted by reactive oxygen species (ROS), which are formed in mitochondria in oxidative phosphorylation.
Upon internationalization of Sandman, potassium leak from the cells stops, and the dFSB neurons increase their firing rate, moving to ON state,

which initiates sleep.

The activity of R2 cells is promoted by Helicon cells that respond to visual input and play a permissive role in locomotion [17], adding a potential
user-dependent aspect to sleep pressure accumulation. Further, the activation of dFSB cells during sleep inhibits Helicon cells, and thus indirectly
also R2 cells, forming a negative feed-back circuit for the accumulation of sleep pressure.

Defense-related mechanisms

Reasoning for the concept

Paucity of sleep constitutes a threat for the organism, and
as response, defense reactions are activated. Experimen-
tal evidence show that, indeed, prolonged wakefulness
activates the elements of immune defense, first the innate
immune defense including activation of cytokines [23],
but later also the acquired immune system is affected
[24]. Many of the immune response mediators are able to
induce also sleep [23], in mammals as well as in fruit flies.
A genome-wide screen in Drosophila identified a single
gene, nemuri, that induced sleep. The expression of the

gene was low under normal conditions but was induced by
sleep deprivation and also by infection. The expression
was localized to the dorsal fan-shaped body (dFSB),
which is a key sleep regulatory are in the fly brain [25].
Nemuri acts also in connection with infection, evidently
killing microbes and thus representing a molecule that
bridges immune and sleep regulation, a role played by
cytokines in mammals [25].

In mammalian brain, neuronal activity increases release of
chemokines and cytokines, including TNFaand IL.-1—both
known as sleep-inducing molecules. These immune
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signaling molecules are also important modulators of
synaptic functions and neural plasticity [26,27].
Thus, in addition to regulation of sleep, these molecules
act as regulators of both neural plasticity and immune
responses.

The so far identified sleep-inducing molecules appear to
integrate functions of several categories: for example,
cytokines in mammals, and the counterpart in Drosophila
(nemuri), mediate immune responses, and simulta-
neously regulate sleep [25]. Further, adenosine plays a
role not only in energy metabolism [3], but through ATP
(particularly via P2X7 receptor), also in immune
responses and neuronal events [28]. Particularly the
gap between neural plasticity and defense mechanisms
is narrowing: TNFa, one of the ecarly responder of the
innate immune defense, is also a key regulator of synaptic
plasticity [29]. Thus it is questionable to what extent it is
useful to view molecules participating in sleep homeo-
stasis regulation as representatives of a specific, narrow
functional category.

Are the mechanisms of normal sleep induction
and recovery sleep induction the same?
Several observations support the notion that the mecha-
nisms to produce recovery sleep are at least partially differ-
ent from those that regulate sleep homeostasis under
natural sleep-wake cycle. Different brain sites [30], as well
different brain cells [31] may be activated. Inrats, depletion
of basal forebrain cholinergic cells abolishes recovery sleep,
while the natural sleep-wake cycle remains largely intact
[32], and in Drosophila, only activation of the cholinergic
cells, but not other wake-inducing cells, induced recovery
sleep [33°]. In fruit flies, the TNFa homologue, Eiger,
mediates sleep. Its knock-down in astrocytes, but not in
neurons, reduces sleep duration. On the other hand, expres-
sion of the TNFa receptor family, Wengen, in neurons, but
not in astrocytes, is needed for sleep-deprivation-induced
increase in sleep [31].

It is probable that in the course of prolongation of the
waking period, additional mechanism to induce sleep are
recruited. Under natural sleep-wake cycle, sleep homeo-
stasis could be mainly regulated by plasticity-related
mechanisms, and modulations of mediator levels, such
as TNFa, would be rather connected to plasticity mech-
anism than defense responses. To speculate further on
this line, the mediators could be induced by neurons, but
in the course of prolongation of the waking, glia cells
would be recruited to produce these mediators in larger
quantities in order to arouse immune responses.

Is there wakefulness that does not induce
recovery sleep?

Behavioral sleep studies have revealed that several spe-
cies, when studied in their natural habitat, use survival
strategies that include long periods of sustained

wakefulness, in order to gain nutritional or reproductive
advantage. In many cases, these prolonged periods of
wakefulness do not induce recovery sleep [34], indicating
that these species have strategies to bypass, at least
temporarily, sleep homeostasis processes.

Experimental studies have confirmed that, indeed, such
mechanisms exist, and also have started to identify mech-
anisms that induce recovery sleep and compare to those
that do not.

One experiment, conducted on rats, showed that while
pharmacological activation using different glutamate
receptor agonists induced equal durations of prolonged
wakefulness, only activation with NMDA, but not
AMPA, induced NREM recovery sleep. Interestingly,
NMDA increased EEG theta activity in waking, while
AMPA did not, suggesting that the quality of waking was
important for induction of recovery sleep [35]. Respective
experiments in Drosophila showed that, although
activation of three different neurotransmitter systems
in fly promoted wakefulness, only cholinergic activa-
tion-induced wakefulness promoted recovery sleep,
while activation of octopaminergic neurons suppressed
homeostatic recovery sleep. Blocking the activity of the
recovery sleep-inducing neurons did not modulate base-
line sleep, indicating that recovery sleep regulation and
baseline sleep regulation have at least partially separate
mechanisms.
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