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Astrocytes mediate many important aspects of neural homeostasis, but
until recently, their role in sleep was largely unknown. The situation has
dramatically changed in the last decade. The use of transgenic animals,
optogenetics, chemogenetics, brain imaging and sophisticated molecular
assays has led to exciting discoveries. Astrocytes dynamically change their
activity across the sleep–wake cycle and may encode sleep need via changes
in intracellular signalling pathways. Astrocytes also exocytose/secrete sleepinducing molecules which modulate brain activity, sleep architecture and
sleep regulation. Many of these observations have been made in mice and
Drosophila melanogaster, indicating that astroglial sleep mechanisms are
evolutionarily conserved. We review recent findings and discuss future
directions.
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Introduction
Sleep remains one of the great unsolved biological
mysteries. Sleep is widely found in the animal kingdom
and like the wing or eye, has evolved more than once.
It is also a powerful drive that when deprived, can

overwhelm other powerful drives like hunger and mating. These observations strongly suggest that sleep
serves important and conserved biological functions.
Yet in contrast to these other biological structures and
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drives, the adaptive functions of sleep remain a point
of intense debate [1,2]. Whatever these functions may
be, they are likely tied to two important mechanisms:
circuits that transition the brain into sleep states conducive for that function and regulatory mechanisms
that ensure that sleep time and intensity are maintained within adaptive ranges in service of that function. This is in keeping with what we know about
other adaptive drives in organisms [3]. Therefore,
resolving how the brain controls these intertwined
mechanisms is key to understanding the deeper mystery of sleep.
The traditional view is that these mechanisms are
neuronal. More specifically, that they arise from reciprocal feedback loops between wake-active and sleep-active
neurons. This interaction governs transitions between
brain states and homeostatic changes in sleep in
response to sleep loss. An emerging and alternative view
is that other brain cells might play a more central role
in these processes than traditionally believed. In this article, we review recent findings supporting an emerging
view that non-neuronal cells (astrocytes) may play key
roles in these two critical aspects of sleep (for discussion
of astrocytes and circadian regulation, see [4]).

Astrocytes and brain function
Astrocytes (which means ‘star cells’ in Greek) are one
of three principal classes of glia in the mature mammalian brain – the others being oligodendrocytes and
microglia. Astrocytes perform several support functions in the brain, including buffering ions, recycling
neurotransmitters and regulating metabolism. Astrocytes are non-excitable, as they do not produce action
potentials and respond linearly to current injections
[5]. These observations led early investigators to conclude that astrocytes play no special or direct roles in
brain activity or behaviour. This view, however, has
evolved with the recognition that astrocytes influence
neuronal activity through several different mechanisms
including neurotransmitter uptake, ion transport and
direct chemical signalling (i.e. gliotransmission). It is
now increasingly clear that astrocytes more directly
participate in neural processes thought to be solely
neuronal in origin [6–9].

Astrocytes and sleep
The role of astrocytes in sleep provides one of the
most dramatic examples of this changing view. Observations going back decades suggested that astrocytes
might be important in sleep [10], but direct evidence
for this idea has only accumulated in the last decade.
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These studies demonstrated that astroglial transport or
gliotransmission of sleep-inducing molecules modulate
sleep homeostasis in vivo [11–13]. Other studies showed
that astroglial intracellular signalling pathways [e.g. calcium (Ca2+) and cyclic adenosine monophosphate
(cAMP)] modulate sleep time and sleep homeostasis [14–
17]. Microscopic measurements of astroglial Ca2+ activity in vivo and ex vivo revealed that astrocyte Ca2+ levels
change across the sleep–wake cycle in ways that suggest
they encode sleep need [14,18]. These changes may be
brain region-specific and do not appear to be simply
passive responses to surrounding neuronal activity. We
discuss these findings in more detail in the following sections (for a discussion of other interactions between
astrocytes and sleep, see [19]).

Astroglial release of somnogenic
substances: Retrospective and recent
developments
Astrocytes in vitro secrete and/or exocytose a variety
of somnogenic molecules that when introduced in vivo
increase sleep time or intensity [i.e. non-rapid eye
movement (NREM) slow-wave activity (SWA)]. These
molecules include immune factors and cytokines [e.g.
interleukin-1 (IL-1) and tumour necrosis factor (TNF)
a], neurotrophins [e.g. brain-derived neurotrophin factor (BDNF)], prostaglandins (e.g. PGD2) and purines
(e.g. adenosine) [20–25]. Astrocytes release these substances in response to neuronal signals, including classic neurotransmitters and purines acting via membrane
bound receptors [21,26]. These findings support a
mechanism by which neuronal signalling to astrocytes
during wakefulness leads to the release of substances
that can increase sleep amounts and intensity [10,21].
Prior to 2010, there was only indirect evidence supporting the presence of this mechanism in vivo. Cultured astrocytes often display many properties that do
not exist in vivo or in brain slices [27,28]. Knockout
(KO) mutant mice lacking the TNFa, IL-1 and purine
type 2 X7 receptors have sleep phenotypes consistent
with this mechanism (i.e. reduced NREM sleep
amounts and SWA). However, because neurons and
astrocytes both release these molecules, the precise
source of the somnogen or its target cells (but see [29])
were unknown [30–32]. Determining the precise role of
astrocyte signalling in mammalian sleep requires comparable, inducible and selective manipulations of these
signalling pathways in vivo.
One promising approach in mammals includes targeted manipulations of astroglial sources of adenosine
which is considered a principle mediator of sleep
homeostasis [11]. One of these sources is the
The FEBS Journal (2022) ª 2022 Federation of European Biochemical Societies
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gliotransmission of adenosine triphosphate (ATP),
which is hydrolysed to adenosine extracellularly [9,33].
Certain forms of vesicle-mediated gliotransmission
require the formation of a SNARE complex between
vesicles and the target membrane in a manner similar
to neuronal synaptic transmission [26,34] (but see
[7,8]). The selective expression of a dominant-negative
SNARE (dnSNARE) in astrocytes reduces extracellular accumulation of adenosine in situ and in vivo [33].
When combined with an astrocyte-specific inducible
system (Tet-off), theoretically, gliotransmission can be
turned on or off in vivo [33,35].
As shown by Halassa et al. [12], this strategy provided the first direct evidence in vivo that astroglial signalling influences mammalian sleep. The effects of
suppressing gliotransmission had no effect on baseline
sleep–wake amounts. However, this manipulation
reduced several classic indices of sleep need (i.e.
impacted sleep homeostasis). First, the normal accumulation of NREM SWA was reduced [12]. As the
accumulation and discharge of NREM SWA reflects
changes in sleep need, this suggested that sleep need
was also reduced. This idea was confirmed by examining compensatory responses to sleep deprivation (SD)
in dnSNARE mutant mice and wild-type (WT) controls. The normal compensatory increases in NREM
sleep (NREMS) time, bout duration and NREM SWA
after SD were attenuated in dnSNARE mutant mice.
This appeared to be mediated by a reduction of adenosine A1 receptor activation, as the sleep changes in
mutant mice could be phenocopied in WT mice by
infusing (intracerebroventricularly) antagonists to the
A1 (but not A2) receptor [12]. Follow-up studies
in situ and in vivo demonstrated that the attenuation
of slow waves in NREMS also involved a second gliotransmitter, D-serine [13]. Subsequent studies in the
dnSNARE mutant further showed that normal
changes in brain adenosine concentrations induced by
SD [36] or inflammation (which also increases sleep
time) [37] were also dependent on gliotransmission.
Studies using optogenetics provide further support
for gliotransmission-mediated changes in sleep [38].
Pelluru et al. [39] expressed channelrhodopsin in astrocytes that envelop histaminergic neurons in the posterior hypothalamus. These neurons are known to
promote wakefulness; thus, the idea being tested was
that activation of astrocytes would increase sleep or
sleep drive, presumably via gliotransmission of ATP
and the subsequent activation of adenosine A1 receptors. Although ATP (or other gliotransmitters) were
not measured, optogenetic stimulation transiently
increased sleep time and NREM SWA at circadian
times when rodents are mostly awake [39].
The FEBS Journal (2022) ª 2022 Federation of European Biochemical Societies
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Complementary findings using a similar approach were
then reported by Kim et al. [40] who instead expressed
channelrhodopsin in astrocytes in a sleep-promoting
region [the ventrolateral preoptic nucleus (VLPO) of
the hypothalamus] in mice. Activation of astrocytes in
the VLPO also increased sleep time during the circadian active phase. Additional analyses showed that
ATP levels in the VLPO were higher after optogenetic
stimulation, while other gliotransmitters and cytokines
were unchanged. The underlying mechanism appeared
to be adenosine, as VLPO ATP and adenosine levels
were elevated during the normal sleep phase and pharmacological inhibition of the extracellular enzyme that
hydrolyses ATP to adenosine reduced sleep time. The
precise adenosine signalling pathway is unclear, as
there is evidence for both A1 and A2 receptors in the
VLPO, but the authors suggest that this reflects an
A1-mediated disinhibition of VLPO neurons [40].
Collectively, the use of the dnSNARE mouse and
optogenetics support a role for astrocyte gliotransmission, particularly of ATP, as an important mechanism
in sleep expression and homeostasis. However, one
caveat is that under certain conditions transgene expression in the dnSNARE mouse may also occur in neurons
[41], but this appears to be the exception rather than the
rule [12,42]. An additional caveat is that optogenetic
activation of astrocytes in some cases may be nonphysiological. Astrocytes do not densely express large
cation pores like channelrhodopsin. Considering the very
hyperpolarized state of these cells, when these experimentally expressed channels are suddenly opened, this
leads to an inrush of cations unlikely to occur naturally.
A third point is that optogenetic gliotransmission
involves non-vesicular forms of gliotransmission (e.g. via
hemichannels and purinergic receptors) [40]. The mechanisms governing non-vesicular gliotransmission under
more natural conditions are incompletely understood,
but they appear distinct from those involved in
SNARE-mediated gliotransmission [43,44].
Astrocytes can also increase extracellular adenosine
via changes in equilibrative transport. Equilibrative
transport of adenosine occurs via gradient-based mechanisms that decrease extracellular adenosine as a function of cellular metabolism [11,45]. This is mediated by
adenosine kinase (AdK) which reduces cytosolic concentrations of adenosine leading to passive transport
of extracellular adenosine into cells. This results in a
reduction of adenosine available to act on membranebound adenosine A1 receptors. Based on these observations, it was hypothesized that extracellular changes
in adenosine necessary for sleep homeostasis are determined by AdK-mediated adenosine transport [11]. This
hypothesis was tested by conditionally deleting AdK
3
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from astrocytes in vivo which resulted in an increase of
NREM SWA under baseline conditions and after SD.
The excess adenosine also slowed the normal decay of
NREM SWA during sleep, further supporting a role
for AdK in sleep homeostasis. On the other hand, this
mutation also increased SWA in baseline waking and
even during enforced waking (SD) [46]. This is peculiar
as changes in waking SWA (in contrast to NREM
SWA) do not accumulate and discharge in a way proportionate to sleep drive. In contrast, SWA changes in
the dnSNARE mutant were entirely restricted to
NREMS [12]. This suggests that the AdK pathway is
part of the sleep homeostat, but its precise role
requires more investigation.
The exocytosis of sleep-inducing molecules by astrocytes is also reported in Drosophila melanogaster.
Selective manipulation of the mammalian homologue
of TNFa (Eiger) in astrocytes results in profound
changes in sleep time and homeostasis [47]. As appears
to be true in mammals, this reflects interactions
between an astrocyte-derived ligand (Eiger) and a neuronally expressed receptor (Wengen). Drosophila astrocytes can also be activated by transport of
extracellular cations into the cell. Astroglial activation
via temperature-sensitive Drosophila-transient receptor
potential A1 (dTrpA1) – a cation channel permeable
to calcium and sodium – increases sleep duration [18].
This astroglial-mediated sleep increase is accompanied
by decreased excitability of arousal-promoting large
ventrolateral clock neurons (as determined by patchclamp electrophysiology) and increased Ca2+ activity
in sleep-promoting R5 ring neurons [18]. These results
suggest that, as proposed for mammals, Drosophila
astrocytes can increase sleep by inhibiting arousalpromoting neurons and exciting sleep-promoting neurons. The underlying mechanisms are similar to those
in mammals in that they involve release of astrocytederived somnogens and changes in gradient-based
transport of molecules.

New advances in exploring astroglial
activity in sleep
A fundamental limitation in our understanding of
astrocytes has been our inability to observe their behaviour in natural brain states. In contrast to neuronal
activity which can be measured electrically [e.g. via
electroencephalography (EEG)], astrocytes are not
electrically excitable. Until recently, the activity of
astrocytes in vivo could only be inferred based primarily on measurements ex vivo (e.g. morphological
changes in fixed tissue, genes and proteins) or in
reduced preparations in vitro or in situ. These studies
4
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provided important clues (reviewed in [19]), but it was
not until the last few years that scientists could directly
measure activity changes in astrocytes across the
sleep–wake cycle. This was made possible by adopting
in vivo Ca2+ imaging techniques developed in neurons,
particularly one- and two-photon microscopy and fibre
photometry imaging of fluorescent genetically encoded
Ca2+ indicators (GECI) like GCaMP [48–50]. Since
intracellular Ca2+ is a marker and mediator of astroglial activity and function using these tools, scientists
could now examine astrocytes across the sleep–wake
cycle and determine their role in sleep expression and
regulation (Fig. 1; see Box 1).
Astroglial Ca2+ changes across the sleep–wake
cycle
A key finding across independent laboratories is that
astroglial activity changes with sleep and wakefulness.
Overall, astroglial intracellular Ca2+ activity is highest
during wakefulness and lowest during sleep, but this
pattern varies in different brain regions [14–16,52]. For
example, this general trend is reported in frontal cortex [14], barrel cortex [16], primary visual cortex [15],
hippocampus and cerebellum [52], but not in the
hypothalamus or brainstem [52]. These findings primarily reflect changes in GECI amplitudes (i.e. DF/F
or ratios) and/or in the number or frequency of Ca2+
events (Fig. 1). Several laboratories also report dramatic spikes in astroglial activity during transitions
from rapid eye movement sleep (REMS) to wakefulness [14,16,52]. The mechanisms governing these
changes in astroglial activity, and their peaks, at
REM-to-wakefulness transitions are unclear but may
reflect global changes in neuromodulator concentrations that coincide with the sleep–wake cycle.
More fine-grained analyses revealed similar dynamic
Ca2+ patterns inside individual astrocytes. Sleep–wake
changes in Ca2+ event frequency and amplitude are
compartmentalized within the cell, with the most
dynamic changes occurring in the processes compared
to the soma [14,16]. In addition, the temporal and spatial dimensions of astroglial Ca2+ activity differ across
arousal states based on AQuA (Astrocyte Quantitative
Analysis) [14,15] and regions-of-activity [16] analyses
(Fig. 1). These two analytical techniques measure the
spatiotemporal complexity of astroglial Ca2+ events
which move and change shape within individual cells.
The duration of individual Ca2+ events are longer during wakefulness compared to sleep, whereas the area
(or size) of these events are more variable across arousal states [14–16]. These dimensions are also influenced
by other factors including proximity to the soma and
The FEBS Journal (2022) ª 2022 Federation of European Biochemical Societies
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Fig. 1. Assessing astroglial Ca2+ activity. A variety of metrics have been used to study the intensity, frequency and spatiotemporal
characteristics of astroglial Ca2+ activity across the sleep–wake cycle. (A) Amplitude describes intensity changes of fluorescent Ca2+
indicators as a proxy for changes in Ca2+ concentration. Amplitude is typically expressed as DF/F – change in fluorescence over a baseline
fluorescent value (e.g. mean, median) – or z-score values. (B) More prominent deflections of Ca2+ activity from baseline levels can be
defined as events based on a set of criteria and/or a threshold (dotted line). These events are then tallied for different brain states.
(C) Synchrony can be determined by comparing patterns of Ca2+ activity across astrocytes, within individual astrocytes, or with a different
cell type (e.g. neurons). (D) AQuA (Astrocyte Quantitative Analysis) and regions-of-activity analysis provide fine-grained measures of Ca2+
activity within individual astrocytes and networks. The size of Ca2+ events can be shown as the area or perimeter of individual events. Ca2+
events can also be described by the duration of individual events as well as if an event moves, grows or shrinks (in orange) or remains
static (in blue) over time. These metrics can also be used to compare Ca2+ activity in distinct cellular compartments of the astrocytes
(e.g. soma, processes). The functional implications for these various metrics are not completely understood (e.g. propagating vs. static
events, long vs. short events), but they all change across the sleep–wake cycle and/or after sleep deprivation.

whether a Ca2+ event propagates/moves. For example,
the size of propagating Ca2+ events that originate in
the distal processes are larger than events that start
closer to the soma, whereas static (i.e. nonpropagating) Ca2+ events sizes are not impacted by
somal proximity [14]. The significance of these brain
state and regional differences in Ca2+ is unknown, but
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may be related to how different functions are compartmentalized in astrocytes. Astroglial distal processes
form microdomains around synapses that appear to
operate independently, while other processes may surround blood vessels [53,54].
A particularly intriguing finding is that sleep–wake
changes in cortical astrocytes do not appear to be a
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Box 1. Caveats in measuring neural activity and sleep in head restraint
Two-photon microscopy is used to image fine processes of astrocytes, but this requires animals to be head restrained
to prevent movement of the imaging plane [14–16]. Care must be exercised in quantifying and identifying sleep in
such conditions. For example, mice typically do not express normal amounts of REMS in head restraint. This is
likely due to the loss of motor tone characteristic of REMS [51], which results in the mouse being abruptly suspended
from its head. This often causes the mouse to wake up. Head restraint can also induce an atypical high-amplitude,
high-frequency EEG pattern in mice [14,16] [see below for representative NREMS (left) and atypical (right) EEG
traces from a mouse in head restraint] that is not observed in freely behaving mice or in mice instrumented with
head-mounted miniscopes [14]. This peculiar brain state may reflect an inability to fully transition between wakefulness, NREMS and REMS while in head restraint.

passive response to surrounding neuronal activity. Synchronized activity across cortical astrocytes is maximal
during wakefulness and at a nadir during NREMS [14].
The exact opposite pattern is observed in cortical neurons, which show their greatest synchrony during the
slow thalamocortical oscillations typical of NREMS
[55,56]. Dual Ca2+ imaging of neuronal somata and
astroglial gliopil also revealed that the onset of Ca2
events in astrocytes and surrounding neurons is less synchronized during sleep compared to wakefulness. Astroglial Ca2+ events can also precede neuronal Ca2+ events
which further suggests that astrocytes are not simply passively responding to neurons [16]. In addition, changes in
astroglial Ca2+ event frequency can precede changes in
the EEG, increasing during NREMS prior to the onset
of wakefulness and decreasing during wakefulness before
NREMS onset [15,16]. Collectively, these findings show
that astrocytes are not always synchronized with neuronal activity and may even anticipate or drive changes
in neuronal activity.
Astroglial Ca2+ and sleep homeostasis
As discussed earlier, astroglial sources of adenosine influence mammalian sleep homeostasis. What is less clear is
how astrocytes regulate this process as a function of sleep
need. According to one model (Fig. 2), astrocytes detect
neuronal signals released during wakefulness, integrate
those signals via changes in intracellular Ca2+ and, via
negative feedback, dampen those waking signals resulting
in increased NREM SWA and sleep time [57]. Two predictions of this model are that astroglial Ca2+ should rise
and fall in proportion to sleep drive, and interruption of
6

this process should reduce the accumulation of sleep
need. These two predictions have been partially borne
out in mice and D. melanogaster.
In vivo imaging of GECIs in mice showed that
astroglial Ca2+ concentrations are highest at circadian
times of high sleep need (i.e. first half of the sleep
phase) and are elevated further after SD. They decline
to their lowest levels by the end of the rest phase and/
or after post-SD recovery sleep. These changes in
astroglial Ca2+ are most pronounced in NREMS and
parallel peaks and declines in NREM SWA [14]. SD
also causes additional transient changes, including a
reduction in cortical synchrony both within and across
astrocytes and changes in the duration and area (i.e.
size) of individual Ca2+ events inside individual astrocytes [14]. Similar changes in astrocytes are reported in
D. melanogaster. SD increases Ca2+ concentrations in
astroglial processes and somata within the superior
medial protocerebrum (SMP) and antennal lobe of
Drosophila as shown via ex vivo imaging of the GECI
CaMPARI2 [18]. These data were confirmed by in vivo
two-photon imaging of GCaMP6s in the SMP, which
also showed that SD increases Ca2+ event frequency in
astroglial processes.
Manipulating astroglial Ca2+: Impact on sleep
architecture and sleep homeostasis
A second prediction of the model shown in Figure 2 is
that disrupting the regulation of astroglial Ca2+ should
interfere with the normal expression of sleep and sleep
homeostasis. This idea was recently investigated using
different methods of enhancing or disrupting pathways
The FEBS Journal (2022) ª 2022 Federation of European Biochemical Societies
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Fig. 2. A hypothesized neuronal–astroglial feedback model for sleep homeostasis. This model includes three main components: (1) neuronal
waking signals that reflect sleep need, (2) an astroglial integrator of the neuronal waking signals and (3) astroglial-derived feedback
molecules that reduce the waking signals to promote sleep. The neuronal waking signals may be neurotransmitters (shown in peach) or
neuromodulators (shown in burgundy) that accumulate during wakefulness. These neurotransmitters and neuromodulators can interact with
astroglial ion channels [18] or G-protein-coupled receptors [15,18] to change astroglial Ca2+ activity. Ca2+ is hypothesized to be part of an
astroglial integrator of these neuronal waking signals. Astroglial Ca2+ changes with sleep need and plays a role in compensatory responses
to sleep loss [14,18]. Ca2+ also plays a role in astroglial release of sleep-promoting substances [94,95]. Astroglial release of sleep signals
(e.g. ATP, spz; shown in light blue and navy) occurs through gliotransmission and possibly other mechanisms [12,18,40]. This proposed
neuronal–astroglial feedback model may occur ubiquitously in the brain and govern both local sleep (e.g. within the cortex) and global sleep
(e.g. via interactions with canonical sleep–wake circuits). Additional possible mechanisms not shown here include metabolic interactions, ion
buffering and glutamate uptake. Adapted from Ref. [96].

that regulate astroglial intracellular Ca2+ stores. The
results of these experiments have produced complex
and somewhat equivocal results.
Several laboratories examined sleep in transgenic
mice bearing deletions of the inositol 1,4,5trisphosphate (IP3) receptor, type 2 (IP3R2) [58] or its
ligand IP3 [59]. The IP3 family of receptors (which
include IP3R1, IP3R2 and IP3R3) act downstream of G
proteins and regulate the release of Ca2+ from endoplasmic reticulum (ER) intracellular stores [60,61]. Manipulation of this pathway, however, produces relatively
subtle changes in sleep. Constitutive, global KO of
IP3R2 in IP3R2 KO (Itpr2 / ) mice fragments NREMS
and reduces NREM SWA under baseline conditions
[16]. Regions-of-activity analyses during NREMS
showed that residual cortical astroglial Ca2+ activity
manifests as longer (but smaller area) events [16]. There
are no changes in REMS other than an increase in EEG
theta activity. On the other hand, genetic reduction of
IP3 selectively in astrocytes (via inducible expression of
IP3 5-phosphatase – which metabolizes IP3 to IP2) has
no effect on NREMS architecture or NREM SWA but
instead increases time spent in REMS [59].
The discrepancy in these results may be due to several factors. First, different IP3 receptors operate in
different cellular regions of astrocytes [61]. IP3R2 may
The FEBS Journal (2022) ª 2022 Federation of European Biochemical Societies

preferentially govern Ca2+ signalling in the soma and
proximal branches, whereas IP3R1 instead modulates
Ca2+ signalling in the more distal branches [61]. Therefore, constitutive KO of IP3R2 may not impact Ca2+
signalling in distal processes which is the site of the
most dynamic changes across the sleep–wake cycle. A
second issue is a lack of cell-type specificity in the
IP3R2 KO mouse. IP3R2 is also found in oligodendrocytes [62], heart [58], lung, liver, kidney [63], pancreas
[64] and thymus [65]. Therefore, global knockout of
IP3R2 could impact sleep–wake behaviour outside of
its role in central nervous system astrocytes.
On the other hand, targeted deletions of other proteins involved in the regulation of astroglial Ca2+ result
in significant changes in sleep homeostasis. In mice,
inducible KO of astroglial stromal interaction molecule
1 (STIM1) – an ER sensor that mediates replenishment of intracellular Ca2+ [66] – has no effect on baseline sleep–wake architecture. This manipulation,
however, reduces the normal accumulation and discharge of sleep need after SD [14]. A role for astroglial
Ca2+ in sleep homeostasis was also demonstrated in
flies via targeted knockdown of a subunit (Ca-a1D) of
the membrane-bound L-type voltage-gated Ca2+ channel. In flies, the L-type voltage-gated Ca2+ channel is
another mechanism by which astrocytes regulate
7
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cytoplasmic Ca2+ concentrations [67]. This specific Ltype channel is activated at more hyperpolarized membrane potentials, like those found in astrocytes, compared to other voltage-gated Ca2+ channels [68].
Similar to results in the STIM1 KO mouse, astroglial
knockdown of Ca-a1D in flies has minimal effects on
baseline sleep while reducing compensatory changes in
sleep after SD [18].
Additional signalling pathways in astrocytes
Progress has been made in determining related astroglial signalling pathways that modulate intracellular
Ca2+ and sleep. This was investigated in mice via inducible manipulations of different G-protein-coupled
receptors (GPCRs) with DREADDs (designer receptors exclusively activated by designer drugs). In astrocytes, the Gq/phospholipase C cascade is triggered by
noradrenergic a1 receptors and muscarinic acetylcholine receptors [69–71] which increases intracellular
Ca2+ via IP3-mediated release of Ca2+ from ER stores
[15,71–73] and ATP release [74]. The function of the
Gi pathway in astrocytes is less clear. Gi activation
also increases intracellular Ca2+ through IP3-mediated
pathways [15,71–73,75,76] but acts downstream of
astroglial GABAB and mGluR3 receptors [71,75,77].
The results of these DREADD-based experiments
suggest separate roles for different GPCRs. Cortical
activation of Gi-DREADDs increases NREM SWA
but not NREMS duration [15]. On the other hand,
activating cortical astroglial Gq-DREADDs increases
NREMS duration but does not affect NREM SWA
[15]. Further analyses showed that each GPCR had
different effects on astroglial Ca2+. Activation of GiDREADDs increases Ca2+ event frequency. In contrast, Gq-DREADDs increase Ca2+ above baseline
levels but lead to a transient increase in Ca2+ event frequency. This suggests that different astroglial signalling pathways and/or Ca2+ changes modulate
distinct components of sleep, even when they converge
on IP3 Ca2+ signalling.
Complementary approaches have been used in flies.
In flies, SD increases expression of the monoamine
receptor tyramine receptor II (TyRII) [18]; a receptor
that when activated increases astroglial Ca2+ [78].
Knockdown of astroglial TyRII has no effect on baseline sleep–wake architecture, but it suppresses SDinduced increases in astroglial Ca2+ and reduces recovery
sleep duration post-SD [18]. Astroglial arylalkylamine
N-acetyltransferase 1 (AANAT1) also appears to selectively influence sleep homeostasis in flies. AANAT1
catabolizes and inactivates monoamines, and its knockdown increases brain monoaminergic levels and
8
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increases compensatory sleep duration following SD
[17]. An additional mechanism is the analogue to the
mammalian sleep-inducing cytokine IL-1 – sp€
atzle (spz).
Previous work in mice found that astroglial IL-1 receptor 1 plays a role in homeostatic NREM SWA
responses to SD [29]. In flies, spz activates Toll receptors
in sleep-promoting R5 ring neurons, and neuronal Toll
knockdown or astroglial spz knockdown suppresses SDinduced compensatory increases in sleep and Ca2+
increases in R5 ring neurons [18]. Additionally, astroglial
RNA interference knockdown of necrotic, which prevents maturation of spz into its Toll-binding form,
increases baseline sleep [79].

Discussion: Stargazing into the future
Scientists in the last decade have made great progress
elucidating the role of astrocytes in sleep. The emerging picture is that astrocytes represent a parallel level
of brain organization that is just as dynamic as neuronal networks. Astrocytes may also form a key component of the sleep homeostat by integrating waking
signals and releasing somnogenic substances. These
observations are reported in invertebrates and mammals, which suggests that these properties are evolutionarily conserved. There are, however, many
unanswered questions and unexplored areas.
Astroglial mechanisms: Local, global or both?
Sleep can be discussed not only in terms of whole
brain and organismal changes (i.e. ‘global’ sleep), but
also in the context of smaller collections of nervous tissue (i.e. ‘local’ sleep [80,81]). One way to reconcile
these ideas is that sleep may have its origins in simple
networks [80,81], but as brains became more complex
and differentiated, secondary systems that coordinated
activity across the brain evolved. Astrocytes may
explain both aspects of sleep.
Astrocytes are dispersed widely in sub-cortical and
cortical brain areas [82], including regions known to
trigger sleep and wakefulness [12]. Therefore, they may
regulate brain activity by acting within specific neocortical circuits (i.e. local sleep) or via modulation of
basal forebrain and hypothalamic sleep and arousal
centres (i.e. global sleep) [80,83–85]. It is possible
that astrocytes mediate both processes via local modulation of surrounding neurons. Astrocytes generally do
not send long-ranging projections, as is true for mammalian neurons. Instead, astrocytes operate independently or within confined networks. For example,
cortical astrocytes are arrayed in adjacent, but independent, domains surrounding different synapses. In
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other parts of the adult brain, astrocytes can form
local networks via gap junctions, but these also lack
long-ranging efferent projections as found in neurons
[86]. This suggests that astrocytes act locally rather
than as part of a brain-wide interconnected network.
Local influence, however, appears sufficient to gate
activity of surrounding neurons within canonical ‘executive’ sleep–wake neuronal circuits (e.g. within the
hypothalamus) as well as in sites of local sleep (e.g.
the cortex). For example, manipulations of cortical
astrocytes influence SWA [15], whole brain changes in
astrocytes influence sleep architecture and EEG activity [12,14–18,46,47,79], and selective modulation of
astrocytes in canonical sleep and wake centres influences sleep [39,40]. What then coordinates these independently operating modules? One possibility is that
their activity is synchronized by global changes in neuromodulators. Astrocytes express membrane bound
receptors for the major classes of neuromodulators
that cycle with sleep and wakefulness (e.g. noradrenaline and acetylcholine) and are influenced by
efferents from neuromodulator nuclei (e.g. the locus
coeruleus) [70,87].

Astrocytes and sleep

mechanisms is truly in its infancy, as a host of unanswered questions remain. For example, in addition to
Ca2+, what comprises the astroglial integrator of sleep
need? Could this involve cascades of Ca2+ binding proteins that converge on the nucleus, or is the mechanism solely post-translational in nature? How does the
role of astrocytes change across the lifespan? Sleep
undergoes changes in expression and regulation during
the perinatal period [92] and in senescence [93] – could
these changes be influenced by astrocytes? What roles
do astrocytes play in hypothesized functions of sleep,
like memory consolidation and synaptic plasticity?
These are but a few of the interesting questions awaiting future investigation.
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Cracking the code of astrocyte signalling
An important future direction is to determine whether
astrocyte activity varies across different brain regions.
More specifically, do astrocytes respond the same way
to neuronal signals (e.g. wake-promoting neuromodulators) uniformly, or does this vary by brain region? If
the latter turns out to be true, then what determines
these differences in response? Perhaps they could be
driven by the neuronal subtype (e.g. wake-promoting
vs. sleep-promoting, excitatory vs. inhibitory) and/or
by astroglial subtype. There are many subtypes of
astrocytes and we are only beginning to understand
the extent of their morphological, molecular and functional heterogeneity [88,89]. This level of complexity
may also vary across and within animal genus and species [90,91]. Therefore, we may discover that different
classes of astrocytes serve distinct roles in local and
global sleep. This cellular heterogeneity may explain
findings of regional astroglial Ca2+ activity differences
across the sleep–wake cycle [52].

Concluding remarks
Scientists have made remarkable progress in understanding the role of glia in sleep. As is true for other
neural systems, astrocytes do not appear to be bystanders, but active participants in sleep expression and
regulation. Nevertheless, the study of astroglial sleep
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