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Abstract It is increasingly evident that astrocytes, once con-
sidered primarily a passive support cell type, in fact respond to
and regulate neurotransmission to influence information pro-
cessing and behavior. Although astrocytes are not electrically
excitable, they express a variety of receptors that produce cal-
cium responses able to propagate within and between astro-
cytes. This form of signaling occurs on spatial and temporal
scales distinct from those of neuronal activity, potentially
allowing astrocytes to locally regulate synaptic and network
activity over extended time periods. Perhaps the best studied
example of this regulation is the control of sleep homeostasis by
astrocytes. Astrocyte-derived adenosine causes an increase in
sleep pressure leading to increased slow wave activity and
extended recovery sleep. Despite its established importance
for the sleep homeostat, however, the roles of astrocytes in other
sleep-associated processes are only beginning to be understood.
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Introduction

Sleep is a highly conserved behavior that is thought to be
critical for normal function of the nervous system [1–5].
Astrocytes, the major glial support cell within the brain, have
recently been shown to play a key role in regulating sleep and
modulating synaptic and network activity to drive the homeo-
static sleep response. The functions in which these cells have

been implicated include the generation of oscillatory activity
characteristic of sleep [6–8] and the sleep-dependent consol-
idation of declarative memory [9–11]. Astrocytes have a va-
riety of means to influence these processes: First, they control
the clearance of many neurotransmitters such as glutamate,
allowing them to modulate the rate constants of neurotrans-
mission and to influence the level of synaptic spillover, there-
by modulating the activation of extra-synaptic receptors [12,
13]. Second, astrocytes can regulate neuronal energy levels by
controlling the availability of lactate and other metabolic fuels
that can affect memory consolidation [14]. Finally, astrocytes
can regulate neuronal activity, vascular function, and the
activity of other astrocytes through the release of signaling
molecules, a phenomenon termed gliotransmission [4].

Central to the dynamic involvement of astrocytes in brain
function is their capacity to respond to incoming signals in a
manner similar to neurons: by integrating incoming informa-
tion, processing it, and actively responding to it [15–18].
Astrocytes express a wide array of receptors that couple to
distinct signaling cascades to produce downstream effects,
including mobilization of calcium from intracellular stores,
primarily the endoplasmic reticulum (ER) and mitochondria
[19–21]. The resulting elevation in astrocytic calcium leads to
the release of signaling molecules including amino acid (e.g.,
D-serine and glutamate), purine (e.g., adenosine triphosphate:
ATP), and peptide transmitters (e.g., brain-derived neuro-
trophic factor: BDNF). As in neurons, this release is mediated
through a variety of mechanisms, the most prominent of
which is probably SNARE-dependent vesicular exocytosis
[11, 22, 23]. The type and level of release for these transmit-
ters depends on the degree of calcium elevation [16] and
varies across brain regions [24].

In contrast to neurons, astrocytes are electrically
inexcitable. Release from these cells depends on fluctuations
in calcium that can be extremely local, potentially allowing
astrocytic responses to be restricted to a single synapse [11,
15, 25]. The diverse array of receptor and transmitter combi-
nations in astrocytes is consistent with this local regulation
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and is likely to reflect distinct functional involvement of these
cells in different parts of the brain. However, despite the
diversity in receptor-transmitter combinations, several key
astrocytic signaling pathways have emerged both in the cortex
as well as subcortical structures. These pathways appear to
play key roles in regulating synaptic transmission. In particu-
lar, the release of ATP, which is rapidly converted to adenosine
in the extracellular space, appears to be a commonmechanism
by which astrocytes regulate multiple aspects of synaptic
transmission. It is increasingly evident that the homeostatic
sleep response involves this astrocyte-derived adenosine. The
importance of this pathway and of astrocytes in general for
other aspects of sleep function remains an active area of
investigation.

Regulation of Cortical Oscillations by Astrocytes

Synchronized cortical oscillations are complex phenomena,
and the extent to which this form of network activity is
controlled by local versus global mechanisms remains contro-
versial. Increasing evidence, however, indicates that astro-
cytes are involved in patterning this type of cortical activity
[7]. Activation of adenosine A1 (adorA1) receptors either in a
sleep regulatory centers, such as the basal forebrain (BF [26,
27]), or directly in the cortex is sufficient to potentiate slow
wave activity and promote sleep [28]. The capacity of astro-
cytes to provide a source of adenosine suggests that these cells
could promote NREM through the activation of these recep-
tors, potentially contributing to the homeostatic sleep response
[29]. This hypothesis was tested in a mouse model in which
astrocytic vesicular release is selectively disrupted. Attenua-
tion of this form of gliotransmission has no effect on baseline
sleep architecture, suggesting that astrocytic regulation
through this pathway is not necessary for maintaining the
circadian rhythm. Closer examination of the spectral power
during NREM sleep revealed a reduction in the power of low-
frequency slow wave activity (lf-SWA). This corresponds to
synchronized cortical activity in the 0.5–1.5-Hz frequency
range, associated with up-down states occurring during
NREM sleep [6, 30, 31] indicating that gliotransmission plays
a role in promoting network synchronization during sleep.

The homeostatic sleep response is characterized by both
an increase in the duration of recovery sleep and higher slow
wave activity (SWA, 0.5–4 Hz), also called delta activity
[32]. Cortical delta activity is a well-established marker of
sleep pressure that increases with progressive wakefulness
and is associated with lower sleep latency following sleep
deprivation. The elevation of this marker of sleep pressure is
blunted by disrupting gliotransmission. Indeed, sleep depri-
vation accentuated the reduction in slow wave power in mice
lacking normal gliotransmission while blunting the increase
in sleep time following deprivation, indicating that astrocytic

release is involved in maintaining sleep homeostasis [30].
This pathway has also been implicated in the increased sleep
pressure associated with inflammatory responses [33], and in
the antidepressant effect of sleep deprivation [34], both of
which are reduced in the absence of normal gliotransmission.
Chronic application of adenosine receptor antagonists
phenocopies many effects of disrupted gliotransmission, sug-
gesting that adenosine is the major transmitter through which
astrocytes regulate sleep homeostasis and related processes
[35].

Reduced gliotransmission has also been shown to inhibit
low-frequency cortical oscillations and to decrease the fre-
quency of up-down state transitions in individual neurons
[6]. This effect was due to reduced NMDA receptor activation
since blocking these receptors reduced slow oscillations to a
greater degree in wild-type (WT) mice compared with mice
lacking normal gliotransmission. Application of exogenous D-
serine, which is also known to be released from astrocytes
[36–38], partially rescues this effect suggesting that this
gliotransmitter may be involved in the reduction of slow wave
oscillations. Reduced D-serine may not completely account
for the observed change in LTP, however, because suppression
of gliotransmission also results in lower surface expression of
NMDAR receptor subunits [6].

Despite the clear role of adenosine in inducing NREM sleep
and promoting slow wave activity, changes in astrocyte-
derived adenosine have not been shown to directly induce slow
wave oscillations. Interestingly, however, the effect of the
adorA1 antagonist cyclopentyl-1,3-dimethylxanthine (CPT)
on cortical activity is suppressed in the absence of normal
gliotransmission, indicating that the level of tonic adenosine
is reduced in this model. This difference is potentiated by prior
sleep deprivation [39] providing further evidence that astrocytic
modulation through adenosine is driven by wakefulness. The
possibility therefore remains that changes in purinergic signal-
ing by astrocytes can play a role in potentiating slow wave
oscillations. This possibility is supported by the observation
that activating astrocytes can elicit cortical up states in the slice
preparation via purinergic modulation [40]. A recent study
suggested that astrocytes may also be involved in driving
synchronization through an indirect pathway by activating
adorA1 receptors (adorA1Rs) [41]. Although classically asso-
ciated with presynaptic and somatic effects, adorA1Rs are
highly enriched in postsynaptic fractions [42] and may regulate
this subcellular compartment as well. This study demonstrated
that the lower surface expression of NMDAR receptors pro-
duced by disrupting gliotransmission was rescued by incuba-
t ion wi th the adorA1R agonis t 2 -ch lo ro -N (6) -
cyclopentyladenosine (CCPA). Conversely, incubating slices
in 200 nM CPT reduced both NR2A and NR2B surface ex-
pression. These effects were functionally important since they
led to a higher α -amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/NMDA receptor ratio as well
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as a decrease in the NMDA receptor components of miniature
EPSCs [41]. Further investigations showed that the effect of
adorA1R activation was mediated by src/fyn-dependent phos-
phorylation of NMDA receptor subunits, which led to a reduc-
tion in the internalization rate causing greater surface stability
of these receptors (Fig. 1).

Wakefulness-Dependent Changes in Astrocyte-Derived
Adenosine Regulate Sleep

Astrocytes regulate the level of extracellular adenosine
through multiple mechanisms including active release and
passive, concentration-dependent clearance [43–45]. Al-
though neurons are also capable of releasing adenosine, par-
ticularly under conditions of metabolic stress [46], it is unclear
to what extend this release contributes to tonic or
wakefulness-dependent changes in adenosine. Cytosolic
adenosine in neurons is relatively low under physiological
conditions, suggesting that vesicular loading would be rela-
tively inefficient, leading to rapid depletion upon repeated
activation [47, 48]. The level of cytosolic adenosine in astro-
cytes is variable and can be dynamically modulated by differ-
ential expression of adenosine kinase (ADK), which phos-
phorylates adenosine to 5′-adenosine monophosphate (AMP)
[49]. Expression of this enzyme is decreased following brain
injury, potentially providing a neuroprotective increase in
extracellular adenosine although this change is later reversed
[50]. The relatively low level of ADK in neurons, however,

leaves open the possibility that adenosine is released from
these cells via passive transport. A recent study employing
amperometric biosensors to directly measure adenosine dem-
onstrated that the neuronal release of adenosine generated by
metabolic activity can indeed provide a source of adenosine
[51]. This release occurred following stimulation of axons
within the hippocampus and was mediated by transport
through passive equilibrative nucleoside transporter 1
(ENT1). Although this release was rapid and activity depen-
dent, it did not account for a major portion of the adenosine
released in response to stimulation suggesting that multiple
mechanisms were involved. This second, slower component
of the adenosine response was reduced in the absence of the
5′-ectonucleotidase CD73 suggesting that it required conver-
sion of metabolic precursors of adenosine. The authors sug-
gested that ATP might be converted to adenosine since CD73
catalyzes the rate-limiting step in this pathway. Several lines
of evidence indicate that extracellular hydrolysis of ATP pro-
vides a major source of extracellular adenosine [52] and that
ATP is predominantly released from astrocytes, rather than
neurons suggesting that this activity-dependent increase in
adenosine is at least partially astrocyte dependent.

Once in the extracellular space, adenosine can activate sev-
eral classes of GPCRs including Gi-coupled adorA1R and Gs-
coupled adenosine A2 receptors (adorA2R). AdorA2R are
further subdivided into two classes, the adorA2a and adorA2b
receptors, which have distinct functions and different patterns
of expression [53]. The adorA1R shows high and broad ex-
pression in multiple brain regions [54, 55]. In contrast, the

Fig. 1 Mechanisms of astrocytic sleep modulation: Astrocytes can
modulate sleep-associated processes including sleep homeostasis, sleep
depth, and sleep-dependent memory consolidation. While the
mechanisms underlying these effects are not completely understood, a
variety of pathways has been identified that are modulated by vigilance
state and through which astrocytes can control synaptic and neuronal

activity. These include release of transmitters, particularly ATP, which can
act on pre- and postsynaptic AdorA1 receptors following conversion to
adenosine, leading to a variety of effects. Astrocytes can also indirectly
control the activation of extra-synaptic receptors by changing the
expression of transporters such as GAT-1 and GLT-1 to modulate
synaptic spillover for GABA and glutamate, respectively
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expression of the adorA2a receptor within the brain is primarily
restricted to the striatum and nucleus accumbens. Activation of
adorA1R can reduce neuronal excitability by hyperpolarizing
neurons and can modulate synaptic transmission by suppress-
ing vesicular release [56]. This pathway plays a key role in
neuroprotection under pathological conditions, such as seizure
and stroke, during which the increase in intracellular adenosine
causes large-scale release through ENTs [49]. Under physio-
logical conditions, however, adenosine is taken up by ENT1,
and blocking these transporters has been shown to increase
extracellular adenosine [29, 52, 57].

In addition to its involvement in neuroprotection, adenosine
is currently the best established mediator of the homeostatic
sleep drive in mammals [44, 58, 59] and more broadly a key
player in synchronizing neuronal network activity. Indeed,
caffeine, the most commonly used psychoactive substance, is
thought to produce its wakefulness-promoting and stimulant
effects primarily by blocking adorA1 and adorA2a receptors
[60]. Conversely, adenosine receptor agonists promote sleep
when provided centrally. This effect is thought to be at least
partially mediated by adorA1R on acetylcholine neurons
projecting to the cortex from within the basal forebrain (BF)
[27] and from the laterodorsal tegmental nucleus (LDT). Cho-
linergic projections from these nuclei are a key part of the
ascending arousal system responsible for maintaining the
desynchronized patterns of brain activity associated with wake-
fulness and rapid eye movement (REM) sleep. Microdialysis
and biosensor based measurements in the BF and cortical
regions to which it projects show that levels of adenosine
follow a diurnal rhythm [61] and increase during sleep depri-
vation [62, 63].

Within the BF, application of the adorA1R agonist N6-
cyclohexyladenosine (CHA) decreases single unit activity of
wake-active neurons [64]. Conversely, application of the se-
lective adorA1 antagonist CPTor knockdown of A1 receptors
promotes wakefulness and increases firing rates of wake-
active neurons [65, 66]. Knocking down adorA1R in the BF
also prevents sleep deprivation-associated increases in SWA/
delta activity [66]. Conditional knockout of adorA1R in cal-
cium kinase II-expressing neurons also leads to significant
disruption of sleep homeostasis [3]. The effect of adenosine
on firing rates of neurons in the BF is thought to be primarily
mediated by direct modulation of neuronal excitability
through somatic adorA1R. Studies from Arrigoni and others
have demonstrated that this effect is due to hyperpolarization
[65] and increased shunting inhibition produced by G protein-
coupled inward rectifying potassium channels (GIRKs, [67]).
Application of adenosine and adorA1 agonists to the
magnocellular preoptic nucleus and substantia innominata,
the main wake-active portions of the BF, activates an inwardly
rectifying potassium current [68]. Interestingly, this current is
present in cholinergic neurons but absent in putative
GABAergic interneurons, which instead display reduced

firing rate due to inhibition of the hyperpolarization-
activated cation current (h current) normally present in this
cell type [69]. Activation of GIRK channels by adorA1R is
common to many cell types throughout the cortex and varies
systematically with passive membrane properties [70], sug-
gesting that it plays a role in inhibiting excitatory neurotrans-
mission within a variety of circuits [71].

In addition to its somatic inhibitory effects, adenosine can
inhibit acetylcholine release by acting on presynaptic terminals
[26, 27]. Adenosine levels increase in the cortex following
extended sleep deprivation, suggesting that presynaptic inhibi-
tion in the cortexmay also be involved in promoting sleep. This
idea is supported by a recent study showing that local applica-
tion of adorA1R agonists in the prefrontal cortex, an area that is
not essential for sleep cycle generation, is sufficient to decrease
arousal and increase SWA [28]. These effects were associated
with a reduction in acetylcholine, suggesting that they were due
to suppression of BF projections through a reduction of trans-
mitter release. AdorA1R produces this effect by decreasing 5′-
cyclic AMP (cAMP) production resulting in reduced sensitivity
of voltage-gated calcium channels to depolarization. Further
evidence for the role of this type of presynaptic inhibition in the
sleep-inducing effects of adenosine comes from studies of mice
expressing amutant form of presynaptic, voltage-gated calcium
channel (Cav2.1, [72]). This mutant, known as Cacna1a
R192Q, expresses a version of Cav2.1 that is less effectively
modulated by changes in cAMP. These mice are less sensitive
to the sleep-promoting effects of adorA1 agonist and show
reduced sleep pressure in response to sleep deprivation [72].

Astrocytes provide amajor source of extracellular adenosine
through multiple pathways, and astrocyte-derived adenosine is
increased following sleep deprivation in both the cortex and
hippocampus [39]. This suggests that wakefulness-dependent
changes in adenosine signaling occur broadly throughout the
CNS to promote sleep and that astrocytes play a key role in
controlling modulation by this pathway. Because adenosine
receptors can couple to different signaling pathways [9, 43,
73], however, the precise impact of these changes is likely to
vary depending on the brain region, cell type, and the subcel-
lular localization of the receptor [73]. Astrocytic modulation
through this pathway could therefore lead to a diverse array of
effects on brain function in response to sleep loss.

Role of Astrocytes in Thalamocortical Dynamics

Thalamocortical networks underlie the generation of several
oscillations characteristic for sleep, including delta oscilla-
tions and spindles (10–15 Hz) [74]. Connectivity between
thalamocortical (TC) relay cells and neurons of the thalamic
reticular nucleus (TRN), the major inhibitory source of the
thalamus, plays a crucial role in the generation of these oscil-
lations [75, 76]. Both spindle and delta oscillations arise from
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a combination of intrinsic channel properties and local TC-
TRN connectivity. In wakefulness, TC neurons are thought to
faithfully relay incoming synaptic input to the cortex. During
sleep, thalamic neurons become progressively hyperpolarized,
switching their firing mode from tonic to burst discharge,
enabling them to promote oscillatory activity. Bursting results
from the activation of voltage-gated Ca2+ channels of the T
type (T channels) that are inactivated at membrane potentials
above −65 mV but recover from inactivation at more
hyperpolarized potentials. In individual TC cells, oscillatory
activity in the delta range can be generated by an interplay
between T currents and h currents [78, 78]. Interconnections
with TRN neurons [79] as well as cortical input [80] are
thought to be necessary for synchronization to generate large
cortical delta oscillations as seen during sleep. In addition to T
channels, TRN neurons express Ca2+-dependent small-
conductance-type2 (SK2) K+ channels, and their interaction
allows for intrinsic oscillatory properties in the spindle fre-
quency range [81]. TRN bursts cause strong inhibitory post-
synaptic currents (IPSCs) in TC cells resulting in rebound
burst discharge. TC rebound bursting in turn reactivates
TRN neurons, promoting intra-thalamic spindle oscillation,
and relaying the oscillation to the cortex.

Given the high levels of GABA released by TRN terminals
during burst discharge, clearance of the neurotransmitter from
the synaptic cleft plays a critical role in limiting the activation
of both synaptic and extra-synaptic receptors. In thalamus,
clearance mostly depends on GABA transporters GAT-1 and
GAT-3, which seem to be exclusively expressed in astrocytes
in this brain region [82]. Indeed, GAT blockade prolongs
IPSCs in different preparations [83, 84], and in thalamus
specifically, it drastically prolongs TRN-mediated burst-in-
duced IPSCs in VB neurons [85]. Additionally, a recent study
by Christian and Huguenard indicated that astrocytes can
prolong inhibition in the TRN through endogenous brain-
derived benzodiazepine-mimicking substances (endozepines)
[86]. Although it is unclear whether astrocytes directly release
endozepines or act upon neuronal sources, signaling through
this pathway would enable region-specific modulation of
IPSC duration. Given that IPSC amplitude and duration are
thought to control timing and synchrony of sleep-related
thalamocortical oscillations [87], astrocytic control of IPSC
duration might represent a key mechanism by which astro-
cytes modulate sleep oscillations (Fig. 1).

The Role of Astrocytes in Sleep-Dependent Memory
Consolidation

The biological effects of sleep are multifaceted. It is clear that
sleep is critically involved in brain function and that among its
most essential functions is the evolution of memory during
NREM and REM sleep. Insufficient sleep has been shown to

disrupt hippocampal-dependent memory performance in both
rodents and humans [88, 89]. Conversely, during sleep, de-
clarative memory is stabilized and enhanced through a process
known as consolidation [90]. Interestingly, this stabilization is
not uniform since memories with increased emotional valence
[91] or greater behavioral relevance for future reward [92]
show a greater degree of retention compared with others. This
has led to the concept of memory “triage,” in which some
hippocampal and cortical circuits that undergo plasticity dur-
ing wakefulness are selectively enhanced relative to other
inactive or less essential representations [93].

The association between increases in extracellular adeno-
sine and higher SWA characteristic of higher sleep pressure
suggests that wakefulness-dependent changes in this
neuromodulator might play a role in coordinating neuronal
networks leading to increased synchronization during subse-
quent NREM sleep. Since the activity underlying these
rhythms is considered important for memory consolidation
[1, 94, 95] and memory triage [93], this implies that adeno-
sine, and therefore by extension astrocytes, might be involved
in regulating sleep-dependent plasticity. This idea is supported
by the observation that astrocyte-derived adenosine can im-
pact both basal synaptic transmission as well as certain forms
of synaptic plasticity in situ [29].

Several mechanisms have been proposed to explain how
memory changes occur at the cellular and synaptic level
during sleep and how memory function is disrupted by sleep
loss [1, 96]. There are a variety of changes in gene expression
[97–99], protein levels [100, 101], receptor surface expression
[102], synaptic structure [103], and metabolic activity [71,
104] associated with these behavioral states. Sleep deprivation
produces a distinct set of changes which are likely to contrib-
ute to the deficits associated with sleep loss [10, 99, 105].
Among the core biological effects of sleep on neurological
activity is the reduction in net potentiation across synapses
relative to wakefulness. Changes in the relative level of po-
tentiation are observed after even relatively short periods of
sleep [94, 101]. This “synaptic down-scaling” counters the
increase in ionotropic AMPA glutamate receptors in synaptic
terminals over the subjective day. Sleep deprivation further
increases levels of these receptors in synaptoneurosomes
while also leading to increases in synaptic NMDA receptor
levels, suggesting that this increased net potentiation is wake-
fulness dependent rather than a circadian variation in surface
expression [105]. Upregulation of NMDA receptor surface
expression, and in particular of NR2A-containing NMDA
receptors, may be at least partially responsible for deficits
associated with acute sleep deprivation since NR2A knockout
mice showed a reduced deficit in hippocampal plasticity fol-
lowing sleep loss [102]. Given the capacity of astrocyte-
derived adenosine to increase the stability of NMDA recep-
tors, this effect could be at least partially due to increased
adenosine associated with wakefulness.
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In addition to increasing net potentiation, extended wake-
fulness is known to have a variety of effects on synaptic
plasticity. Despite intense investigation, themolecular signaling
mechanisms through which sleep deprivation controls plastic-
ity remain incompletely understood. In a recent study, Vecsey
and colleagues demonstrated that protein kinase A (PKA)-
dependent/cAMP-dependent synaptic plasticity is negatively
affected by sleep deprivation [106]. The authors observed that
a 5-h period of sleep loss produced deficits in multiple forms of
LTP, including the form produced by theta burst stimulation,
which are known to require PKA and cAMP-mediated tran-
scriptional regulation. The authors further showed that enhanc-
ing signaling through this pathway by inhibiting phosphodies-
terase 4, an enzyme that degrades cAMP, rescued some of the
deficits in LTP, and also improved performance in a
hippocampal-dependent fear conditioning task [106]. Microar-
ray data from multiple rodent studies implicate cAMP-
associated gene networks in the response to sleep loss, provid-
ing further evidence that transcriptional regulation through this
pathway is involved in sleep homeostasis [99].

The correlation between higher adenosine and the negative
effects of sleep loss suggest the possibility that these deficits
may involve the accumulated effect of astrocyte-derived aden-
osine. This idea is supported by the observation that dominant
negative disruption of astrocytic exocytosis prevents the def-
icits in memory normally produced by sleep deprivation [30].
A similar protective effect can be obtained with chronic ap-
plication of CPT to the CNS suggesting that the deficits in
memory consolidation associated with sleep loss require the
activation of adenosine receptors [30]. Because adorA1R is
frequently Gi coupled, this effect may be due to the reduction
of cAMP in the postsynaptic terminal. Consistent with this
hypothesis, Florian et al. showed that the deficits in cAMP-
dependent LTP resulting from sleep deprivation were absent
in mice which lacked normal gliotransmission and were also
blocked by CPT [107]. Similar effects were also observed in a
mouse model in which astrocytic release was disrupted

through the expression of tetanus toxin, a manipulation which
also modulated gamma oscillations [108]. These results
strongly suggest that astrocytes regulate both synaptic trans-
mission and plasticity in the hippocampus through the activa-
tion of adorA1R. Interestingly, protracted sleep restriction
over weeks prevents wakefulness-dependent elevation of
astrocyte-derived adenosine within the hippocampus, poten-
tially to reduce the disruptive influence of this pathway on
hippocampal function [109].

Conclusion

Astrocytes are no longer simply the “glue” of the brain. Rather
than merely providing the interstitial binding that isolates
synapses and maintains the environment for neurons, it is
increasingly clear that these cells play an active role in brain
function, including sleep-related processes. Although astro-
cytes are clearly involved in modulating synaptic transmission
and neuronal activity, their responses occur in a very different
temporal and spatial domain relative to neurons. The highly
localized response and slow activation and propagation of
astrocytic calcium signals suggest that these cells are well
placed to integrate local activity over seconds or longer. It
has been suggested that astrocytic regulation of activity over
these timescales contributes to synchronization of brain activ-
ity [29], potentially allowing these cells to influence slow
network interactions such as the generation of cortical up
states [40]. Changes in transmitter release and transporter
activity within astrocytes may occur over even more
protracted timescales, and differential regulation of clearance
produced by these changes has also been suggested to play a
role in sleep regulation [110, 111]. Long-term changes in
astrocytic release underlie the well-described role of
astrocyte-derived adenosine in the regulation of sleep. This
and related processes influence many state-specific changes in
synaptic and metabolic activity allowing short-range

Table 1 Regional impact of astrocytic regulation during sleep

Region Mechanism Effect References

Basal forebrain AdorA1 receptor activation A. Increased somatic hyperpolarization and shunting inhibition [52]
[53]B. Inhibition of hyperpolarization activated cation-current

Hippocampus AdorA1 receptor activation A. Presynaptic inhibition of glutamatergic synapses [23]

B. Suppression of cAMP production [96]

Regulation of metabolites C. Support of long-term memory consolidation by astrocytic lactate [3]

Cortex AdorA1 receptor activation A. Somatic hyperpolarization and shunting inhibition [54]

B. Presynaptic inhibition of cholinergic terminals [42, 56]

C. Stabilization of NMDA receptor surface expression [30]

Control of synaptic spillover D. Increase extrasynaptic glutamate during wakefulness compared with sleep [100]

Regulation of metabolites E. Convective exchange of metabolites is increased during sleep [90]

Thalamus Control of synaptic spillover A. Regulation of thalamic inhibition at the TC-TRN synapse via GAT transporters [70]
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modulation by the astrocyte to impact plasticity and network
function across many parts of the brain (Table 1) and thus to
influence multiple aspects of sleep function. The involvement
of astrocytes in the regulation of sleep homeostasis suggests
that their influence may extend even further, potentially
encompassing essential, sleep-related processes such as the
consolidation of memory.
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