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Regulation of rhythmic behaviors by astrocytes
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Abstract

Glial astrocytes of vertebrates and invertebrates are important modulators of

nervous system development, physiology, and behavior. In all species examined,

astrocytes of the adult brain contain conserved circadian clocks, and multiple

studies have shown that these glial cells participate in the regulation of circa-

dian behavior and sleep. This short review summarizes recent work, using fruit

fly (Drosophila) and mouse models, that document participation of astrocytes

and their endogenous circadian clocks in the control of rhythmic behavior.
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1 | INTRODUCTION

There is remarkable conservation of the mechanisms controlling daily rhythms in animal physiology and behavior
(Young, 2018). In species ranging from insects to humans, endogenous clocks (circadian clocks) of similar molecular
composition regulate daily rhythms in gene expression, metabolism, physiology, and behaviors such as locomotor activ-
ity and sleep. Not surprisingly, the circadian control of such processes is vital for survival. Although circadian clocks
reside in neural and peripheral tissues of animals, the clock within the brain is most critical for the control of rhythmic
behavior. Whereas the neurons participating in circadian control have been the subject of many reviews, the role of
glial cells, in particular astrocytes, has received much less attention. This short review will summarize evidence from
recent studies using Drosophila and mammalian models that demonstrate participation of glial astrocytes in the control
of rhythmic behavior.

As background for this review, it is important to note that the properties of circadian activity rhythms and sleep are
remarkably similar in Drosophila and mammalian species. Both flies and mammals possess molecular clocks within
neural cells, built around PERIOD (PER), a canonical clock protein. Both types of species exhibit daily rhythms in loco-
motor activity that can be synchronized to light–dark cycles and persist in constant environmental conditions
(e.g., constant dark and temperature). In addition, the organization of fly sleep and wakefulness resembles that of mam-
mals. In flies and mammalian species, including humans, there is dual control of sleep by circadian and homeostatic
mechanisms. Regulation of sleep by circadian mechanisms is well documented in vertebrates and invertebrates
(Dubowy & Sehgal, 2017; Fisher, Foster, & Peirson, 2013), and similar to vertebrates, sleep pressure in flies (e.g., sleep
deprivation) initiates a homeostatic response, resulting in recovery sleep. Indeed, a recent publication describes a Dro-
sophila gene that appears to specifically regulate sleep homeostasis (Toda, Williams, Gulledge, & Sehgal, 2019). For a
more detailed comparison of sleep states in flies and mammals, readers should refer to recent reviews on the topic
(Allada, Cirelli, & Sehgal, 2017; Donlea, 2017).
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Equally important for considering how glia might modulate neuronal circuits driving behavior, the fly nervous sys-
tem contains multiple classes of glia (Awasaki, Lai, Ito, & Lee, 2008; Doherty, Logan, Tasdemir, & Freeman, 2009;
Kremer, Jung, Batelli, Rubin, & Gaul, 2017), and at least two of them—astrocytes and cortex glia—communicate with
neurons to regulate excitability (Melom & Littleton, 2013; Otto et al., 2018; Zhang, Ormerod, & Littleton, 2017). In flies
and mammals, glial astrocytes are stellate in morphology, release factors that mediate communication with neurons
(Allen et al., 2012; Halassa et al., 2009; Ma, Stork, Bergles, & Freeman, 2016; Sengupta, Crowe, You, Roberts, & Jack-
son, 2019; Vanderheyden et al., 2018), have similar gene expression profiles (Ng et al., 2016) and are electrically
nonexcitable—utilizing calcium and/or cyclic adenosine monophosphate (cAMP) signaling mechanisms to regulate
intercellular communication (Horvat & Vardjan, 2019; Ma et al., 2016; Zhang et al., 2017). Significantly, astrocytes and
other types of glial cells are important regulators of neurotransmission, circadian behavior and sleep (Freeman, 2015;
Jackson, Ng, Sengupta, You, & Huang, 2015; Papouin, Dunphy, Tolman, Foley, & Haydon, 2017).

It has been known for decades that astrocytes of the mammalian brain release chemical transmitters that modulate
synaptic transmission (Papouin, Dunphy, Tolman, Foley, & Haydon, 2017; Parpura & Zorec, 2010), and such glia-to-
neuron communication will also influence behavior. Of interest for rhythmic behavior, it was demonstrated as early as
1990 in the Drosophila model that glial cells, including many astrocytes, exhibit circadian rhythms in the abundance of
PER, a clock protein with a similar function in vertebrates and invertebrates. This suggested the presence of endoge-
nous clocks similar to those of neurons (Zerr, Hall, Rosbash, & Siwicki, 1990); see Figure 1a,b). One early intriguing
finding even suggested that fly glial PER might participate in the regulation of behavioral rhythms; genetically mosaic
flies expressing PER seemingly only in glial cells exhibited weak circadian rhythmicity (Ewer, Frisch, Hamblen-Coyle,

FIGURE 1 Clock protein cycling in flies

and mice. (a) PERIOD (PER) localization in

neurons and glia of the adult fly brain.

Locations of PER-containing neurons are

circled. (b) Rhythm of PER abundance in glia of

the fly optic lobe. Glial PER abundance is

highest between ZT21 and ZT1. Abbreviations:

Pr, protocerebrum; OL, optic lobe. Ng,

Tangredi, & Jackson, 2011 and unpublished.

(c) Luciferase (luc) signal in astrocytes of the

suprachiasmatic nuclei (SCN) 96 hr after

infection with AAV2/10-Bmal1::luc virus.

(d) Rhythm of Bmal1::luc signal in SCN

astrocytes. Unpublished Bmal1-::luc results

were kindly provided by Erik Herzog and Chak

Foon Tso (Washington University,

St. Louis, MO)
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Rosbash, & Hall, 1992). A more recent analysis of the Drosophila ebony gene firmly established a role for glial cells in
the regulation of circadian behavioral rhythms. Ebony protein is known to be required for glia-to-neuron aminergic
neurotransmitter recycling (Borycz, Borycz, Loubani, & Meinertzhagen, 2002). Studies of Ebony demonstrated that it
exhibited circadian rhythms in protein abundance within glial cells of the adult brain—predominantly astrocytes—and
that it is required in those cells for normal circadian activity rhythms (Suh & Jackson, 2007). Later studies using cul-
tured cells and ex vivo explants of rodent clock tissues (the suprachiasmatic nuclei [SCN]) revealed the presence of cir-
cadian clocks in mammalian astrocytes (Figure 1c,d) which regulate release of adenosine triphosphate (ATP)
(Marpegan et al., 2011; Prolo, Takahashi, & Herzog, 2005; Womac, Burkeen, Neuendorff, Earnest, & Zoran, 2009). The
early work in this area has been reviewed extensively (Jackson, 2011; Jackson et al., 2015) and will not be summarized
again here. Instead, we focus on recent publications documenting roles for astrocytes in circadian behavior or sleep.
Although a recent review summarizes studies of mouse astrocytes and circadian timing (Hastings, Maywood, & Bran-
caccio, 2019), in this review we emphasize findings from both the mouse and fly models that implicate astrocytes in the
modulation of rhythmic behaviors.

2 | ASTROCYTES REGULATE CIRCADIAN ACTIVITY RHYTHMS

Building on earlier studies of fly ebony, Ng et al. (2011) genetically perturbed fly astrocytes and other glial cell classes,
in vivo, to determine which were important for the circadian control of locomotor activity. Those studies utilized
expression of a temperature-sensitive, dominant-negative dynamin (Shibire or Shits)—which blocks secretion and
endocytosis—or a bacterial sodium channel (NaChBac) in the different glial cell classes. Conditional expression of
either factor in all glial cells of the adult brain resulted in arrhythmic behavior. Whereas Shits expression in most adult
glial classes (cortex, ensheathing and surface glia) had no effects on rhythmicity, perturbation of fly astrocytes caused
arrhythmicity, indicating a role for astrocytes in circadian control. Furthermore, glial expression of Shits had no appar-
ent effect on clock protein cycling in neurons, but it was associated with decreased immunoreactivity for pigment dis-
persing factor (PDF), a peptide serving as an output factor for a small population of fly clock neurons. This result
demonstrated communication between glial cells and clock neurons and simultaneously provided a mechanism
explaining the arrhythmic behavior as PDF signaling within the clock neuronal population is critical for normal rhyth-
micity (Liang, Holy, & Taghert, 2016; Renn, Park, Rosbash, Hall, & Taghert, 1999). Knockdown of sarco-endoplasmic
reticulum calcium ATPase (SERCA) in glial cells—predicted to increase intracellular Ca2+ levels—also caused
arrhythmicity, suggesting that fly astrocytes are activated by Ca2+-dependent mechanisms, similar to their mammalian
counterparts. Such a mechanism was directly demonstrated in recent studies of larval fly astrocytes (Ma et al., 2016).
Mammalian and fly astrocytes have conserved gene expression profiles and evidence suggests that vesicle trafficking
and secretion mechanisms of the two species and well as certain secreted factors such as thrombospondin may be
important in both species (Ng et al., 2016). In flies, there are known roles for specific astrocyte factors in circadian
behavior, including two predicted to regulate secretion (Ng & Jackson, 2015; Ng et al., 2016). Additionally, the inhibi-
tion of specific microRNAs (miRs) in fly astrocytes also causes arrhythmic behavior (You, Fulga, Van, & Jackson,
2018). In particular, miR-263b and miR-274 are required in adult fly astrocytes for normal circadian behavior. These
studies underline the requirement of fly astrocytes in circadian control.

Genetic manipulations of mammalian astrocytes have similarly documented functions in circadian physiology
and behavior. Two independent studies, for example, recently demonstrated that the molecular clocks of mamma-
lian astrocytes participate in determining circadian period for physiological and behavioral rhythms (Brancaccio,
Patton, Chesham, Maywood, & Hastings, 2017; Tso et al., 2017). One study documented rhythms in clock gene
(Bmal1) expression in astrocytes of isolated SCN tissue slices, and also showed that loss of Bmal1—specifically in
astrocytes in vivo—lengthened period for rhythms in SCN Per2 expression and locomotor activity (Tso et al., 2017).
This study and a second contemporaneous study (Brancaccio et al., 2017) also made use of a mouse short-period
allele of the CK1ε clock gene (CK1εtau) to demonstrate astrocyte control of circadian period. Deletion of the floxed
mutant CK1εtau allele, in vivo, using astrocyte-specific delivery of Cre recombinase, significantly lengthened circa-
dian period of mouse locomotor activity rhythms. Of related interest, decreasing PER amounts in glia of the fly
brain, using RNAi-based methods, did not have a significant effect on circadian period (Ng et al., 2011); thus, there
is currently no evidence for a role of fly astrocytes in determining period length. Notwithstanding these possible dif-
ferences, studies in the vertebrate and invertebrate biological models make a compelling case for a role of astrocytes
in circadian control.
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The studies of Brancaccio et al. (2017) went on to reveal mechanisms by which astrocytes regulate circadian physiol-
ogy and behavior. They documented rhythms in astrocyte Ca2+ amount using genetic reporters and imaging of SCN
slices; those studies showed that SCN neurons and astrocytes have antiphase rhythms of Ca2+ (with astrocyte Ca2+ high
at night) suggesting phase-specific circadian functions. Further, these investigators demonstrated a coordinate night-
time phasing of astrocyte Ca2+ and SCN extracellular glutamate amount, and showed that the production of glutamate
was dependent on astrocyte glutamine synthase (GS), which regulates glutamate amount. Moreover, blockade of astro-
cyte glutamate resulted in de-synchronization of SCN cellular oscillators, suggesting a glutamate control of cellular
synchrony. Finally, inhibition of N-methyl-D-aspartate receptor (NMDA) NMDA receptor r2c receptors and other lines
of evidence suggest a model in which the phase-specific (nighttime) release of astrocyte glutamate acts on dorsal
gamma amino-butyric acid (GABA) ergic neurons of the SCN to modulate their activity (Brancaccio et al., 2017).

Perhaps the most remarkable finding from studies of the mouse model is a recent result demonstrating that astro-
cyte clocks can regulate circadian behavior even in the absence of neuronal clocks. Analogous to the fly PER-TIM
heterodimer, mouse PER-CRY heterodimers regulate clock gene transcription. Using a Cry1-luciferae genetic reporter,
Brancaccio et al. (2019) showed that Cry1 gene expression is rhythmic in both neurons and astrocytes of the SCN, but
in astrocytes peaks of expression are appreciably later in the cycle (at night, similar to astrocyte Ca2+ and extracellular
glutamate). In addition, the clock within SCN astrocytes runs faster, that is, has a shorter period, than that of neurons.
Surprisingly, expression of Cry1 in either SCN neurons or astrocytes restores behavioral rhythms in Cry1/2-null mice,
and as expected the period of behavioral rhythms was shorter with astrocyte Cry1 expression. This investigation also
showed that astrocyte clocks can drive neuronal Per-luciferase rhythms even when Cry expression is absent in neurons,
and that the regulation of neuronal rhythms occurs via release of glutamate from astrocytes and action on the NMDA
receptor R2C glutamate receptor. These results document the capacity of astrocyte clocks to autonomously drive behav-
ioral rhythmicity.

3 | REGULATION OF SLEEP BY ASTROCYTES

Although it is not known if astrocyte clocks function in sleep regulation, studies have revealed a role for this cell type
in the control of sleep (Haydon, 2017; Jackson et al., 2015). In the mouse model, it has been shown that astrocytes
release ATP, which is then converted extracellularly to adenosine, a potent sleep-regulating molecule that acts on aden-
osine receptors (AdoRs) (Bjorness & Greene, 2009). Direct measurements of hippocampal adenosine have shown that
levels increase during wakefulness (Schmitt, Sims, Dale, & Haydon, 2012) or sleep deprivation and that decreased AdoR
function or inhibition of astrocytic ATP release (via inhibition of soluble NSF attachment protein receptor (SNARE)-
dependent vesicular release) attenuates the response to sleep deprivation (Bjorness, Kelly, Gao, Poffenberger, & Greene,
2009; Halassa et al., 2009; Thakkar, Winston, & McCarley, 2003). Thus, a reasonable model for the astrocyte regulation
of mammalian sleep homeostasis postulates that adenosine, derived from astrocytes, acts on neuronal AdorA1R recep-
tors to modulate the activity of sleep-regulating neurons (Figure 2a). Similarly, the gliotransmitter D-serine—an
NMDA-type glutamate receptor co-agonist—is also released from astrocytes in response to wakefulness, driving excit-
atory neuronal activity in the mouse hippocampus (Figure 2a; (Papouin, Dunphy, Tolman, Dineley, & Haydon, 2017).
These hippocampal astrocytes are informed about wakefulness by upstream cholinergic (ACh) neurons that stimulate
astrocytes via α7nACh receptors (Papouin, Dunphy, Tolman, Dineley, & Haydon, 2017).

In Drosophila, studies have also shown that astrocytes are components of neural circuits mediating behavioral
responses. It has been shown, for example, that aminergic neurons containing tyramine (Tyr) or octopamine (Oct) stim-
ulate larval fly astrocytes via a Tyr/Oct receptor; in turn, stimulated astrocytes inhibit the activity of dopaminergic neu-
rons, likely via the fly AdoR, to regulate a larval startle-induced behavior (Ma et al., 2016). Given the known function
of AdoA1R in mammalian sleep and roles for mammalian and invertebrate dopaminergic neurons in arousal (Monti &
Monti, 2007; Tomita, Ban, & Kume, 2017), it is a logical extension to imagine that this pathway might also be important
for fly sleep. However, studies of the sole Drosophila AdoR indicate it is not required for sleep. While investigating the
mechanism of caffeine action—known to affect sleep via an action on AdoRs in mammals (Fredholm, Chen, Masino, &
Vaugeois, 2005)—Wu et al. (2009) demonstrated that Drosophila mutants lacking AdoR have normal baseline sleep and
normal homeostatic responses to sleep deprivation. Indeed, effects of caffeine on fly sleep were shown to be mediated
by inhibition of cAMP phosphodiesterase activity rather than by an action on AdoR.

Although there seems not to be a role for AdoR in the regulation of fly sleep, there is evidence that astrocytes are
nonetheless critical for controlling the process. Genetic alterations of astrocyte fatty acid binding protein 7 (FABP7),
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which mediates intracellular transport of long-chain fatty acids, is associated with sleep fragmentation in humans, mice
and Drosophila (Gerstner et al., 2017). Tumor necrosis factor alpha (TNFα), a cytokine produced by glia and known to
regulate mammalian sleep and homeostatic synaptic scaling (Shoham, Davenne, Cady, Dinarello, & Krueger, 1987;
Stellwagen & Malenka, 2006), also modulates fly sleep. The fly TNFα homolog Eiger (EGR) has enriched expression in
fly astrocytes (Ng et al., 2016), and both EGR and its neuronal TNFα receptor (Wengen) are required for normal sleep
(Vanderheyden et al., 2018). EGR1 or EGR3 null mutants exhibit decreased baseline sleep during the day and night
(male flies sleep at both times of day), and the same phenotype was observed in flies expressing an EGR RNA interfer-
ence (RNAi) transgene in astrocytes. In contrast, expression of EGR RNAi in neurons had no effects on sleep. Knock-
down of Wengen, a TNFα receptor, in neurons dramatically decreased recovery sleep after deprivation but there was no
effect on baseline sleep. This study suggests that intercellular astrocyte-to-neuron communication mediates sleep regu-
lation in flies (Figure 2b), although it is not obvious why changes in ligand (EGR) and receptor (Wengen) amounts have
distinct effects on sleep. The authors suggest that different TNFα receptors may mediate effects of EGR on sleep amount
versus homeostasis.

Recent Drosophila genetic screens have identified additional glial factors that regulate fly activity and/or sleep. The
263a/b family of fly miRNAs is apparently required in glial cells, rather than neurons, for normal sleep patterns
(Goodwin et al., 2018), although RNA targets of these modulators have not been identified. In other studies, a small
secreted immunoglobulin (Ig)-domain protein called Noktochor (NKT, fly CG14141) was shown to promote sleep
(Ng et al., 2016; Sengupta et al., 2019). Nkt RNA does not show circadian rhythms in abundance, suggesting that protein
amounts are constant or that there are post-transcriptional mechanisms that drive protein rhythms (Sengupta et al.,
2019) and unpublished results). NKT has enriched expression in adult fly astrocytes (Ng et al., 2016 and Figure 2c) and
is secreted from those cells to regulate sleep, although cellular targets of the Ig protein have not been identified. Flies
globally lacking NKT or those with decreased NKT in astrocytes have reduced and severely fragmented night sleep

FIGURE 2 Astrocyte regulation of sleep by secreted

factors. (a) Circuits regulating sleep homeostasis and

wakefulness are modulated by astrocyte-derived adenosine

(Ado) or D-serine, respectively. ATP is secreted from

mammalian astrocytes via SNARE-dependent mechanisms and

converted to Ado which acts on AdoA1R to regulate sleep

homeostasis. Ado commonly acts on presynaptic A1 receptors to

regulate neurotransmitter release, although it can act on

postsynaptic receptors also. D-serine is a coagonist that most

likely acts on postsynaptic NMDA receptors. Although the

sources of D-serine are controversial (Ivanov & Mothet, 2019),

evidence suggests that astrocytic D-serine is important for

wakefulness and released via vesicular mechanisms (Papouin,

Dunphy, Tolman, Dineley, & Haydon, 2017). (b) Modulation of

a hypothetical sleep circuit by Noktochor (NKT) or Eiger (EGR),

postulated to be secreted from astrocytes to regulate sleep. They

are depicted here as acting postsynaptically, but they might

regulate sleep via a presynaptic action. Fly EGR is thought to

bind to its receptor (Wengen) to modulate sleep. Similarly,

secreted Fly NKT may act in a receptor-dependent manner to

promote sleep, although its receptor has not yet been identified.

Although it is likely that NKT and EGR are secreted from

vesicles, this has not been documented experimentally.

(c) Punctate localization of an NKT:GFP fusion in astrocyte

processes of the fly optic lobe. Green, GFP signal; Red, nuclei of

astrocytes. M, optic medulla. (d) Nkt knockdown in astrocytes

reduces night sleep without affecting day sleep. ZT0, lights on;

ZT12, lights off. Orange line, knockdown flies; green and black

lines, control flies
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(Figure 2d); however, day sleep is normal, consistent with studies suggesting that different pathways regulate day and
night sleep (Metaxakis et al., 2014)). Indeed, others have documented regulation of day sleep by the EAAT2 taurine
transporter which functions in fly ensheathing glia (Stahl et al., 2018). Interestingly, NKT is required in both astrocytes
and a specific set of neurons within the fly mushroom body (MB), a structure known to mediate sleep and learning/
memory (Davis, 1993; Joiner, Crocker, White, & Sehgal, 2006; Pitman, McGill, Keegan, & Allada, 2006). As several ana-
tomical loci, including the MB, participate in regulation of fly sleep (Tomita et al., 2017), it is a possibility that glial and
neuronal NKT promote sleep via different neuronal targets. Finally, conditional genetic manipulations demonstrated
that NKT function is required in adulthood, rather than development, suggesting a physiological function for the
secreted Ig protein, likely as an intercellular signaling molecule (Figure 2b).

4 | CONCLUSIONS

Within the past couple of decades, it has become abundantly clear that glial cells are critical functional components of
the nervous system. This is underscored by the conservation of glial cell form, function, and gene expression profile in
species ranging from flies to humans. In this short review, we have summarized recent studies using Drosophila and
the mouse that demonstrate the importance of astrocyte-to-neuron communication for the regulation of circadian
behavior and sleep. In these species and others, neurons and astrocytes contain PER-based circadian clocks that control
rhythmic behavior. In Drosophila, astrocytes are critical for normal behavioral rhythms, but it is unclear whether fly
astrocyte clocks participate in regulating circadian period. In contrast, there is clear evidence for a role of mammalian
astrocyte clocks in determining quantitative properties of behavioral rhythms including circadian period. In Drosophila,
miRNAs expressed in astrocytes are important for normal circadian behavior, but to our knowledge it is not known if
glial miRNAs regulate rhythmicity in mammals. Given that both circadian and homeostatic mechanisms control sleep,
it will also be of interest to determine if astrocyte clocks participate in this process. Although it is clear that astrocytes
of both vertebrates and invertebrates are required for sleep regulation, a role for astrocyte clocks in this process has not
been documented. Finally, it is worth noting that circadian clocks are present in multiple glial cell classes including
astrocytes, mammalian microglia (Hayashi et al., 2013), fly surface glia (the blood–brain barrier) (Zhang, Yue, Arnold,
Artiushin, & Sehgal, 2018), and perhaps others, and we are only beginning to understand the functions of these glial
clocks.
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