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Abstract
Studies of Drosophila and mammals have documented circadian changes in the morphology and
biochemistry of glial cells. In addition, it is known that astrocytes of flies and mammals contain
evolutionarily conserved circadian molecular oscillators that are similar to neuronal oscillators. In
several sections of this review, I summarize the morphological and biochemical rhythms of glia
that may contribute to circadian control. I also discuss the evidence suggesting that glia-neuron
interactions may be critical for circadian timing in both flies and mammals. Throughout the
review, I attempt to compare and contrast findings from these invertebrate and vertebrate models
so as to provide a synthesis of current knowledge and indicate potential research avenues that may
be useful for better understanding the roles of glial cells in the circadian system.

Keywords
Drosophila; circadian; glia; astrocyte

INTRODUCTION
Comparisons of vertebrate and insect glial cells have suggested that certain classes have
common morphological attributes and molecular signatures (see review of M. Freeman, this
issue). Much is known about the glial cell classes populating the mammalian brain, and
recent studies have described the development, morphology and functions of the glial cell
classes in the larval and adult Drosophila nervous systems (Awasaki et al., 2008; Doherty et
al., 2009; Edwards and Meinertzhagen, 2010; Parker and Auld, 2006; Pereanu et al., 2005;
Silies et al., 2007; Spindler et al., 2009). Other studies have documented parallels between
Drosophila and mammals with regard to the functions of glial cells in development,
physiology, and neural responses to injury (Bainton et al., 2005; Cafferty and Auld, 2007;
Crews, 2010; Doherty et al., 2009;Freeman and Doherty, 2006; Jackson and Haydon, 2008;
Silies et al., 2007). These same topics are covered in other reviews present in this special
issue of Glia. I note that more general reviews have described roles for glial cells in
regulating neurotransmission and complex behaviors of Drosophila and mammals (Haydon
et al., 2009; Jackson and Haydon, 2008). Therefore, this review will focus specifically on
the functions of glial cells in the regulation of circadian behavior, with an emphasis on a
comparison of findings from studies of flies and mammals.

© 2010 Wiley-Liss, Inc.
*Correspondence to: F. Rob Jackson, Department of Neuroscience, Center for Neuroscience Research, Tufts University School of
Medicine, 136 Harrison Ave., Boston, MA 02111. rob.jackson@tufts.edu.

NIH Public Access
Author Manuscript
Glia. Author manuscript; available in PMC 2011 September 1.

Published in final edited form as:
Glia. 2011 September ; 59(9): 1341–1350. doi:10.1002/glia.21097.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



THE MOLECULAR CLOCKS OF FLIES AND HUMANS ARE SIMILAR
There are several previous reviews comparing the clock systems of Drosophila, mammals
and other species (Helfrich-Forster, 2004; Reppert and Weaver, 2000; Young and Kay,
2001). Therefore, I will not provide a detailed description of the molecular and cellular
biology of circadian clocks in this review. Rather, it is sufficient to note that the molecular
oscillators driving behavioral rhythmicity in flies and mammals, including humans, are quite
similar. In all animal systems, including Drosophila (Hardin, 2005), they are composed of
multiple, interlocked transcriptional/translational feedback loops in which clock proteins
(PERIOD and others) translocate from the cytoplasm to the nucleus to regulate the activities
of transcription factors (CLOCK and others) that are required for clock gene expression
(Fig. 1A shows a schematic model of the fly molecular clock). The subsequent degradation
of clock proteins results in 24-h rhythms of clock gene transcription and protein abundance
which allow animals to keep time (see Fig. 1B). Layered upon this transcriptional rhythm
are post-transcriptional events such as translational regulation, protein phosphorylation, and
ubiquitination which regulate clock protein abundance and activities (not shown in Fig. 1),
providing time lags and adding to the stability of the timekeeping mechanism (Zheng and
Sehgal, 2008). Understanding the cellular and molecular basis of timekeeping has great
biomedical significance because of the many neurological and psychiatric disorders
associated with altered circadian function (Wulff et al., 2010). Indeed, single gene mutations
in clock loci have been associated with human sleep disorders and polymorphisms have
been linked to sleep and affective disorders including seasonal affective disorder and other
types of depression.

Both Drosophila and mammals possess intracellular circadian molecular oscillators. In
Drosophila, each of ~150 communicating clock neurons contains a circadian oscillator and
these neurons are distributed within several regions of the fly brain (Nitabach and Taghert,
2008). This neuronal population includes the Pigment Dispersing Factor (PDF)-containing
lateral ventral neurons (LNv) that are known to be critical for behavioral rhythmicity. In
contrast, the mammalian pacemaker contains approximately 100 times as many neurons
(~20,000) that are localized to a discrete region of brain: the Suprachiasmatic Nuclei (SCN)
within the anterior hypothalamus (Moore and Eichler, 1972; Silver and Schwartz, 2005;
Stephan and Zucker, 1972) (see Fig. 2). In both flies and mammals, light stimuli—which
reset the clock—are delivered to clock neurons via multiple photoreceptors, emphasizing the
importance of environmental input to the timing system. Glia of the fly brain and astrocytes
of the SCN also contain PERIOD (PER)-based molecular oscillators, consistent with the
idea that these cells may be important components of the circadian circuitry. That concept is
developed in more detail in the remainder of this review.

GLIAL MOLECULAR CLOCKS
Glial clocks of flies

Early studies of the canonical clock protein PERIOD (PER) demonstrated that it was
localized to neurons and glial cells of the fly brain, and that it showed robust circadian
rhythms in abundance in both cell types (Zerr et al., 1990). This was the first work to
suggest that glia may contain PER-based molecular oscillators. A later study explored the
requirement for PER in different regions and cell types of the fly brain, using genetic mosaic
analysis coupled with the characterization of circadian locomotor activity rhythms (Ewer et
al., 1992). The observation that certain weakly rhythmic mosaic flies contained detectable
PER only in glia of the brain was interpreted as evidence for a role of glial oscillators in the
pacemaker driving rhythmic behavior. Indeed, both PER and TIMELESS (TIM), which
function together in the fly clock (Hardin, 2005), are localized to a subset of adult glial cells,
indicative of oscillator function (Suh and Jackson, 2007). This begs the question: do glial
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circadian oscillators have a direct role in the regulation of behavioral rhythmicity? Such
oscillators might be important for free-running behavior (in constant conditions) or they
might modulate behavior in other environmental conditions; e.g., they might regulate
pacemaker light sensitivity by modulating dopaminergic functions (see discussion of Ebony
in “Clock-controlled glial molecular rhythms”). Although clock proteins are localized to
Drosophila glial cells, it is also not known whether the fly glial oscillators continue to run
autonomously in the absence of neuronal clocks.

Astroglial clocks of mammals
Two studies have utilized reporter gene constructs to demonstrate rhythmic expression of
clock genes in rat astrocytes (Prolo et al., 2005; Yagita et al., 2010). The earlier extensive
analysis of Prolo et al. employed rat and mouse astroglia obtained from transgenic animals
expressing a per-luciferase (per-luc) reporter. Those studies indicate that astrocytes contain
a PER-based molecular oscillator that damps in the absence of neuronal signals. Primary
cultures of cortical glia expressing the per-luc transgene exhibited circadian
bioluminescence rhythms that damped after several cycles. Rhythms could be reinitiated by
culture medium replacement or treatment with the calcium ionophore Calcimycin or the
adenylate cyclase agonist Forskolin. Interestingly, culture medium replacement had a phase-
dependent effect on re-initiation of rhythmicity, indicating the presence of a cellular
oscillator. Finally, a fraction (30%) of astrogial cultures showed sustained rhythmicity
(seven days or longer) when co-cultured with SCN explants, whereas cortical explants did
not influence rhythmicity. This suggests that a secreted neuronal factor expressed in the
SCN may be required for sustained rhythms. Thus, astroglia cultures behave as damped
circadian oscillators that require neuronal signaling for either the maintenance of individual
cell oscillations or the synchronization of glial cell clock populations.

RHYTHMIC CHANGES IN THE MORPHOLOGIES OF GLIA AND NEURONS
Morphology rhythms in flies

It is known that glial support functions or signaling (gliotransmission) can influence
neuronal excitability, with both molecular and morphological changes perhaps contributing
to altered glia-neuron communication. In both the housefly (Musca domestica) and the
blowfly (Calliphora vicina), the L1 and L2 monopolar inter-neurons of the visual system
(secondary neurons within the optic lamina) exhibit circadian changes in axon caliber that
are postulated to regulate visual processing (Pyza and Meinertzhagen, 1995; Pyza and
Cymborowski, 2001). Interestingly, the axonal size rhythm is apparently driven by
alterations of glial cell morphology: epithelial glia of the lamina that are intimately
associated with L1 and L2 display rhythmic changes in size with a phase opposite that of the
neurons; i.e., axonal caliber is largest when glial cells shrink to minimum size (Pyza and
Gorska-Andrzejak, 2004). Injections of glial cell metabolic inhibitors (fluorocitrate,
iodoacetate) into live flies disrupt the glial circadian rhythm, leaving glia at a small or
intermediate size, but such inhibitors enhance the amplitude of the neuronal rhythm,
indicating that increases in glial size may normally counteract the neuronal size change
(Pyza and Gorska-Andrzejak, 2004). In contrast, Pyza and Gorska-Andrzejak showed that
octanol injections eliminate both the glial and L1/L2 rhythms of houseflies, indicating that
gap junctional coupling, which is present among all glia of the lamina, may be important for
the morphology rhythms.

Given the results with houseflies, it is not surprising that there are circadian changes in the
visual system monopolar neurons of Drosophila. Visualization of a GFP fluorescence
reporter in the L2 neurons of Drosophila indicates that there are diurnal changes in axonal
caliber, nuclear morphology and dendritic spine morphology when animals are maintained
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in a light-dark (LD) cycle (Gorska-Andrzejak et al., 2005). This does not, however, provide
evidence that the L2 morphology changes are driven by an endogenous clock. However,
other studies describe a modest circadian rhythm in the size of the L2 dendritic tree which
persists in constant darkness (DD) and is eliminated in the Drosophila per01 mutant (Weber
et al., 2009), indicative of circadian control. In unpublished work, the lab of Elżbieta Pyza
has documented epithelial glial size rhythms in Drosophila (E. Pyza, pers. comm.), similar
to those observed in other flies. In addition to regulating axon caliber, it is known that
epithelial glia of the Drosophila lamina and Muller radial glial cells of the mammalian retina
—participate in neuronal neurotransmitter recycling and other functions (Bringmann et al.,
2006; Edwards and Meinertzhagen, 2010). Furthermore, one rhythmic glial factor—the
Drosophila Ebony enzyme (Suh and Jackson, 2007)—participates in histamine recycling in
the lamina (Stuart et al., 2007). Thus, glia may have multiple functions in the circadian
regulation of visual processing and other processes in vertebrate and invertebrate species.

Astrocyte morphology rhythms in the mammalian brain
Similar to the fly studies, a previous analysis documented effects of glial inhibitors on the
circadian rhythm of SCN neuronal firing observed in mammalian brain slice preparations:
fluorocitrate induced ultradian rhythmicity (multiple peaks of firing during a single cycle)
whereas octanol disrupted the rhythm (Prosser et al., 1994). This study and others
(Shinohara et al., 2000; Van den Pol et al., 1992) suggested that glia and glia-neuron
interactions might be important in the mammalian clock system as well.

Astrocytes and neurons in many regions of the mammalian brain exhibit activity-dependent
morphological remodeling (Theodosis et al., 2008), but, in most cases, the circadian clock
does not contribute to such changes. However, within the mammalian suprachiasmatic
nuclei (SCN, the anatomical locus of the pacemaker), there are rhythmic changes in the
abundance of Glial Fibrillary Acidic Protein (GFAP)—a molecular marker of astrocytes—
and in the apparent morphology of astrocytes. In the hamster SCN, GFAP immunoreactivity
is most anatomically restricted at CT14 (during the subjective night), a time corresponding
with a pattern of staining that emphasizes individual, stellate-shaped astrocytes (Lavialle and
Servière, 1993). At other times of the cycle, GFAP staining has the appearance of a network
in which immunoreactivity is seen throughout the SCN. Interestingly, there is a rhythm of
SCN glucose consumption in both rats and hamsters (Lavialle and Servière, 1993; Schwartz
and Gainer, 1977), reflecting energy utilization, and consumption is lowest in the night. As
astrocytes are a major source of glycogen in the brain (Brown and Ransom, 2007), Lavialle
and Servière postulate that the changes in GFAP immunoreactivity may reflect the
participation of SCN astrocytes in the circadian regulation of energy metabolism.

There are also rhythms in the morphology of rat SCN synapses and astrocytes in LD but
these rhythms do not persist in DD, suggesting that the changes are a response to lighting
conditions rather than endogenous mechanisms (Becquet et al., 2008; Girardet et al., 2010).
Using a marker of presynaptic endings, along with Vasoactive Intestinal Polypeptide (VIP)
staining, Girardet et al. showed that the number of synapses on VIP-containing SCN neurons
is increased by 36% during the day (Zeitgeber Time 2 or ZT2), relative to night (ZT18).
Both glutamatergic (from the retina) and non-glutamatergic innervation contributes to this
change (Girardet et al., 2010), and the authors suggest that such changes may facilitate
entrainment to light. There are also obvious daily changes in the glial coverage of VIP and
AVP neuronal dendrites (Becquet et al., 2008). Glial coverage of soma and dendrites is
higher at night than during the day for VIP neurons of the SCN “core” region which receives
photic input from the retina. In contrast, AVP neurons in the SCN “shell” region have
increased glial coverage during the day. Similar to the studies of Lavialle and Servière,
Becquet et al. also report a robust diurnal rhythm in GFAP within the ventrolateral portion
of the rat SCN—a region containing many VIP neurons—but this rhythm does not persist in
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DD, in contrast to findings in the hamster. Becquet et al. postulate that changes in astrogial
coverage of VIP neurons may influence pacemaker resetting, but such a rhythm may also
indicate the participation of astrocytes in neuronal energy metabolism. However,
adrenalectomized rats—reported to have decreased corticosterone and altered photic
entrainment (Sage et al., 2004)—exhibit a less robust diurnal GFAP rhythm (Becquet et al.,
2008), and this has been interpreted as evidence for modulation of astrocytes and photic
sensitivity by the steroid hormone. Consistent with such an interpretation, other studies
indicate that neurons of the SCN core express androgen receptors and that androgen
hormone modulates photic input to the pacemaker (Karatsoreos and Silver, 2007).

In addition to SCN astrocyte rhythms, it has been reported that astrocytes in other regions of
the brain exhibit diurnal changes in morphology. For example, astrocytes surrounding
Gonadotropin-Releasing Hormone (GnRH) neuronal cell bodies of the Organum
Vasculosum of the Lamina Terminalis (OVLT) and the Medial Preoptic Nucleus (rMPN)
have increased surface area during the early morning relative to other times of day (Gerhold
and Wise, 2006). Changes in astrocyte surface area are postulated to contribute to
reproductive behavior, with a reduction thought to stimulate neuronal inputs to the GnRH
neurons to induce preovulatory synthesis and release of the neuropeptide. The diurnal
change in surface area is apparently driven by VIP neuronal output from the pacemaker,
because antisense oligos targeting the neuropeptide gene, when delivered to the SCN,
eliminate rhythmicity. This may be a direct effect of VIP on glial cells, since astrocytes of
the OVLT and rMPN regions express VPAC2, a receptor for the neuropeptide. Such a result
suggests that VIP participates in neuron-to-glia signaling (see “Neuron-glia communication
in the mammalian SCN” below).

CLOCK-CONTROLLED GLIAL MOLECULAR RHYTHMS
Ebony, a rhythmic Drosophila glial-specific protein

Null mutants of a Drosophila gene known as ebony exhibit arrhythmic patterns of locomotor
activity (Newby and Jackson, 1991) because of elimination of a rhythmic glia-specific
enzyme (Suh and Jackson, 2007). Ebony is localized to a subset of adult brain glial cells and
it exhibits circadian rhythms in abundance in these cells (see Fig. 3). Genetic rescue analysis
demonstrates that Ebony is required within glia for the manifestation of normal locomotor
activity rhythms (Suh and Jackson, 2007). Interestingly, we and others have verified that the
Ebony-containing glia are predominantly astrocyte-like cells of the fly adult brain (T.
Awasaki, pers. comm.; F. Ng and F.R. Jackson, unpublished results) providing a further
parallel between the glial modulation of rhythmicity in Drosophila and mammals. Similar to
mammalian astrocytes, many Ebony-positive astrocytes contain PER-based molecular
oscillators (Suh and Jackson, 2007). In addition, certain Ebony glial cells are close to
projections of clock neurons including the PDF-containing neurons that are critical for
behavioral rhythms.

Mutants of the ebony gene were originally described by Bridges and Morgan (Bridges and
Morgan, 1923), two of the founders of Drosophila genetics, on the basis of a dark body color
phenotype (due to a role of the gene in cuticle pigmentation). Decades later, alleles were
isolated in a screen for visual mutants by the lab of Seymour Benzer (Hotta and Benzer,
1969). Through the work of many investigators, it was discovered that Ebony protein has
enzymatic activity (N-β-alanyl amine synthetase) that is responsible for conjugation of
amines (histamine, dopamine, serotonin and others) to β-alanine (Hovemann et al., 1998;
Richardt et al., 2003; Wright, 1987). Such an enzymatic function explains the cuticle and
visual phenotypes of ebony mutants as dopamine is a substrate for melanin in the Drosophila
cuticle pigmentation pathway (Wright, 1987) and histamine is the neurotransmitter of fly
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photoreceptor neurons (Burg et al., 1993)(the neurons that innervate the L1 and L2
monopolar cells described above).

A clue about which cell types require Ebony within the nervous system comes from the
work of Hovemann, Meinertzhagen and colleagues. Immunostaining studies by those
investigators have demonstrated that Ebony is localized to at least two types of optic lobe
glia, including epithelial glia of the lamina that are adjacent to projections of the
histaminergic photoreceptor neurons (Richardt et al., 2002). These and other studies (Suh
and Jackson, 2007) indicate that Ebony has a completely glia-specific pattern of localization
within the adult optic lobes and central nervous system of Drosophila. A role for Ebony in
terminating the action of amine neurotransmitters, including the visual neurotransmitter
histamine, is supported by its presence within laminar epithelial glia and other evidence
demonstrating the importance of optic lobe glial cells for fly vision (reviewed in Edwards
and Meinertzhagen, 2010). A role for glia in recycling histamine neurotransmitter (i.e.,
neurotransmitter retrieval)—by returning N-β-alanyl histamine to neurons—is also
suggested by the localization of Tan within the photoreceptor neurons; Tan encodes a
fungal-like acyltransferase that can cleave N-β-alanyl histamine, liberating histamine for
neurotransmitter recycling. Not surprisingly, tan mutants, like ebony flies, have altered
electroretinograms, indicative of abnormal vision (Hotta and Benzer, 1969; Pak et al., 1969).
The roles of Ebony and Tan in the fly histamine recycling pathway are discussed in greater
detail in recent reviews (Stuart et al., 2007; Edwards and Meinertzhagen, 2010). Recycling
of histamine in the Drosophila optic lobe also involves the activity of a vesicular
monoamine transporter (VMAT) variant that is exclusively expressed in fenestrated (non-
Ebony) glia of the distal optic lamina, adjacent to photoreceptor neurons (Romero-Calderon
et al., 2008). This raises the question: does glial VMAT or the neuronal isoform of the
protein show circadian changes in abundance that might be important for the diurnal
modulation of vision?

The proximity of Ebony-containing glial cells to aminergic neurons of several types
(histamine, serotonin, dopamine) within the fly optic lobe and central nervous system
suggests that the rhythm phenotype of mutants may be due to defective amine recycling.
Consistent with a role for dopamine in the phenotype, the ebony1 mutation suppresses the
hyperactivity associated with a Drosophila Dopamine Transporter (DAT) allele (Suh and
Jackson, 2007). Thus, Ebony-containing glia may collaborate with dopaminergic neurons or
other types of fly aminergic neurons known to regulate locomotor activity, sleep or arousal
(Andretic et al., 2005; Crocker et al., 2010; Hardie et al., 2007;Kume et al., 2005; Lebestky
et al., 2009).

Serotonin and dopamine have also both been implicated in circadian photoreception; neural
dopamine is required for entrainment of activity rhythms to low ambient light (Hirsh et al.,
2010) and serotonin receptor 1B is expressed in clock neurons and thought to contribute to
photic sensitivity (Yuan et al., 2005). In addition, serotonergic and dopaminergic neuronal
processes are in close proximity to dendrites or axonal projections of certain clock neurons
in the larval and adult brains (Hamasaka and Nassel, 2006). Thus, glia may participate in
modulating pacemaker light sensitivity by regulating amine recycling. Alternatively—or
perhaps in addition—glial cells of the fly brain may release N-β-alanyl amine compounds
that serve as gliotransmitters which regulate clock neurons. With regard to a role for glia in
the modulation of circadian photic sensitivity, it is of interest that light stimulation which
resets the mammalian pacemaker results in upregulation of the c-fos immediate early gene in
both neurons and astrocytes of the SCN (Castel et al., 1997).
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Rhythms in a fly Na+/K+-ATPase
Similar to vertebrates, a sodium pump (a Na+/K+-ATPase), composed of α catalytic and β
subunits, is expressed in the nervous system and other tissues of Drosophila; it is sensitive to
the sodium pump inhibitor ouabain and it regulates ionic homeostasis (Lebovitz et al., 1989;
Sun and Salvaterra, 1995). Previous studies indicate that both α and β subunits have broad
expression patterns in the adult fly brain, with localization to neurons and glial cells.
Mutation of the α subunit leads to a sensitivity to mechanical stress (banging) and paralysis
(Schubiger et al., 1994; Sun et al., 2001).

Interestingly, the sodium pump α subunit protein shows a circadian rhythm in abundance
within epithelial glia of the optic lamina and in glia of the optic medulla (Gorska-Andrzejak
et al., 2009), with a peak near the beginning of subjective night (in DD). The RNA encoding
the ATPase also exhibits corresponding changes in abundance, suggesting a transcriptional
regulation of the ATPase rhythm. Similarly, GFP expressed from a UAS transgene driven by
Nrv2-Gal4 (reflecting Na+/K+-ATPase β subunit expression) shows day/night differences in
fluorescence intensity, although rhythmicity is not incredibly robust, perhaps because both
GAL4 and GFP are long lived and thus contribute to a high baseline for the signal.

Whereas the α subunit is localized to most glial cells of the optic lobe (with highest signal in
the lamina), β subunit expression, based on Nrv2-Gal4-driven GFP fluorescence, is
primarily in medulla neuropil glia, some of which also contain Ebony protein (Gorska-
Andrzejak et al., 2009). There is no expression of the Nrv2-Gal4 transgene in the lamina
epithelial glia cells, most of which express Ebony. The expression patterns of the fly
ATPase subunits suggest that the ATPase oscillates in abundance within Ebony-positive and
Ebony-negative glial cells of the optic lobe. Of note, there is co-localization of Nrv2-Gal4
and PER in certain glia of the medulla neuropil. An obvious question is: do glial oscillators
contribute to the ATPase rhythm in those cells?

Regulation of astrocyte physiology by clock genes
Recent studies have explored the role of the mammalian PER-based oscillator in regulating
glial physiology. It has been reported that there is a diurnal rhythm in Glast (EAAT1)
glutamate transporter gene expression and protein amount within the SCN with peak protein
occurring at the beginning of the photoperiod in an LD 12:12 light:dark cycle, although it
was not determined whether this rhythm persists in constant conditions (Spanagel et al.,
2005). However, the observation that EAAT1 protein levels do not show obvious
rhythmicity in the Per2 mutant (Spanagel et al., 2005) suggests circadian control. The same
study showed that Per2 mutant mice have reduced EAAT1 protein at most times of day and
that extracellular glutamate levels are elevated in vivo. Spanagel et al. demonstrated that
cultured astrocytes from the mutant show reduced glutamate uptake, consistent with the in
vivo phenotype. The study also documented changes in alcohol consumption for mutants,
implicating glutamatergic function in alcoholism.

A more recent study used cultured cortical astrocytes from clock mutant animals to replicate
the effects of the Per2 mutation on EAAT1; it also showed that EAAT1 mRNA and protein
levels are reduced in astrocytes obtained from Clock and NPAS2 mutant mice (Beaule et al.,
2009). Although glutamate uptake is reduced in mutant animals, surprisingly, neither EAAT1
mRNA expression nor glutamate uptake, as assayed in cultured astrocytes and tissue slices
of somatosensory cortex, were found to be circadian in nature (Beaule et al., 2009). Thus,
the authors concluded that a PER-based oscillator does not control EAAT1 expression even
though earlier studies (Spanagel et al., 2005) demonstrated a rhythm in EAAT1 mRNA
abundance within the SCN, in vivo, that was eliminated in the Per2 mutant. However, I note
that it might be the case that EAAT1 only oscillates in the SCN and/or that neuronal
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communication with astrocytes is required for EAAT1 rhythmicity (the latter is lacking for
cultured astrocytes; see discussion of Beaule et al. in “Neuron-glia communication and
circadian behavior”). If EAAT1 is actually not under circadian control, then the results of
Beaule et al. suggest that clock proteins have non-circadian roles in the regulation of EAAT1
gene expression. For example, mouse Clock (McClung et al., 2005) and the fly per, clock,
and cycle genes (Andretic et al., 1999) are apparently required, in a noncircadian manner,
for normal cocaine sensitivity and/or sensitization.

Astrocyte ATP rhythms
It has been reported that there are diurnal rhythms of ATP content in certain brain regions of
the adult rat (Dworak et al., 2010), but the changes seem to be driven in most regions by
sleep rather than the circadian clock; i.e. levels are high during the sleep period and
increases are prevented by sleep deprivation. In contrast, there are robust rhythms of ATP
release from explants of the rat SCN and in cultured astrocytes (Womac et al., 2009), with a
peak during the dark period of a light/dark cycle (the active period). Importantly,
rhythmicity persists in constant darkness, indicative of circadian control and suggesting that
a timed release of ATP from astrocytes might be important for cell-cell communication in
the mammalian pacemaker.

Upon release from neurons or glia, ATP can be converted to ADP, AMP and adenosine
through the action of extracellular ectonucleotidases, and, with the exception of AMP, all
bind to A1 or A2 purinergic receptors on neurons, glia and muscles to regulate Ca2+, cAMP,
IP3 and other second messenger pathways (Fields and Burnstock, 2006). Purinergic and
other forms of intercellular signaling mechanisms permit astrocytes to communicate with
neurons or other glial cells, and glia-to-neuron signaling is known to be critical for
regulation of neuronal water/ion homeostasis (Simard and Nedergaard, 2004), neurovascular
coupling (Gordon et al., 2007), neuronal energy metabolism (Brown and Ransom, 2007),
synaptic transmission (Halassa and Haydon, 2010), and other biological processes (Fields
and Burnstock, 2006). Similarly, is circadian release of ATP from glial cells critical for
temporally synchronizing glial cell populations or modulating the activities of clock
neurons? Interestingly, there are Drosophila genes encoding enzymes homologous to the
extracellular ectonucleotidases; it will thus be possible to evaluate the importance of ATP-
mediated gliotransmission in circadian and other forms of behavior in this genetic model.

NEURON-GLIA COMMUNICATION AND CIRCADIAN BEHAVIOR
Fly glial cells can modulate synaptic transmission

Results from the analysis of Drosophila Ebony suggest that glial cells are important for
Drosophila circadian behavior (Suh and Jackson, 2007), but they do not indicate whether
glia actively modulate pacemaker neurons in the adult brain. While studies are underway in
my lab to evaluate the importance of glia-to-neuron communication, in vivo, for the
modulation of the Drosophila circadian circuitry and behavior, it is premature to discuss
results in this review. Nor are there in vivo studies in mammalian models that demonstrate a
physiological regulation of circadian pacemaker neurons by astrocytes, although it has been
shown that astrocytes communicate with neurons, via adenosine signaling, to modulate sleep
homeostasis and cognitive processes affected by sleep deprivation (Halassa et al., 2009). A
similar mechanism may contribute to the glial regulation of circadian behavior in mammals
and Drosophila.

Regarding the capacity for regulation of neurotransmission by fly glia, previous studies and
reviews highlight evidence for the presence of aminergic and glutamatergic tripartite
synapses in the Drosophila nervous system (Edwards and Meinertzhagen, 2010; Jackson and
Haydon, 2008), similar to the glutamatergic tripartite synapse of mammals. The work on
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Ebony, discussed in an earlier section, strongly suggests that glial cells modulate aminergic
neuronal function. In addition, the review of D. Featherstone in this issue of Glia describes
the glial regulation of Drosophila glutamatergic synapses by the EAAT1 transporter and an
SLC7-like cystine/glutamate transporter called Genderblind (also, see comments about
dEAAT1 in the next section).

Is neuron-glia communication needed for clock gene regulation of astrocyte eaat1
activity?

The previously mentioned work of Beaule et al. (2009) was interpreted as indicating a role
for astrocyte clock genes in the regulation of EAAT1 activity. However, the study does not
definitively indicate which cell types require clock gene function for normal EAAT1
activity. The mutant animals employed in the study have altered clock protein function in
both neurons and glia, so it is possible that neuronal rather than autonomous glial factors
regulate EAAT1 activity. Indeed, Yang et al. have shown that presynaptic neurons regulate
the astroglial GLT-1 transporter (Yang et al., 2009). Similarly, both GLT1 and EAAT1 are
upregulated when astrocytes are treated with dibutyryl-cAMP or co-cultured with neurons
(Swanson et al., 1997). Thus, both transporters can be regulated by neuronal factors, and this
may occur in the SCN or other brain regions.

Although the expression pattern and function of the Drosophila dEAAT1 homolog has been
well characterized by the elegant studies of Serge Birman and colleagues (Rival et al., 2004,
2006), it is unknown whether it is regulated in a clock gene-dependent manner, similar to
mammalian EAAT1. However, those studies demonstrate a broad expression pattern for
dEAAT1 throughout the neuropil (synaptic regions) of the adult brain (Rival et al., 2004) in
glial cell projections now known to be astrogial in nature (Doherty et al., 2009)(also see Fig.
4). Similar to mammalian EAAT1, the fly homolog is essential for viability and a lack of it
results in neuropil degeneration (Rival et al., 2004). Interestingly, dEAAT1 is present in
glial extensions adjacent to motor axons of the neuromuscular junction (NMJ), but not until
adulthood, suggesting a physiological role for the glial transporter. Consistent with that idea,
electrophysiological recordings from adult NMJs deficient for glial dEAAT1 demonstrate
enhanced responses of muscles to motor nerve stimulation (Rival et al., 2006).

As insect motor neurons utilize glutamate as a transmitter, the studies of Rival et al. (2006)
provide strong evidence that Drosophila glial cells regulate glutamatergic
neurotransmission. Thus, it is likely that dEAAT1 functions in glutamate uptake and as part
of a transmitter recycling mechanism involving conversion of glial glutamate to glutamine—
via glutamine synthetase (GS) —and transport of glutamine to presynaptic nerve endings for
synthesis of glutamate transmitter. Indeed, it is known that GS and dEAAT1 are expressed
in astrocytes of the fly central nervous system (Doherty et al., 2009; Freeman et al., 2003;
Sinakevitch et al., 2010) although, to my knowledge, the transporters for glutamine retrieval
by neurons have not been identified in Drosophila. Nonetheless, it is likely that the basic
mechanism of glutamate retrieval is conserved between flies and mammals. Similar to the
Ebony story and amine neurotransmitter retrieval, it may be that glutamate retrieval by glia
is important for circadian behavior. Evidence suggests, for example, that glutamatergic
neurotransmission from dorsal clock neurons (DN) to small ventral lateral clock neurons (s-
LNv) is important for the function of the fly pacemaker circuitry (Hamasaka et al., 2007).

VIP regulates astrocyte molecular clocks
Although studies of glia-to-neuron communication have not been reported for the
mammalian SCN, there is evidence from an analysis of cultured astrocytes that VIP—known
to be present in the SCN and essential for neuronal synchrony (Aton et al., 2005)—might be
important for the opposite: neuron-to-glia communication. Those studies utilized cortical
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astrocytes obtained from a mouse per2-luc strain to show that VIP can shift the phase of the
glial PER-based oscillator in a dose- and time-of-day-dependent manner (Marpegan et al.,
2009). The same studies indicated that daily administration of VIP can entrain the astrogial
clock such that peak clock gene (Per) expression occurs at a time of day that is predicted by
a phase-response curve representing the response of the clock to the peptide. As VIP is
localized and released from neurons within the core of the SCN (the mammalian clock), the
work suggests that neuronal release of VIP, in vivo, may function to synchronize oscillators
present in adjacent astrocytes. Of note, it has also been shown that cultured chick astrocytes
possess high-affinity melatonin receptors and that rhythmic melatonin administration, at
physiological levels, leads to diurnal glucose uptake rhythms in such cultures (Adachi et al.,
2002). Thus, multiple factors may synchronize astrocyte rhythms in vivo.

Regarding neuropeptide control of glial rhythmicity, it is of interest that certain Ebony-
containing glia are close to PDF neuronal projections within the CNS, suggesting regulation
by the neuropeptide (Suh and Jackson, 2007). However, Suh and Jackson showed that
Ebony transcriptional cycling was normal in a fly pdf null mutant lacking the neuropeptide.
Interestingly, the receptor for PDF is broadly expressed in the clock circuitry and may be
present in certain glial cells (Im and Taghert, 2010), but these glia do not correspond to the
Ebony cells; rather, they appear to be the fenestrated glia of the optic lamina which express
the aforementioned VMAT glial variant. Thus, it will be of interest to determine whether
VMAT within those laminar glial cells is regulated in a PDF-dependent manner.

CONCLUSION AND FUTURE DIRECTIONS
Studies have demonstrated that Drosophila glial cells and mammalian astrocytes contain
PER-based circadian oscillators. These findings and additional observations summarized in
this review suggest that glial cells may have similar functions in the circadian systems of
Drosophila and mammals. I suggest that answering the several questions posed below may
provide additional advances in our understanding of the glial regulation of behavior.

• Are glial cell circadian oscillators required for normal behavioral rhythmicity, or do
they regulate other physiological events?

• Furthermore, are reciprocal interactions between glial and neuronal cells important
for circadian behavior in diverse species including mammals and insects?

• And if neuron-glia interactions are important, what are the neuronal cell types
modulated by glia: pacemaker neurons or other neurons of the circadian circuitry?

• Finally, does the glial release of transmitters or other signaling molecules
contribute to dynamic glia-to-neuron interactions that are necessary for normal
behavioral rhythmicity?

Much is known about how mammalian astrocytes of the adult brain support and regulate
neurons, and this foundation of knowledge has facilitated studies of neuron-glia
communication in the mammalian clock system. In contrast, there is more limited
information about neuron-glia communication (gliotransmission) in the adult Drosophila
brain. However, the recent identification of astrocyte glia and other glial cell classes in the
adult fly brain (Awasaki et al., 2008; Doherty et al., 2009) will facilitate genetic approaches
in this model to flesh out the picture of insect gliotransmission and determine its relevance
for circadian behavior. The major strength of the Drosophila model is the ease with which
conditional genetic manipulations can be performed in live, behaving animals, and this
advantage will surely lead to the identification of molecules and pathways relevant for the
glial regulation of behavior. Such findings will likely translate into novel insights about
astrocyte-neuron interactions in mammals.
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Whereas knowledge about gliotransmission is currently limited in Drosophila, genetic
approaches in this model have begun to identify glial-specific factors such as Ebony which
participate, in vivo, in the regulation of circadian behavior. Similar findings have not yet
been reported for the mammalian circadian system. In this regard, one wonders whether
cycling Ebony-like factors and glial-based monoamine neurotransmitter retrieval
mechanisms might be important for mammalian pacemaker function. Although there is not
an obvious ebony ortholog in the vertebrate genome, there is a mouse non-ribosomal peptide
synthetase with similarity to Ebony, as note previously (Jackson and Haydon, 2008).
Furthermore, there is a vertebrate carnosine synthetase (synthetic enzyme for β-alanyl-L-
histidine or β-alanyl-N-methyl-L-histidine dipeptides) that may be expressed in glia
(Jackson and Haydon, 2008). Thus, it is possible that such enzymes participate in amine
recycling or produce β-alanyl-containing gliotransmitters that are relevant for circadian
behavior.

In ending, I wish to remind the reader of the seminal neurogenetic approaches of Seymour
Benzer, Ron Konopka (Konopka and Benzer, 1971) and other investigators following their
lead that resulted in the description of the first circadian mutants in any organism
(Drosophila melanogaster). That work opened up the field of circadian molecular biology
and led to explicit biochemical models for animal clocks in species ranging from flies to
humans. A similar approach will undoubtedly have significant impact for an understanding
of glia-neuron interactions in the circadian systems of insects and mammals.
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Fig. 1.
Molecular clock and temporal expression of clock products. A: Schematic diagram of
transcriptional interactions amount clock components. activation; repression. CWO may also
mediate repression of output genes (not shown). B: Diurnal expression profiles for clock
RNAs and proteins. Black lines represent RNA abundance profiles for per, tim and Clk.
Colored lines indicate protein abundance profiles for clock proteins and
immunofluorescence signals for Pigment Dispersing Factor (PDF), a clock output peptide.
pCLK represents phosphorylated, activated CLK which has a circadian phase hours later
than the Clk transcription rhythm. The PDF curve illustrates peptide immunoreactivity in the
s-LNv dorsal projections; reduced amounts during the day are presumed to reflect release of
the peptide.
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Fig. 2.
Locations of circadian clock cells in (A) the rat suprachiasmatic nuclei (SCN) and (B) the
Drosophila brain. Only one “hemisphere” of the fly brain is pictured in this image, but clock
cells are bilaterally localized in the brain. The white ovals encompass clock neurons of the
fly brain; PER-expressing glial cells are distributed throughout the brain. The black oval in
A delineates the clock neurons and astrocyctes of the rat brain. The image of the SCN was a
gift from Dr. J. Levine (U. Toronto). OC, optic chiasm; LNv, ventral lateral clock neurons;
LNd, dorsal lateral clock neurons; DN1, 2 and 3, the three groups of dorsal clock neurons.
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Fig. 3.
Ebony-containing glial cells of the fly’s optic lobe (OL) and central brain. Ebony is
predominantly cytoplasmic but is not well detected in most astrocytic processes. Thus, the
typical fly astrocytic cell architecture cannot be seen in this image. All Ebony-containing
cells of the fly brain are glia, as indicated by a glial marker protein(not shown in this image).
Note that the optic lamina, which also contains Ebony-expressing glia, is not included in this
particular specimen.
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Fig. 4.
Cellular localization dEAAT1 in the fly brain as reflected by a dEAAT1-Gal4 driver
regulating expression of a UAS-CD8-GFP transgene. The CD8 moiety directs GFP to
membranes of glial cell bodies and processes in the synaptic neuropil.

JACKSON Page 19

Glia. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


