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In Drosophila melanogaster, the pacemaker located in the brain plays the main role in maintaining circadian rhythms; how-
ever, peripheral oscillators including glial cells, are also crucial components of the circadian network. In the present study,
we investigated an impact of oscillators located in astrocyte-like glia, the chiasm giant glia of the optic lobe, epithelial and
subperineurial glia on sleep of Drosophila males. We described that oscillators located in astrocyte-like glia and chiasm giant
glia are necessary to maintain daily changes in clock neurons arborizations, while those located in epithelial glia regulate am-
plitude of these changes. Finally, we showed that communication between glia and neurons through tripartite synapses
formed by epithelial glia and, in effect, neurotransmission regulation plays important role in wake-promoting during the day.
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Significance Statement

Circadian clock or pacemaker regulates many aspects of animals’ physiology and behavior. The pacemaker is located in the
brain and is composed of neurons. However, there are also additional oscillators, called peripheral clocks, which synchronize
the main clock. Despite the critical role of glia in the clock machinery, little is known which type of glia houses peripheral
oscillators and how they affect neuronal clocks. This study using Drosophila shows that oscillators in specific glia types main-
tain awakeness during the day by regulating the daily plasticity of clock neurons.

Introduction
Glial cells are crucial for proper functions of the nervous system.
They regulate development and synaptogenesis, metabolism of
neurotransmitters and transport of ions and other compounds to
neurons. Based on the topology and cell shape, glial cells of the
central nervous system in Drosophila are divided into three main
classes: surface glia (perineurial and subperineurial), cortex
glia surrounding somata of neurons, ensheathing glia wrap-
ping neural processes and astrocyte-like glia known also as
neuropil glia. In the fly’s visual system glial cells are highly
specialized and additional classes of glia have been distinguished:

fenestrated, pseudocartridge, epithelial and marginal glia
(Hartenstein, 2011). Some glial cells in the brain express per
and other clock genes and function as peripheral oscillators
(glial clocks; Ewer et al., 1992; Damulewicz et al., 2015; Long
and Giebultowicz, 2018); however, their activity can be regu-
lated by the main pacemaker as some of them express pig-
ment-dispersing factor (PDF) receptors (Im and Taghert,
2010; Damulewicz et al., 2015; Górska-Andrzejak et al., 2018).
Glial clocks affect the circadian rhythm of the locomotor
activity (Suh and Jackson, 2007; Ng et al., 2011) and probably
modulate function of clock neurons by releasing gliotransmit-
ters (for review, see Jackson et al., 2015). They are also impor-
tant for maintaining rhythms in the visual system, for example
in changes of size and shape of axons and dendrite of inter-
neurons (Pyza and Górska-Andrzejak, 2004; Weber et al.,
2009). Glial cells contact other glia or neurons by septate, gap,
and adherent junctions, and are involved in the formation of
tripartite and tetrad synapses (aminergic and glutamatergic;
Meinertzhagen and O’Neil, 1991; Jackson and Haydon, 2008;
Edwards and Meinertzhagen, 2010). Blocking gap junctions
with octanol abolishes daily changes in cell size of L1 and
L2 interneurons in the first neuropil of the optic lobe (Pyza
and Górska-Andrzejak, 2004). Astrocyte-like glia modulates
function of synapses by regulating glutamate re-uptake from
the synaptic cleft by transporters EAAT1 and Genderblind
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(Grosjean et al., 2008). Moreover, glial cells can communicate
with neurons using exosomes. In mammals, mRNAs, miRNAs and
proteins exported from glial cells into exosomes (Smalheiser, 2007)
play a role in neurotransmission (Antonucci et al., 2012), neuropro-
tection (Taylor et al., 2007), immune responses (Fitzner et al., 2011),
and other processes (Frühbeis et al., 2012).

In Drosophila, the daily pattern of activity is very well
described, with morning and evening bouts of activity, prolonged
siesta time in the middle of the day and sleep during the night.
This pattern is regulated by different clusters of cells, including
clock neurons (Grima et al., 2004; Stoleru et al., 2004; Picot et al.,
2007; Cusumano et al., 2009; Zhang et al., 2009; Yao and Shafer,
2014; Chatterjee et al., 2018; Díaz et al., 2019; Schlichting et al.,
2019). The most important clock neurons are small ventral lat-
eral neurons (sLNvs), which are necessary to maintain the nor-
mal rhythm of sleep and activity. They project to the dorsal brain
where PDF, a circadian neurotransmitter, is released. The sLNv
terminals show daily plasticity with more complex structure at
the beginning of the day than during the night. It has been
shown previously that this structural remodeling is also regulated
by glial clock (Herrero et al., 2017). Remodeling of neuronal
connections is fundamental to drive complex behavior. Daily
changes in synapse number and size within PDF processes are
involved in the sleep-wake regulation (Fernández et al., 2008;
Bushey et al., 2011). LNvs cyclically express miR-210 (Chen and
Rosbash, 2017), important for proper development of neuronal
processes. Flies with miR-210 overexpression showed abnormal
networks of the lLNvs processes, no the daily rhythm in the
sLNvs terminal arborization and, in effect, increased total sleep
time during the day (Cusumano et al., 2018). Fasciculation of the
sLNv processes is also activity dependent (Fernandez-Chiappe et
al., 2021), with a dominant role of the transcription factor Mef2
(Sivachenko et al., 2013), miR-92a (Chen and Rosbash, 2017),
and dTau, which mutation affects activity pattern and decreases
daytime sleep level (Abruzzi et al., 2017; Tracy and Gan, 2018;
Arnes et al., 2019).

The role of glia in the sleep regulation is still not fully
recognized. The most important role seems to play astro-
cyte-like glia which is important in sleep homeostasis
through Notch (Seugnet et al., 2011) and TNF signaling
(Vanderheyden et al., 2018) and modulates sleep level by
the fatty acid-binding protein fabp7 (Gerstner et al., 2011),
uptake and metabolism of GABA and glutamate (Chen et
al., 2015; Farca Luna et al., 2017) as well as by the regulation
of taurine transport (Stahl et al., 2018). Moreover, glial cells
which form the hemolymph–brain barrier affect sleep
through regulating endocytosis (Artiushin et al., 2018).

In the present study we examined several types of glial
clocks looking for those which are important for the regula-
tion of sleep. Our results showed that peripheral oscillators
located in astrocyte-like glia, epithelial, subperineurial and
chiasm giant glia are all involved in maintaining awake and
sleep pattern; however, they have specific effects on sleep
parameters. In addition, we showed that this effect on
behavior is strictly connected with the regulation of sLNv
daily neuronal plasticity.

Materials and Methods
Fly strains
The following strains of Drosophila melanogaster were used: repo-Gal4
(Gal4 expressed in all glial cell types), netB-GAL4 (expressing Gal4 in
the epithelial glia and medulla chandelier glia, BDSC no. 49478; Edwards
et al., 2012), alrm-Gal4 (expressing Gal4 in astrocyte-like glia, BDSC

no. 67032; Doherty et al., 2009), moody-Gal4 (subperineurial and pseu-
docartridge glia, Gal4 on 3. Chromosome; Edwards et al., 2012), Wnt4-
Gal4 (chiasm giant glia, BDSC no. 49102; Edwards et al., 2012), UAS-
GFP.Valium10 (control for dsRNAi, BDSC no. 35 786), UAS-cycD24
(overexpression of dominant negative mutant of CYCLE causing disrup-
tion of the circadian clock; Tanoue et al., 2004), UAS-perRNAi (VDRC
no. 5711), UAS-dlg1RNAi (BDSC no. 25780), UAS-Eaat1RNAi (VDRC
no. 109401), UAS-ebonyRNAi (VDRC no. 104174; strains with expres-
sion of dsRNA for specific gene under control of UAS sequence), UAS-TeTx
(a strain with expression of tetanus toxin under control of UAS, BDSC
no. 28837) and UAS-mCD8-GFP (GFP fused with cell membrane
protein, BDSC no. 5130). Driver lines were crossed with Tub-Gal80ts;
TM2/TM6B (BDSC no. 7019) to obtain strains with TARGET system.
In this system, Tub-Gal80ts transgene encodes a ubiquitously expressed,
temperature-sensitive Gal4 repressor that is active at lower tempera-
ture (20°C), but not at restrictive temperature (28°C; McGuire et al.,
2003). We checked alrm-Gal4 strain carefully as our previous loco-
motor activity data suggested that it may have perslih allele (Konopka
and Benzer, 1971; Hamblen et al., 1998). However, per gene locus is
located on X chromosome and to avoid perslih phenotype, we used
only males of the alrm-Gal4 strain to cross with Tub-Gal80ts. We con-
firmed that the progeny obtained from these crosses has period of
locomotor activity and morning anticipation similar to wild-type
flies, while flies having perslih allele show longer period and no morn-
ing anticipation (Hamblen et al., 1998). Therefore, it seems that we were
able to avoid this allele in the experimental flies.

Flies were maintained on a standard cornmeal medium under
LD12:12 (12 h of light and 12 h of darkness) regime and at constant
temperature 20°C. Two-day-old males of the crosses with Tub-
Gal80ts were transferred to 29°C for 3 d to induce adult-specific

Table 1. Behavioral analysis of experimental and control flies

Glia type Genotype Period % rhythmic N

Pan-glial TubGal80ts; repo. cycD 23.5 95 74
TubGal80ts; repo.TeTx 23.4 100 79
repo.dlgRNAi 23.7 97 99
TubGal80ts; repo-Gal4/1 23.6 95 69
repo.Valium 24.1 92 70

Subperineurial, pseudocartridge TubGal80ts; moody. cycD 24.2 89 72
TubGal80ts; moody. perRNAi 24.2 93 81
moody.dlgRNAi 24.2 99 72
TubGal80ts; moody-Gal4/1 24.2 99 67
moody.Valium 24.0 88 69

Epithelial TubGal80ts; netB. cycD 23.7 75 61
TubGal80ts; netB.perRNAi 23.7 91
TubGal80ts; netB.ebonyRNAi 23.8 100 66
netB.dlgRNAi 23.7 85 73
TubGal80ts; netB-Gal4/1 23.8 87 69
netB.Valium 23.6 80 75

Outer giant chiasm TubGal80ts; Wnt4. cycD 23.5 74 77
TubGal80ts; Wnt4.perRNAi 23.9 88 80
Wnt4.dlgRNAi 24.3 80.3 76
TubGal80ts; Wnt4-Gal4/1 23.8 88 76
Wnt4.Valium 24.0 85.9 72

Astrocyte-like TubGal80ts; alrm.cycD 23.3 97 75
TubGal80ts; alrm.eaatRNAi 23.4 90 69
TubGal80ts; alrm.perRNAi 23.3 82 74
alrm.dlgRNAi 24.0 85 60
TubGal80ts; alrm-Gal4/1 23.4 81 78
alrm.Valium 24.1 95 76

Control UAS-cycD/1 23.9 85 68
UAS-perRNAi/1 23.7 100 83
UAS-eaatRNAi/1 23.2 100 66
UAS-ebonyRNAi/1 23.1 100 66
UAS-TeTx/1 23.3 99 90
UAS-dlgRNAi/1 23.9 98 65

Table shows period of locomotor activity rhythm, percentage of rhythmic individuals, and total number of
flies. Bold text are marked experimental groups (to distinguish from control lines).
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expression of CYC dominant negative mutant in specific glia types.
Experimental flies were compared with parental strains back-
crossed to w1118 strain.

Behavioral assays
Locomotor activity was recorded at 29°C using Drosophila Activity
Monitoring System (DAMS; Trikinetics, Waltham) for 3 d in
LD12:12 and next for 5 d in constant darkness (DD). Activity was
examined every 1min and analyzed in Excel by using “Befly!” soft-
ware (Department of Genetics, Leicester University). Lomb–Scargle
normalized periodogram was used to determine rhythmic flies; indi-
viduals with period value ,10 (confidence level 0.05) were regarded
as arrhythmic. Flies which did not survive until the end of experi-
ments were removed from analyses. Every experiment was repeated
three times, at least 60 male flies in total were used.

Sleep analysis was performed on the third day of LD12:12, and sleep
was recorded as at least 5min of a fly immobility. Experimental and con-
trol flies were analyzed at 29°C.

Immunohistochemistry
Flies were collected at zeitgeber time ZT2 and ZT14 (where ZT0
means the time when the lights are on, ZT12, when the lights are

off), their heads were fixed in 4% paraformaldehyde and brains
were isolated. After washing in 0.2% PBS with Triton X-100
(PBST) and 30 min of blocking in normal goat serum (NGS) they
were incubated overnight with primary antibodies: mouse anti-
GFP (1:1000, Novus Biologicals), rabbit anti-PER (1:5000, kindly
donated by R. Stanewsky, University of Munster), mouse anti-
PDF (1:500, Developmental Studies Hybridoma Bank), rabbit
anti-RFP (1:500, TakaraBio). Next, samples were washed in PBST
and incubated with secondary antibodies (1:1000, anti-mouse Alexa488
and 1:500, anti-rabbit Cy3, or 1:500 anti-mouse Cy3, respectively).
Whole brains were mounted in Vectashield medium (Vector) and exam-
ined with a Zeiss Meta 510 Laser Scanning Microscope.

Scholl analysis
To visualize axon projections of sLNvs whole-brain confocal images
were used. Pictures were taken using 40� objective with an optical zoom
of two. Galleries between 7 and 19 images were projected in the x-y-axes
to obtain a reconstruction of the full trajectory of those axons. Sholl’s
method was used to quantify the axonal arbor in the dorsal protocere-
brum. Concentric rings centered at the point where the first dorsal rami-
fication opens up were drawn on each brain hemisphere. The number of
intersections of each projection with a particular ring was counted. The

Table 2. Detailed statistics for sleep analysis

Daytime sleep Nighttime sleep

GAL4 p UAS p F (DFn,DFd) GAL4 p UAS p F (DFn,DFd)

TubGal80ts;repo.cyc D24 0.0011 ,0.0001 15.69 (2,237) 0.0038 ,0.0001 17.53 (2,237)
TubGal80ts;netB.cycD24 ,0.0001 ,0.0001 19.61 (2,282) 0.0269 ,0.0001 64.53 (2,282)
TubGal80ts;moody.cycD24 ,0.0001 ,0.0001 30.14 (2,274) 0.0549 ,0.0001 35.59 (2,274)
TubGal80ts;alrm.cycD24 ,0.0001 ,0.0001 35.52 (2,269) ,0.0001 ,0.0001 37.99 (2,269)
TubGal80ts;Wnt4.cycD24 ,0.0001 ,0.0001 50.45 (2,216) 0.0079 ,0.0001 24.52 (2,216)
TubGal80ts;alrm.perRNAi ,0.0001 ,0.0001 18.25 (2,247) 0.5582 0.0002 9.355 (2,247)
TubGal80ts;Wnt4.perRNAi ,0.0001 0.0021 56.02 (2,204) 0.9322 0.1396 15.33 (2,204)
TubGal80ts;netB.perRNAi ,0.0001 0.0083 9.634 (2,190) 0.5859 0.0817 5.308 (2,190)
TubGal80ts;moody.perRNAi 0.3002 0.0019 5.962 (2,274) 0.2464 ,0.0001 9.563 (2,274)
TubGal80ts;alrm.eaatRNAi 0.5030 ,0.0001 17.22 (2,267) 0.0135 0.9998 5.592 (2,267)
TubGal80ts;netB.ebonyRNAi 0.0012 0.0006 8.789 (2,190) ,0.0001 0.9305 14.29 (2,190)
TubGal80ts;repo.TeTx ,0.0001 0.0034 30.62 (2,269) ,0.0001 ,0.0001 40.34 (2,269)
repo.dlgRNAi ,0.0001 ,0.0001 46.29 (2,212) 0.0438 ,0.0001 84.72 (2,212)
netB.dlgRNAi 0.0446 ,0.0001 23.44 (2,233) ,0.0001 ,0.0001 48.38 (2,233)
alrm.dlgRNAi .0.9999 0.0004 9.456 (2,205) ,0.0001 0.0024 63.33 (2,193)
Wnt4.dlgRNAi 0.9896 0.6915 0.2939 (2,193) ,0.0001 ,0.0001 114.8 (2,193)
moody.dlgRNAi 0.3057 ,0.0001 22.66 (2,204) 0.0487 ,0.0001 18.64 (2,207)

Every experimental strain was compared with control strains (Gal4 and UAS) using one-way ANOVA and Tukey’s test. Degrees of freedom [F (DFn,DFd)] are listed for every group.

Table 3. Number of sleep episodes and bout length during the day and night

Daytime Nighttime

Sleep episodes Gal4 p UAS p Bout length Gal4 p UAS p Sleep episodes Gal4 p UAS p Bouth length Gal4 p UAS p

TubGal80ts; repo.cyc24 4.76 0.3 0.0037 ,0.0001 133.46 9.8 0.003 ,0.0001 6.36 0.4 ,0.0001 0.047 101.46 12.9 0.8871 ,0.0001
TubGal80ts; repo-Gal4/1 6.16 0.3 87.76 12.8 9.26 0.5 95.76 15.0
TubGal80ts; alrm.cyc24 7.06 0.4 0.4177 0.059 95.16 8.2 0.0232 0.0011 8.96 0.4 0.3664 ,0.0001 79.16 15.1 ,0.0001 0.0001
TubGal80ts; alrm.perRNAi 5.36 0.3 ,0.0001 0.0424 132.56 11.1 ,0.0001 ,0.0001 9.56 0.4 ,0.0001 0.181 48.26 3.8 0.1456 0.988
TubGal80ts; alrm-Gal4/1 8.76 0.5 66.66 3.6 14.96 0.7 35.36 2.7
TubGal80ts; wnt4.cyc24 5.76 0.4 0.0024 0.0171 132.86 10.7 ,0.0001 ,0.0001 9.76 0.4 0.0003 0.0614 55.96 6.8 0.1329 0.1696
TubGal80ts; wnt4.peRNAi 6.66 0.5 0.068 0.5856 101.46 8.8 ,0.0001 0.0044 12.66 0.8 0.5904 0.3343 63.16 3.31 0.4325 0.6548
TubGal80ts; wnt4-Gal4/1 8.96 0.8 65.66 3.9 13.56 1.0 79.96 15.7
TubGal80ts; netB.cyc24 7.06 0.5 0.4202 0.284 103.96 7.8 0.0003 0.0584 10.66 0.5 0.0013 0.0535 82.36 12.6 0.0002 0.1388
TubGal80ts; netB.perRNAi 12.26 0.9 0.0013 0.001 59.26 6.1 0.3271 0.9257 14.56 1.1 0.1395 0.0162 34.16 3.8 0.0636 0.4821
TubGal80ts; netB-Gal4/1 8.316 0.7 73.56 6.5 12.56 0.8 57.26 15.0
TubGal80ts; moody.cyc24 5.46 0.4 0.0085 0.0008 149.06 14.6 ,0.0001 ,0.0001 10.56 0.5 0.0064 0.1224 48.46 6.8 0.4934 0.0488
TubGal80ts;moody.perRNAi 7.56 0.6 0.5953 0.9877 49.76 8.6 0.1932 0.8016 11.76 0.9 0.9067 0.8982 24.36 2.5 0.0039 0.5143
TubGal80ts; moody-Gal4/1 8.46 0.6 78.76 7.1 12.16 0.7 82.56 16.9
UAS-cyc24/1 7.96 0.5 57.46 5.1 7.96 0.7 32.06 3.5
UAS-perRNAi/1 7.76 0.6 63.96 6.3 11.26 0.8 46.96 6.6

Experimental flies with clock disruptions were compared with parental strains. Because data did not pass normality test, Kruskal–Wallis analysis was performed. Bold values define statistically significant data.
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total number of intersections were compared (according to Fernández et
al., 2008).

Experimental design and statistical analysis
GraphPad Prism software was used for statistics and making graphs.
Outliers were removed using Grubbs’ test (GraphPad online software).
Shapiro–Wilk’s test was used to check normality in distribution. Sleep
time data showed normal distribution and we used one-way ANOVA
with post hoc Tukey’s test for analysis. Number of sleep episodes and
bout length data which lacked normal distribution were analyzed using
nonparametric Kruskal–Wallis test. Total number of flies used for every
experiment is provided in Table 1. Statistically significant differences are
marked above bars at specific figures and detailed statistics are provided
in Tables 2, 3. For analysis of the number of intersections which also had
normal distribution we performed t test to compare statistically signifi-
cant differences between two groups. Detailed statistics are provided in
figure legends.

Results
Disruption of glial clocks affects sleep
To examine whether peripheral oscillators located in glial cells
are involved in the regulation of rhythmic behavior we analyzed
period of the locomotor activity rhythm and sleep level in flies
with pan-glial (repo-Gal4) overexpression of CYCLE (CYC)
(UAS-cycD24). This strain expresses dominant- negative form of
CYC, in which a portion of its basic regions were removed to
impair DNA binding while retaining the ability to form hetero-
dimers with CLK. This genetic manipulation disrupts the molec-
ular mechanism of the circadian clock and oscillators lose their
function. Because chronic CYC overexpression may cause devel-
opmental abnormalities, we used temperature sensitive Gal80
expressed under Tubulin promoter to induce adult-specific
expression. We found that Tub-Gal80ts; repo.cycD24 flies were
still rhythmic in DD (95% rhythmic flies while in controls: 85%
in UAS-cycD24/1, 95% in Tub-Gal80ts; repo-Gal4/1) and their

periods of locomotor activity rhythm (23.5 h) were similar to con-
trol flies (Table 1). We observed, however, changes in the sleep
pattern with more sleep bins during the day and night (Fig. 1A).
Siesta and nighttime sleep level, measured as minutes per 12 h,
were also increased comparing with control flies (daytime:
p� 0.0013 with Gal4, p� 0.0001 with UAS, nighttime: p� 0.0038
with Gal4, p� 0.0001 with UAS; Fig. 1B). Interestingly, these flies
had lower number of sleep episodes during the day and night
[daytime: 4.7 compared with 6.1 for Gal4 (p� 0.0037) and 7.9 for
UAS (p� 0.0001), nighttime: 6.3 compared with 9.2 for Gal4
(p� 0.0001) and 7.9 for UAS (p� 0.047)], but mean bout length
was longer only during the day [daytime: 133.4 compared with
87.7 (p� 0.003) and 57.4 (p� 0.0001), nighttime: 101.4 compared
with 95.7 for Gal4 (p� 0.8871) and 32.0 for UAS (p� 0.0001);
Table 3]. We tried to perform reversed experiment, with CYCD
expression only during the larval stage; however, we observed low
level of eclosion and individual adult flies did not survive until the
end of experiment, suggesting their developmental abnormalities.

To check whether the regulation of sleep by glial clock is con-
nected with gliotransmission, we forced expression of tetanus
toxin in all glial cells (Tub-Gal80ts; repo.TeTx), and we observed
similar changes in sleep level - amount of sleep during the day
and night was increased (daytime: p� 0.0001 with Gal4 and
p� 0.0034 with UAS, nighttime: p� 0.0001 with both control
strains; Fig. 1C,D; Table 2).

Because obtained data indicated that peripheral oscillators
located in glial cells are involved in the regulation of sleep, we
tried to identify specific glia types responsible for this phenotype.
We employed different drivers to manipulate gene expression in
specific types of glia.

Astrocyte-like glia
First, we used GFP expression to label astrocyte-like glia and
anti-PER immunostaining to specify whether studied cells

Figure 1. Glial clock regulates sleep amount. A, Sleep pattern within 24 h in LD12:12 measured as bins per hour. Experimental flies with adult-specific clock disruption in glial cells
(TubGal80ts;repo.cycD24) are compared with parental lines (TubGal80ts;repo-Gal4/1, UAS-cycD24/1). B, Sleep amount of TubGal80ts;repo.cycD24 and control flies. C, D, Sleep pattern
and level of flies with adult-specific exocytosis blocking in glia (TubGal80ts;repo.TeTx) compared with parental strains (TubGal80ts;repo-Gal4/1, UAS-TeTx/1). Nighttime sleep and daytime
sleep were measured in minutes per 12 h of light and dark phase, respectively. Means 6 SE. Statistically significant differences are marked with asterisks: *p� 0.05, **p� 0.01,
***p� 0.001, ****p� 0.0001. Detailed statistics are provided in Table 2.
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express circadian genes and we found that PER was co-localized
with GFP in alrm.GFP cells (Fig. 2A).

Clock disruption in astrocyte-like glia (Tub-Gal80ts;
alrm.cycD24) did not affect period of the locomotor activity
rhythm (Table 1). However, in these flies, the sleep pattern (Fig.
2B) and amount of sleep (Fig. 2C) were significantly affected
with longer sleep time during the day (daytime: p� 0.0001 with
both controls, nighttime: p� 0.9314 with Gal4, p� 0.0001 with
UAS; Table 2). Number of sleep episodes was not signi-
ficantly changed [daytime: 7 compared with 8.7 in Gal4
(p� 0.42) and 7.9 in UAS (p� 0.059), nighttime: 8.9 com-
pared with 14.9 (p� 0.0001) in Gal4 and 7.9 (p� 0.37)], but
bout length was longer both during the day and night [day-
time: 95.1 compared with 66.6 in Gal4 (p� 0.023) and 57.4
in UAS (p� 0.0011), nighttime: 79.1 compared with 35.6 in
Gal4 (p� 0.0001) and 32.2 in UAS (p� 0.0001); Table 3].
To confirm these results we used adult-specific per silencing
in astrocyte-like glia (Tub-Gal80ts; alrm.perRNAi flies)
and observed a similar phenotype in files which showed a
prolonged time of sleep during the day (daytime: p� 0.0001

with both controls, nighttime: p � 0.5582 with Gal4 and
p� 0.0001with UAS; Fig. 2D,E; Table 2). However, these
flies showed less sleep episodes during the day [5.3 com-
pared with 8.7 in Gal4 (p� 0.0001) and 7.9 in UAS
(p� 0.042)] with longer mean time of bouts [132.5 com-
pared with 66.6 in Gal4 (p� 0.0001) and 63.9 in UAS
(p� 0.0001); Table 3].

Based on the fact, that astrocytes are involved in glutamate
recycling, we checked whether the prolonged sleep behavior will
be present in flies with silenced Excitatory amino acid transporter
(Eaat1), in which astrocyte specific glutamate re-uptake is dis-
rupted. However, we did not observe any changes in sleep
amount or sleep pattern between Tub-Gal80ts; alrm.Eaat1RNAi
and the control strains (daytime: p� 0.5 with Gal4 and
p� 0.0001 with UAS, nighttime: p� 0.01 with Gal4 and p� 0.99
with UAS; Fig. 2F; Table 2).

It was previously shown that pan-glial clock disruption affects
daily changes in plasticity of the sLNv terminals (Herrero et al.,
2017). We investigated this phenomenon in details and found
that one of the glia types involved in this process is astrocyte-like

Figure 2. Astrocyte-like glia are involved in the sleep regulation. A, Whole mount brain immunolabeling of the alrm.GFP strain with anti-PER (red) and anti-GFP (green) antibodies con-
firms that clock oscillators are located in astrocyte-like glia. B, Sleep pattern of TubGal80ts;alrm.cycD24 is changed comparing with parental lines (TubGal80ts;alrm-Gal4/1, UAS-cycD24/1).
C, Daytime sleep is significantly increased in flies with clock disruption in astrocyte-like glia. D, Sleep pattern is changed in the middle of the day in TubGal80ts;alrm.perRNAi flies. E, Daytime
sleep amount is increased after per silencing in astrocytes. F, Glutamate re-uptake decreasing in astrocyte-like glia (TubGal80ts;alrm.Eaat1RNAi) does not affect sleep amount. Statistically sig-
nificant differences are marked with asterisks: **p� 0.01, ***p� 0.001, ****p� 0.0001. Detailed statistics for C, E, F are provided in Table 2. G, Temperature-dependent clock disruption in
astrocyte-like glia stops daily changes in the complexity of sLNv neurons terminals. Statistically significant differences with p = 0.0035 between time points in control group, no differences in
experimental group (p= 0.6884). Means6 SE.
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glia. A comparison between Tub-Gal80ts; alrm.cycD24 flies
maintained at 20°C and 29°C showed that 3 d of clock disruption
in astrocytes is enough to set projection complexity both during
day and night on the level observed during the day in control
flies (at 20°C: p� 0.035, t= 3.013, df = 79, at 29°C: p� 0.69,
t=0.4025, df = 82; Fig. 2G).

Chiasm glia
The second type of glia selected for our research was the chiasm
giant glia. Brains immunostained for PER as well the per.
stingerRFP strain showed very specific fluorescent pattern in
the optic lobe. Large, immune-positive cells were arranged
linearly in the inner chiasm area, between the medulla and
lobula (Fig. 3A,B). Using Wnt4.GFP strain we confirmed
that these PER-immunopositive cells were the giant chiasm
glia (Fig. 3C). Measurements of fluorescent intensity at dif-
ferent times of the day showed that PER expression in the
chiasm giant glial cells cycles with maximum and minimum
at ZT20 and ZT12, respectively (Fig. 3D).

Our results showed that DCYC expression in the chiasm giant
glia (Tub-Gal80ts; Wnt4.cycD24) did not affect the number of

rhythmic flies (Table 1), while it changed the sleep pattern and
increased its level during the day (Fig. 3E,F; p� 0.0001 with both
controls). In addition, the number of sleep episodes was lower
[5.7 compared with 8.9 in Gal4 (p� 0.0024) and 7.9 in UAS
(p� 0.0171)], and mean bout length was increased during the
day [132.8 compared with 65.6 in Gal4 (p� 0.0001) and 57.4 in
UAS (p� 0.0001)], similarly to pan-glial clock disruption (Table
3). Similar effect on sleep time was observed after silencing per in
the chiasm giant glia (daytime sleep: p� 0.0001 with both con-
trols, nighttime sleep: p� 0.56 with Gal4 and p� 0.0002 with
UAS; Tub-Gal80ts;Wnt4.perRNAi; Fig. 3G,H; Table 2).

The Scholl analysis of the sLNv terminals provided information
that the chiasm glial clock is necessary to maintain daily changes in
their complexity. Tub-Gal80ts; Wnt4.cycD24 at higher tempera-
ture showed no changes between the day and night, and the num-
ber of intersections was similar in both cases to that observed
during the night at the lower temperature (at 20°C: p� 0.0135,
t=2.517, df=93, at 29°C: p� 0.1194, t=1.575, df=76; Fig. 3I).

In addition, we checked that oscillators located in chiasm glia
are PDF-independent as we showed that they do not have PDFR
expression (Fig. 4).

Figure 3. Effects of clock disruption in the chiasm giant glia on sleep in LD12:12. A, Whole mount brain immunolabeling of per.Red-Stinger, visualizes nuclei of per-expressing cells. Optical
section shows signal in chiasm glia (marked with arrow). B, Whole mount brain immunolabeling of PER shows similar pattern characteristic for chiasm glia. C, Wnt4.GFP strain with marked
PER protein shows co-localization. D, Measurement of fluorescence intensity of PER immunostaining in chiasm glia at different time points, sampled every 4 h in LD12:12 light regime.
Statistically significant differences are marked with different letters. E, F, Sleep pattern and level of flies with clock disruption in chiasm glia (TubGal80ts; Wnt4.cycD24) are changed during
the day comparing with parental strains (TubGal80ts; Wnt4-Gal4/1; UAS-cycD24/1). G, H, per silencing in chiasm glia affects sleep level during the day. Statistically significant differences are
marked with asterisks: *p� 0.05, ****p� 0.0001. Detailed statistics are provided in Table 2. I, Temperature-dependent clock disruption in chiasm glia stops daily changes in the complexity
of sLNv neurons terminals (p= 0.0135 for control and p= 0.1194 for experimental group). Means6 SE.
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Epithelial glia
Clock disruption in the epithelial glia (Tub-Gal80ts; netB.cycD24)
did not affect neither the rhythmicity nor its period (Table
1). In these flies the sleep pattern was changed with higher
number of sleep bins observed during the day (Fig. 5A;
Table 2) and the total sleep time was increased during the
day and night (daytime sleep: p� 0.0001 with both controls,
nighttime sleep: p� 0.027 with Gal4 and p� 0.0001 with
UAS; Fig. 5B; Table 2). Silencing of per in this glia type
affected the sleep time only during the day (daytime sleep:
p� 0.0001 with Gal4 and p� 0.0083 with UAS, nighttime sleep
p� 0.58 with Gal4 and p� 0.08 with UAS; Fig. 5C,D; Table 2);
however, because of cell-specific effect, we were not able to
check silencing efficiency which is always below 100%.

Knowing that the epithelial glia rhythmically express Ebony,
which is involved in neurotransmission regulation, we sup-
pressed its expression in this type of glia. In effect, we observed
that sleep was increased during the day (p� 0.0012 with Gal4
and p� 0.0006 with UAS), but not affected during the night
(p� 0.0001 with Gal4 and p� 0.93 with UAS; Fig. 5E; Table 2).

Surprisingly, daily changes in the number of intersections of
the sLNv terminals in the dorsal brain were maintained after dis-
rupting the epithelial glia clock. However, the amplitude of these
changes was lower, but the pattern was the same as in control (at
20°C: p� 0.061, t=2.827, df = 72, at 29°C: p� 0.0031, t=3.066,
df = 72; Fig. 5F).

Subperineurial and pseudocartridge glia
CYC overexpression in moody-positive cells (subperineurial and
pseudocartridge glia) did not affect the period of the locomotor
activity rhythm (Table 1). The sleep pattern and its level in
TubGal80ts;moody.cycD24 were changed during the day with
longer sleep time (p� 0.0001 with both controls), lower
number of sleep episodes [5.4 compared with 7.5 in Gal4
(p� 0.008) and 7.9 in UAS (p� 0.0008)] and longer bout
length [149.0 compared with 78.7 in Gal4 (p� 0.0001) and
57.4 in UAS (p� 0.0001)] when compared with controls
(Fig. 6A,B; Tables 2, 3). However, per silencing in this type
of glia did not change sleep amount (Fig. 6C,D; Table 2),
which suggests that the observed effect is not connected
with the clock disruption. In addition, we did not observe
changes in the sLNv projection complexity in TubGal80ts;
moody.cycD24 flies (at 20°C: p� 0.0001, t = 5.281, df = 99,
at 29°C: p� 0.0035, t = 3.019, df = 73; Fig. 6E).

Sleep regulation requires neuron-glia synaptic
communication
Glial cells may participate in the formation of synaptic contacts
as postsynaptic partners using DLG1 protein. We analyzed flies
with pan-glial dlg1 silencing and observed that although they
were rhythmic with a normal period of the locomotor activity
rhythm (Table 1), their sleep pattern during the day was
changed. They started siesta earlier in the morning and it was

Figure 4. Chiasm glia oscillators are not regulated by PDF released from LNvs. A–C, Whole-brain immunostaining of Wnt4.GFP flies using anti-Repo antibodies visualized chiasm glia cells
(A, C, green) and pan-glial nuclei (B, C, red). D–G, Whole-brain anti-Repo immunostaining of PDFR.GFP flies visualized cells expressing receptor for PDF neuropeptide (D, F) and glial cells
nuclei (E, G). D, E, Optical section shows no signal in the place where chiasm glia is located (marked with arrow). F, G, Glial cells other than chiasm glia show expression of PDFR.
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ended later (Fig. 7A). In effect, also total sleep time was increased
during the day (p� 0.0001 when compared with both controls;
Fig. 7B; Table 2).

Then, we tried to investigate which glia type is responsi-
ble for this phenotype, and we detected significant changes
for netB.dlg1RNAi (Fig. 7C,D; p, 0.05 exp. vs netB.Val
and p� 0.0001 exp. vs UAS-dlg1RNAi/1).

However, the silencing of dlg1 in other types of glia: the
chiasm glia, astrocyte-like glia, and subperineurial and pseudo-
cartridge glia, did not affect neither the period of the locomotor
activity rhythm nor sleep (Fig. 8A–F; Tables 1, 2).

Discussion
Glia are composed of heterogenous cell types with different func-
tions involved in brain development, in neurotransmission, and
in other processes, including olfaction (Liu et al., 2014), vision
(Borycz et al., 2012), and memory formation (Yamazaki et al.,
2014; Matsuno et al., 2015). It was previously shown that a sub-
population of glial cells has rhythmic expression of clock gene
per and timeless (tim), suggesting that they play a role of periph-
eral oscillators (Ewer et al., 1992; Damulewicz et al., 2015; Long

and Giebultowicz, 2018). However, little is known about func-
tions of different types of glia in rhythmic processes in the brain
and mechanisms of glial-neuronal communication involved in
sleep regulation.

Glia play a role in the regulation of rhythmic behavior, which
is modulated by releasing gliotransmitters (Ng et al., 2011) or
affecting clock neuron activity by changes in PDF transport or
release (Ng et al., 2011). Moreover, glial oscillators mediate the
daily structural plasticity of clock neuron terminals in the dorsal
brain (Herrero et al., 2017). It has been shown that glia activity is
calcium dependent (Ng et al., 2011), but the mechanism of this
regulation is unknown.

Our results showed that the clock disruption in glia has no
effect on period of the locomotor activity rhythm and it seems
not to be important for maintaining rhythmicity. This conclu-
sion is supported by the previous data, showing that per silencing
under the repo driver affects neither rhythmicity nor period of
the rhythm in these flies (Ng et al., 2011). On the other hand, we
observed a strong effect of glia on sleep. Pan-glial disruption of
the molecular clock mechanism as well as blocking exocytosis
increased sleep length during the day and night. Moreover, CYC
overexpression in specific glia types affected sleep mostly during

Figure 5. The role of peripheral oscillators located in epithelial glia in sleep regulation in LD12:12. A, B, Clock disruption in the epithelial glia (TubGal80ts;netB.cycD24) affects sleep during
the day and night comparing with both parental strains (TubGal80ts;netB-Gal4/1, UAS- cycD24/1). C, D, Per silencing in the epithelial glia affects sleep time during the day. E, Adult-specific
neurotransmission disruption in epithelial glia (TubGal80ts;netB.ebonyRNAi) affects sleep amount during the day. Statistically significant differences are marked with asterisks: *p� 0.05,
**p� 0.01, ****p� 0.0001. Detailed statistics are provided in Table 2. F, Temperature-dependent clock disruption in epithelial glia does not affect daily changes in the complexity of sLNv
neurons terminals (differences between time points are statistically significant with p= 0.0061 for control, p= 0.0031 for experimental group), but it decreases amplitude of this oscillations.
Means6 SE.
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daytime. This suggests that mechanisms of nap and sleep regula-
tion are different and may involve different glia types.

We found that peripheral oscillators located in a few types of
glia are involved in the regulation of sleep/activity pattern. They
include astrocyte-like, giant chiasm glia, epithelial, subperineurial
and pseudocartridge glia which have been reported to express
per and are regarded as circadian oscillators (Siwicki et al., 1988;
Zerr et al., 1990; Suh and Jackson, 2007; Ng et al., 2016; Long
and Giebultowicz, 2018).

Astrocytes regulate sleep using mechanism other than
vesicular trafficking
It has been suggested that the most important type of glia
involved in the regulation of behavior are astrocytes (You et al.,
2018). In flies, astrocytes play a similar role as in mammals in
regulating metabolism, neurotransmitter turnover, and trans-
port. They are activated in a calcium-dependent manner (Ng et
al., 2011), and their role in maintaining circadian rhythms is cor-
related with a proper vesicle trafficking (Ng et al., 2011, 2016;
Jackson et al., 2015; Ng and Jackson, 2015). It was previously
shown that glutamate transporter Eaat1 plays an important role
in the modulation of fast synaptic transmission (Macnamee et
al., 2016); however, our results suggest that astrocyte oscillators
regulate sleep using other mechanism than glutamate signaling.

It is also possible that the oscillation of glutamate release is cru-
cial in this process. To test this possibility, we used flies with glu-
tamate transporter silencing, which weakened but did not
disrupt this signaling completely, and in effect, we did not
observe any significant changes in the level and pattern of sleep.
On the other hand, the previous data showed that daytime sleep
is affected by Eaat1 silencing in both cortex and astrocyte-like
glia; however, the amount of sleep was decreased (Farca Luna et
al., 2017). Interestingly, Eaat1 reduction in these glia types did
not affect glutamine synthetase level (Farca Luna et al., 2017).
Thus, astrocyte-like glia seem to affect sleep by another mecha-
nism than vesicular trafficking (Artiushin et al., 2018).

Epithelial glia regulate sleep by modulation of
neurotransmission through Ebony
The epithelial glia seem to be an important element of the clock
system, as well. In Drosophila these glial cells are in a close vicin-
ity to clock neurons: sLNvs, dorsal lateral neurons (LNd), dorsal
neurons DN1 and DN3 (Suh and Jackson, 2007), and to PDF-im-
munoreactive processes. Moreover, they change size and shape
during the day in the visual system, in the reversed pattern to
neurons, and participate in transmitting circadian information
from the clock in the brain to neurons in the visual system (Pyza
and Górska-Andrzejak, 2004). This process may depend on

Figure 6. Subperineurial and pseudocartridge glia may be involved in the sleep regulation. A, B, Clock disruption in the subperineurial and pseudocardridge glia (TubGal80ts;
moody.cycD24) increases sleep during the day comparing with both parental strains (TubGal80ts;moody-Gal4/1, UAS-cycD24/1). C, D, Per silencing in moody-expressing cells did not
change sleep time. Statistically significant differences are marked with asterisks: **p� 0.01, ****p� 0.0001. Detailed statistics are provided in Table 2. E, Temperature-depend-
ent clock disruption in moody-expressing cells does not affect daily changes in the complexity of sLNv neurons terminals (p = 0.035 for control and p� 0.0001 for experimental
group). Means 6 SE.
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changes in neurotransmitter or ion concentrations in the
extracellular space. Moreover, the epithelial glial cells in the
first optic neuropil (lamina) exhibit rhythmic expression of
the a subunit of the sodium-potassium pump (Górska-
Andrzejak et al., 2009), which is under control of peripheral
clocks located in the retina photoreceptors, glia and the
pacemaker via PDF signaling (Damulewicz et al., 2013). In
addition, the epithelial glia have rhythmic expression of eb-
ony, which is necessary for circadian rhythmicity (Suh and
Jackson, 2007), because its protein takes part in metabolism
of neurotransmitters. Our results suggest that daily changes
observed in the epithelial glia regulate also sleep time, espe-
cially during the day and Ebony is involved in this wake-
promoting effect by daily modulation of dopamine level.

Chiasm giant glia affect sleep level
The chiasm giant glia are located between the lamina and
medulla neuropils (outer chiasm, X0) and between the me-
dulla and lobula (inner chiasm, Xi), and form an envelope
around axon bundles which cross both chiasmata (Tix et al.,
1997). Our study, supported by already published data
showed that the chiasm giant glial cells express per cycli-
cally, so they belong to the system of peripheral oscillators
(Long and Giebultowicz, 2018). Flies with the clock disrup-
tion in the chiasm glial cells are rhythmic but their sleep is
changed, which suggests that these peripheral oscillators
are necessary to maintain behavioral rhythms. They may be
involved in the daily synchronization of the visual system
with processes in the brain and with behavior.

Subperineurial glia may be a part of glial clock network
Subperineurial glia are an important component of the hemo-
lymph-brain barrier, which protects neurons from unregulated
exchange with humoral fluids. Our data indicate that oscillators

located in this type of glia might be involved in sleep regulation;
however, per silencing did not show significant results. On the
one hand, it is possible that DCYC expression caused metabolic
changes in the glia which are not connected with clock functions,
but on the other hand, per silencing could be not effective
enough to disrupt the clock in these cells. Although an involve-
ment of clock in subperineurial glia needs more detailed exami-
nation, the role of these cells in the regulation of sleep has
already been confirmed. It was previously shown that disruption
of endocytosis inmoody-expressing cells enhances total and day-
time sleep (Artiushin et al., 2018). Endocytosis at the hemo-
lymph-brain barrier shows daily changes and it is higher during
the early night, but there are strong evidences that it is regulated
rather by sleep need than the circadian clock (Artiushin et al.,
2018). However, disruption of oscillators in subperineurial glia
might change rhythms in endocytosis and in effect affect sleep
amount.

Involvement of epithelial glia in tripartite synapses is
important for sleep regulation
In the present study, we also tried to find a signaling pathway
involved in the regulation of circadian rhythms by glia. It
has been shown that the fly’s glia form aminergic and gluta-
matergic tripartite synapses (Jackson and Haydon, 2008;
Edwards and Meinertzhagen, 2010). In the first optic neu-
ropil (lamina), R1-R6 photoreceptor terminals form tetrad
synapses with four postsynaptic partners including the epithe-
lial glial cells, most probably using DLG1 as a postsynaptic
protein (Hamanaka and Meinertzhagen, 2010). The other tri-
partite synapses were described in neuromuscular junctions
formed by perisynaptic glia (Strauss et al., 2015). Moreover,
astrocyte-like glia seem not to be involved in synapse forma-
tion in Drosophila, opposite to mammals (Macnamee et al.,
2016).

Figure 7. Effect of dlg1 silencing in glia on sleep pattern and level. A, B, Pan-glial dlg1 silencing causes increased sleep time during the day. C, D, Flies with dlg1RNAi expressed in epithelial
glia show longer day time sleep. Means6 SE. Statistically significant differences are marked with asterisks: *p� 0.05, ****p� 0.0001. Detailed statistics are provided in Table 2.
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To check whether this type of signaling is necessary to
maintain the daily activity rhythm and sleep pattern, we
silenced discs large (dlg1) expression using the repo driver.
DLG1 is a presynaptic and postsynaptic protein (Lahey et
al., 1994) involved in the formation of scaffolding postsy-
naptic structures (Budnik et al., 1996). Because DLG1 is
involved in neurotransmission, its silencing in a specific
glia type should block communication between neurons
and the examined glia. We found sleep lengthening during
the day after pan-glial dlg1 silencing; however, the similar
effect was observed only when DLG1 level was diminished
in the epithelial glia. The only known tripartite synapses
involving epithelial glia are formed with the retinal R1-R6;
however, disruption of neurotransmission from these pho-
toreceptors affects sleep level during the night, but not dur-
ing the day (Damulewicz et al., 2020). It seems that other

presynaptic partners for the epithelial glia need to be stud-
ied in the future.

Circadian changes in the sLNv terminal complexity are
maintained by astrocytes and chiasm glia
Sleep amount is regulated by many different neurons located in
sleep centers and by clock neurons. Among clock neurons the
most important are PDF-expressing sLNv, which send axonal
terminals to the dorsal brain. These axonal ends change their
complexity in the daily pattern (Cao and Nitabach, 2008;
Fernández et al., 2008). It was previously shown that this daily
plasticity causes changes of postsynaptic partners, in effect sLNvs
contact with mushroom bodies in specific time of the day
(Gorostiza et al., 2014). Structural plasticity of axonal terminals
depends on circadian oscillators, in both, clock neurons and glial
cells (Fernández et al., 2008; Herrero et al., 2017). It has been

Figure 8. Silencing of postsynaptic dlg1 in A–B: astrocyte-like glia (alrm>dlg1RNAi), C–D: chiasm giant glia (Wnt4>dlg1RNAi), E–F: subperineurial and pseudocartridge glia (moody>dlg1RNAi)
do not affect sleep pattern nor level. Detailed statistics are provided in Table 2.
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shown that pan-glial clock disruption abolishes structural plastic-
ity of the sLNv terminals (Herrero et al., 2017), and now in the
present study, we described specific glia types involved in this
process, which are astrocytes and giant optic chiasm glia.
Additionally, oscillators located in the epithelial glia regulate the
amplitude of this rhythm. The lack of effects on the rhythm of
PDF1 cell axonal terminals after clock disruption in subperineu-
rial glia supports a hypothesis that this type of glia works locally
and does not interacts directly with clock neurons.

To summarize, we showed that glial cells are involved in the
regulation of rhythmic behavior. Peripheral oscillators in glia
have a wake-promoting effect. In addition, synaptic contacts
formed between the photoreceptor terminals and the epithelial
glial cells activate the wake-promoting pathway. Our study
showed that the most important glial oscillators which regulate
sleep are located in astrocyte-like glia, the chiasm giant glia, epi-
thelial glia; however, other glia types seem also contribute to this
process.
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