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Astrocytes in the Ventrolateral Preoptic Area Promote Sleep
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Although ventrolateral preoptic (VLPO) nucleus is regarded as a center for sleep promotion, the exact mechanisms underly-
ing the sleep regulation are unknown. Here, we used optogenetic tools to identify the key roles of VLPO astrocytes in sleep
promotion. Optogenetic stimulation of VLPO astrocytes increased sleep duration in the active phase in naturally sleep-waking
adult male rats (n= 6); it also increased the extracellular ATP concentration (n= 3) and c-Fos expression (n= 3–4) in neurons
within the VLPO. In vivo microdialysis analyses revealed an increase in the activity of VLPO astrocytes and ATP levels during
sleep states (n= 4). Moreover, metabolic inhibition of VLPO astrocytes reduced ATP levels (n= 4) and diminished sleep dura-
tion (n= 4). We further show that tissue-nonspecific alkaline phosphatase (TNAP), an ATP-degrading enzyme, plays a key
role in mediating the somnogenic effects of ATP released from astrocytes (n= 5). An appropriate sample size for all experi-
ments was based on statistical power calculations. Our results, taken together, indicate that astrocyte-derived ATP may be
hydrolyzed into adenosine by TNAP, which may in turn act on VLPO neurons to promote sleep.

Key words: astrocyte; gliotransmitters; optogenetics; sleep; ventrolateral preoptic area

Significance Statement

Glia have recently been at the forefront of neuroscience research. Emerging evidence illustrates that astrocytes, the most abun-
dant glial cell type, are the functional determinants for fates of neurons and other glial cells in the central nervous system. In
this study, we newly identified the pivotal role of hypothalamic ventrolateral preoptic (VLPO) astrocytes in the sleep regula-
tion, and provide novel insights into the mechanisms underlying the astrocyte-mediated sleep regulation.

Introduction
The maintenance of neural activity involves many energy-con-
suming processes; consequently, sleep is required to restore energy
(Benington and Heller, 1995). Sleep, which is also associated with
a number of brain functions including memory consolidation and
synaptic plasticity (Bezzi and Volterra, 2001), is regulated by two
processes: (1) the circadian rhythm and (2) sleep propensity (also
known as pressure), which depends on prior brain activity during
waking (Tobler and Borbély, 1990; Borbély et al., 2016). In
this regard, sleep promotion based on sleep need requires simulta-
neous “sleep-on” and “wake-off” signals; therefore, neural circuits

that facilitate a reciprocal inhibition between sleep and arousal
centers play a pivotal role in sleep promotion (Sherin et al., 1998;
Chou et al., 2002; Saper et al., 2010). In particular, the ventrolateral
preoptic (VLPO) area, which modulates several arousal centers
within the brain by GABAergic inhibitory projections (Sherin et
al., 1998; Steininger et al., 2001; Saper et al., 2010), is one of the
key nuclei that promote sleep (Gallopin et al., 2000; Saper et al.,
2010). Indeed, lesions in the VLPO area cause insomnia and
impairment of NREM sleep (Lu et al., 2000). In a group of neu-
rons within the VLPO area, the expression of c-Fos protein has
been shown to specifically increase during sleep but not during
wakefulness (Sherin et al., 1996).

A growing body of evidence suggests that astrocytes interact
with adjacent neurons through the release of distinct neuroactive
substances, known as gliotransmitters (which include glutamate,
ATP, D-serine, and GABA), in response to adequate stimulation
such as neuronal activity (Santello et al., 2012; Araque et al.,
2014). Consequently, astrocytes can modulate several physiologi-
cal brain functions, including synaptic transmission, breathing,
perception, learning, and memory (Ben Achour and Pascual,
2012; Frank, 2013; Araque et al., 2014; Perea et al., 2014).
Astrocytes also play an important role in sleep homeostasis and
in the cognitive decline associated with sleep loss (Halassa et al.,
2009). Such global changes in sleep homeostasis can be mediated
by astrocytic release of ATP and the subsequent hydrolysis of
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ATP to adenosine, and these changes depend on adenosine A1

receptors (Halassa et al., 2009). Also, stimulation of local astro-
cytes in the area responsible for sleep-wake regulation, such as
posterior hypothalamus, increases sleep (Pelluru et al., 2016).
Adenosine is therefore regarded as an endogenous sleep-promot-
ing substance (Porkka-Heiskanen et al., 1997; Porkka-Heiskanen
and Kalinchuk, 2011).

The somnogenic effects of exogenously applied adenosine on
several brain regions, including the VLPO area, have previously
been documented (Ticho and Radulovacki, 1991; Huston et al.,
1996; Porkka-Heiskanen et al., 1997; Gallopin et al., 2005;
Methippara et al., 2005; Zhang et al., 2013; Liu et al., 2017).
However, the mechanisms underlying the sleep-regulating effect
of local astrocytes and gliotransmitters derived from them within
the VLPO area have yet to be established. In the present study,
therefore, we used optogenetic tools (Figueiredo et al., 2011) to
investigate the functional roles of local astrocytes within the
VLPO sleep center and to elucidate the possible mechanisms
underlying the neuron–astrocyte interaction.

Materials and Methods
All experiments complied with the guiding principles for the care and
use of animals approved by the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and every effort was made to
minimize both the number of animals used and their suffering. All ani-
mals were housed individually in Plexiglas cages (28� 42� 18 cm) in a
controlled environment at 21–24°C and with a 12/12 h light/dark cycle
(lights on from 7 A.M. to 7 P.M. for the rats injected with the adenoviral
vector or lights on from 6 A.M. to 6 P.M. for the rats injected with the
adeno-associated viral vector). They were fed a standard commercial
food, and tap water was made available ad libitum, except on the days of
the recordings. Adult male Sprague Dawley (SD) rats (275–300 g, 8–
12weeks old) were used for all behavioral studies and microdialysis
experiments, except where indicated. There was no discrepancy between
the number of animals at the beginning and at the end of the study. All
relevant data shown in this study are available from the authors.

Molecular, cellular, and histologic studies
Viral gene transfer in vivo
Adult rats were anesthetized with 2–4% isoflurane (Baxter) and placed
on a stereotaxic frame. Ventral regions of the VLPO area were targeted
unilaterally or bilaterally for microinjections of adenoviral vectors (Ad-
ChR2-Kat1.3; generously provided by Kasparov at University of Bristol,
Bristol, UK) using the following coordinates: antero-posterior (A) �0.4
mm, lateral (L) 61.1 mm from bregma, and ventral (V) �8.5 mm from
dura. Alternatively, adeno-associated viral vectors (AAV-ChR2-eYFP;
University of North Carolina Gene Therapy Program Vector Core) were
similarly injected into the same VLPO region. After microinjection, the
wound was sutured. Immediate postoperative care was given, and animals
were left to recover for 7 d before the experiments to ensure a high level of
transgene expression. In all behavioral experiments using viral vectors
(Ad-ChR2-Kat1.3, Ad-eGFP, AAV-ChR2-eYFP, and AAV-eYFP), the
expression of the relevant proteins within the VLPO region was verified as
fluorescent signals at the end of each experiment. Data from behavioral
experiments for which fluorescent signals were not detected within the
VLPO region were discarded. A combination of Ad-ChR2-Kat1.3 and
Ad-eGFP was successfully used for optogenetic stimulation of spinal astro-
cytes in one of our previous studies (Nam et al., 2016).

Confocal imaging of Ca21 responses in cultured astrocytes
After infection with Ad-ChR2-Kat1.3 or AAV-ChR2-eYFP, primary
astrocytes were loaded with Fluo-4 or rhodamine 2. Images were then
obtained using a confocal microscope with a water-immersion objective
(40�). A 488-nm Argon laser was used to activate channelrhodopsin-2
(ChR2) and excite Fluo-4, and measurements were taken using a band-
pass filter (505–550nm). The illumination intensity was kept to a mini-
mum by limiting it to 0.5–0.7% of laser output.

Microdialysis
Adult rats were maintained under isoflurane anesthesia and mounted
onto a stereotaxic frame. Two guide cannulae, one for optical stimulation
and the other for microdialysis, were implanted into the VLPO region.
The tips of the guide cannulae were lowered to 1.0 mm above the target: A
�0.4 mm, L 61.1 mm from the bregma, and V �8.5 mm from the dura.
These were fixed to the skull with three anchor screws using dental
cement. The cannula for optic stimulation was inserted obliquely (at an
angle of 20°); the microdialysis probe cannula was inserted perpendicu-
larly into the VLPO region. Following the cannula implantation, the rats
were housed individually and allowed to recover for 7 d. The microdialysis
probe (CMA Microdialysis AB) was inserted into the VLPO region
through the guide cannula 24 h before the start of the microdialysis. The
probe was connected to a microperfusion pump with polyethylene tubing
and perfused with artificial CSF (ACSF) at a flow rate of 0.5ml/min.
Extracellular fluid (ECF) from the outlet end of the tube was collected in
plastic vials kept on ice. Samples were collected for 120min with 60-min
intervals. Collected samples were immediately frozen at �80°C until anal-
ysis of ATP, adenosine, other gliotransmitters, and cytokines. For some
experiments, ECF was collected after administration of a metabolic inhibi-
tor of astrocytes [L-a-aminoadipate (L-a-AA), 10 nM; Sigma-Aldrich] or
2,5-dimethoxy-N-(quinolin-3-yl)benzenesulfonamide [tissue-nonspecific
alkaline phosphatase (TNAP) inhibitor (TNAP-I); Merck Millipore].
Cresyl violet staining of brain sections (sagittal and coronal) was done for
histologic verification of probe placement.

Immunohistochemistry
Animals were anesthetized with diethyl ether and transcardially perfused
first with saline and then with 4% paraformaldehyde diluted in 100 mM

PBS. The brains were fixed in 4% paraformaldehyde for 3 d before being
cryo-protected using a 30% sucrose solution for a further 3 d. The fixed
brains were embedded in OCT compound (Tissue-Tek; Sakura Finetek)
and then sectioned to a thickness of 20–25mm. For the double or triple
immunofluorescence analysis, tissue sections were incubated with mouse
anti-GFAP antibody (1:500 dilution; BD Biosciences, catalog #556330;
Jha et al., 2015), mouse anti-GAD67 (1:500 dilution; Millipore, catalog
#MAB5406; Guo et al., 2014), mouse anti-c-Fos (1:500 dilution; Santa
Cruz Biotech, catalog #sc-8047; Grafe et al., 2014), rabbit anti-GFAP
(1:1000 dilution; Dako, catalog #Z0334; Van Poucke et al., 2016), rabbit
anti-Iba-1 (1:1000 dilution; Wako, catalog #019-19741; Choudhury et
al., 2016), and mouse anti-NeuN (1:500 dilution; Millipore, catalog
#MAB377; Guenthner et al., 2013). Sections were visualized via incuba-
tion with Cy3-conjugated, Cy5-conjugated, and FITC-conjugated anti-
mouse, anti-rabbit, or anti-goat IgG antibodies (The Jackson Laboratory;
Cy3-mouse, catalog #715-165-151; Cy3-rabbit, catalog #711-165-152;
Cy3-goat, catalog #705-165-147; Cy5-rabbit, catalog #711-175-152;
FITC-mouse, catalog #715-095-151; FITC-rabbit, catalog #711-096-
152; FITC-goat, catalog #705-095-147) and examined under fluorescence
or confocal microscopes. Fluorescence intensities were quantified using
ImageJ software version 1.44 (National Institutes of Health). For quanti-
tative analysis, images were obtained from three non-overlapping fields
chosen randomly within the VLPO area.

Bioluminescence assay
The extracellular ATP content of the samples was determined using an
ATP bioluminescence assay kit (Sigma) and a Synergy four Multi-
Detection Microplate Reader (BioTek Instruments Inc.). Undiluted samples
(100ml) of the culture medium from primary astrocytes or diluted samples
of dialysate (25ml of the dialysate from the buffer-perfused brain tissue
mixed with 75ml of ultrapure water) were pipetted into a 96-well micro-
plate for ATP analysis. ATP assay mix solution (100ml) was added to each
well and the luminescence signal was assessed kinetically within 1min.

Analysis of gliotransmitters using an amino acid auto-analyzer
Dialysate samples (50ml), which were hydrolyzed with 6 N HCl, were
injected into an amino acid auto-analyzer (L-8900, Hitachi). Free amino
acids were then separated on an ion exchange column (2622 SC PF,
Hitachi) at 50°C and eluted with a buffer set (PF-1, PF-2, PF-3, PF-4,
PF-6, PF-RG, R-3, and C-1) as a mobile phase. Subsequently, the eluted
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free amino acids were reacted with ninhydrin solution (Wako) at 135°C
in a post-column. Finally, the detected ninhydrin-labeled free amino
acids, which were measured at wavelengths of 570 and 440 nm, were
quantified. A mixture of type ANII and type B (Wako) was used as an
internal standard for free amino acid quantification.

Cytokine ELISA
Levels of TNF-a and IL-1b in the brain dialysate samples were meas-
ured using specific ELISA assays (R&D Systems). The assays were per-
formed in 96-well plates using ECF (1:50 dilution) as per the
manufacturer’s instructions. For standard, recombinant TNF-a or IL-
1b protein was used at concentrations ranging from 10 to 2500pg/ml.
Recombinant TNF-a and IL-1b protein levels were normalized to the
total protein content of the ECF samples. All measurements were
obtained from duplicated assays.

Primary cultures of astrocytes
Neonatal astrocyte cultures were prepared from mixed glial cultures as
previously described but with minor modifications. In brief, the whole
brain of SD rats (2–3 d old, both sexes) was chopped and mechanically
disrupted using a nylon mesh. The cells obtained were seeded in culture
flasks and grown at 37°C in a 5% CO2 atmosphere in DMEM supple-
mented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin-
streptomycin (Invitrogen-BRL). Culture media were changed initially af-
ter 5 d and then every 3 d, and cells were used after being cultured for
14–21d. Primary astrocytes were obtained by shaking mixed glial cul-
tures at 250 rpm overnight. Culture media were discarded, and then
astrocytes were dissociated using trypsin-EDTA (Invitrogen-BRL) before
being collected following centrifugation at 1200 rpm for 10min. Finally,
primary astrocyte cultures were grown and maintained in DMEM sup-
plemented with 10% FBS and penicillin-streptomycin at 37°C in a
humidified 5% CO2 incubator.

In vivo sleep recordings
Surgery and microinjection of viral vectors
Adult rats were anesthetized with an intraperitoneal injection of a 2 ml/
kg cocktail of ketamine hydrochloride (72.6mg/kg) and xylazine hydro-
chloride (5.1mg/kg). Additional injections of this cocktail (1 ml/kg)
were repeated as required to maintain anesthesia. Rats were placed in a
stereotaxic instrument (David-Kopf Instrument Co) in the flat-skull
position to implant EEG electrodes. Two 22-gauge stainless steel guide
cannulae were bilaterally implanted and the tip was gently lowered to
1.0–3.0 mm above the VLPO region (�0.6 mm from bregma,61.4 from
midline, �8.8 mm from dura) or 1 mm above the hippocampus (�4.3
mm from bregma, 64.0 from midline, �3.0 mm from dura) to prevent
damage to the target region. All electrodes and guide cannulae were
secured in place with dental cement. A 27-gauge injection needle was
then inserted on each side, such that the needle’s tip reached into the
VLPO region, and the adenoviral vector (Ad-ChR2-Kat1.3 or Ad-eGFP)
or adeno-associated viral vector (AAV-ChR2-eYFP or AAV-eYFP) was
injected into the animals for 10min at a rate of 0.1ml/min. The needle
was removed 10min after the injection. Subsequently, a fiber optic can-
nula (200mm in diameter, 0.37NA) was inserted into each guide can-
nula, such that the fiber optic cannula’s tip was placed 0.5 mm above the
VLPO region, before being fixed with dental cement.

Photostimulation
After recovery from surgery, optic cables connected to a laser source
(473nm; SDL-473-100MFL, Shanghai Dream Lasers Co) were con-
nected to the optic cannulae for photostimulation. Photostimulation was
applied bilaterally for 30–120min at a frequency of 1Hz (500ms on/off)
by a stimulator (Model S-88, Grass Inc.). The light intensity at the tip of
the fiber optic cable was 1.3–1.7 mW (PM204, Thorlabs Co) and, usu-
ally, the light intensity at the tip of the optic cannulae was 80–85% of
that at the tip of the optic cable. Sleep and behavior were recorded from
9:30 A.M. to 6:30 or 10 P.M. The first session for stimulation was done
during mostly sleeping state in the light phase (12:30 to 2:30 P.M.) and
another session for stimulation was done during mostly awake state in
the light phase (3:30–5:30 P.M.). At least 24 h-interval was given between

the sessions. If photostimulation was to induce sleep, three 30-min stim-
ulation sessions were performed successively (11:00–11:30 A.M., 2:00–
2:30 P.M., and 5:00–5:30 P.M.) immediately after awakening the animal
by cage tilting (one side of the cage was lifted up at an angle of 45° from
the floor three times) before sleep latencies were measured. Cage tilting
brings rats to the same level of awakeness in a manner similar to that of
the multiple sleep latency test used to measure sleepiness (McKenna et
al., 2008). We employed this cage tilting method to test the effects of
optogenetic stimulation on sleep promotion by measuring sleep latency.
Additional photostimulation experiments were performed in both the
light (12 to 2 P.M.) and dark (7–9 P.M.) phases in rats injected with
AAV-ChR2-eYFP and AAV-eYFP to test the reproducibility of effects
with another viral vector. Each 120-min photostimulation session in
both the light and dark phases was conducted separately with at least 24-
h time interval. The hippocampus was selected as a control brain region
to confirm the specific effects on VLPO astrocytes.

Microinjection of drugs
After three consecutive stable recording sessions, experimental microin-
jections were initiated. First, the stylet was removed from the guide can-
nula and then a 27-gauge injection needle was inserted on each side,
such that the needle’s tip extended into the VLPO region (�0.6 mm
from bregma, 61.4 from midline, –8.8 mm from dura). Subsequently,
L-a-AA, TNAP-I, or vehicle (3ml per side for 30min at a rate of 0.1ml/
min) was infused through an injection needle connected to a 50ml
Hamilton syringe via a length of polyethylene tubing (PE-25) and using
a syringe pump (Model 22; Harvard Apparatus).

Recording and sleep-wake state scoring
Recordings were started at least 7 d after surgery. After the animals were
acclimated to the recording setup (i.e., the chamber and connection
cable) for 3 d, the daily recording was performed from 9:30 A.M. to 6:30
or 10 P.M. EEG signals from the cortices and vibration signals from the
vibration plate were amplified with 10,000� and 10� gain, respectively,
and they were filtered at 0.5–100Hz (Model 3500; AM Systems). The
signals were digitized at a rate of 200Hz (DAQ PAD6015; National
Instrument Inc.) with a custom-made LabView program (National
Instruments Inc.). Sleep-wake states were rated by two experienced scor-
ers according to EEG and vibration signals, which represented motor
activity. Each 10-s epoch was scored as one of three states: wake, slow-
wave sleep (SWS), or paradoxical sleep (PS). All procedures in the be-
havioral tests, including surgery, virus injection, and the scoring of
sleep-wake states, were performed in a randomized double-blind man-
ner to ensure impartiality and avoid errors arising from bias.

Power spectrum analysis
The power spectrum of each sleep-wake state was calculated in each seg-
ment after dividing recordings into 30min segments, from 60min before
to 60min after photostimulation. To evaluate sleep intensity, the d
power (0.5–2.5Hz) was derived from the power spectrum of the SWS
state during stimulation.

Electrophysiology
Whole-cell patch-clamp recordings
Electrophysiological measurements were performed from cultured astro-
cytes expressing ChR2 at a holding potential of �80mV using a patch-
clamp amplifier (Axopatch 200B; Molecular Devices). For whole-cell
recordings, patch pipettes were made from borosilicate capillary glass
(1.5 mm outer diameter, 0.9 mm inner diameter; G-1.5; Narishige) using
a pipette puller (P-97; Sutter Instrument Co). The resistance of the re-
cording pipettes filled with internal solution (140 mM Cs-methanesulfo-
nate, 10 mM CsCl, 2 mM EGTA, 2mM Mg-ATP, and 10 mM HEPES; pH
7.2 with Tris-base) was 2–5 MV; the liquid junction potential was cor-
rected. Astrocytes were viewed under phase contrast on an inverted
microscope (TE-2000; Nikon). Membrane current was low-pass filtered
at 1 kHz and acquired at 4 kHz (Digidata 1440; Molecular Devices).
During recordings, 10-mV hyperpolarizing step pulses (30ms in dura-
tion) were periodically applied to monitor the access resistance, and
recordings were discontinued if access resistance changed by .10%. All
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Figure 1. Functional expression of ChR2 in astrocytes. A, An illustration of the adenoviral vector containing the ChR2 construct (Ad-ChR2-Kat1.3; Ad-sGFAP-ChR2(H134R)-Katushka1.3). The
expression of ChR2 is controlled by GfaABC1D, a shortened version of the GFAP promoter. mCMV operating in the antisense orientation drives the expression of a chimeric transcriptional activa-
tor Gal4p56, while the specificity of expression in both directions is determined by GfaABC1D. B, Phase contrast (Ph, left), fluorescence (middle), and superimposed (right) images of cultured
astrocytes infected with Ad-ChR2-Kat1.3. C, Typical traces of membrane currents induced by different photostimulation (473 nm) intensities in cultured astrocytes (a). Photostimulation inten-
sity-current relationship in cultured astrocytes (b). All points and error bars represent the mean and SEM from four experiments. D, Typical traces of photostimulation (473 nm)-induced mem-
brane currents in a standard external solution (upper), a Na1-free (replaced with equimolar NMDG1) solution (0 Na1; middle), and a solution that was both Na1-free and Ca21-free
(0 Na1/Ca21; lower; a). Changes in photostimulation-induced membrane currents for each condition (b). All columns and error bars represent the mean and SEM from five experiments. Note
that the photostimulation-induced membrane currents in the Na1-free solution were significantly reduced by omission of extracellular Ca21; pp, 0.05; paired t test; t(4) = 4.21, p= 0.0136.
E, Typical fluorescence images of ChR2-expressing astrocytes displaying the Ca21 response on photostimulation. Cultured astrocytes were infected with Ad-ChR2-Kat1.3 and loaded with Fluo-
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experiments were performed at room temperature (22–24°C). The exter-
nal solution (150 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM

glucose, and 10 mM HEPES; pH 7.4 with Tris-base) was applied using
the “Y–tube system” for rapid solution exchange (Murase et al., 1989).
In the Na1-free external solution, NaCl was replaced with equimolar N-
methyl-D-glucamine-Cl. A fiber optic cannula (200-mm inner diameter,
0.37NA) connected to a laser source [blue laser (473nm); SDL-473-
100MFL; Shanghai Dream Lasers Technology Co] was placed on the vi-
cinity of astrocytes (within 500mm) using a micromanipulator.
Photostimulation (500ms in duration) was triggered at a frequency of
0.1Hz using a stimulator (SEN-7203; Nihon Kohden). The maximal
light intensity at the tip of the fiber optic cannula was 1.7 mW (PM204;
Thorlabs Co).

Statistics
The parametric statistical test methods used in this study were two-
tailed paired or unpaired Student’s t tests and one-way ANOVA.
Each test method was chosen based on the properties of the data
under the assumption that they had a normal distribution. All sta-
tistical test methods are defined in the relevant figure legends.
Changes in ATP or adenosine concentration and fluorescence in-
tensity were tested using a one-way ANOVA or unpaired Student’s
t test. In behavioral experiments, changes in the duration of sleep
stage, sleep latency and d EEG power were tested using an
unpaired Student’s t test in the presence or absence of photostimu-
lation. Power calculations were performed to estimate the proper
sample size using the GpPower 3.1 program (Faul et al., 2009). The
proper sample sizes were calculated for a power of 0.8 in all tests,
and the sample sizes of data shown in this study were revealed to
be satisfactory in most experimental results. Numerical values are
provided as the mean 6 SEM, except where indicated. Differences
were considered statistically significant at p, 0.05.

Results
Optogenetic stimulation of VLPO astrocytes promotes sleep
To examine whether astrocytes within the VLPO region can pro-
mote sleep, we used optogenetic tools to selectively modulate astro-
cytic activity without directly affecting neighboring neurons
(Figueiredo et al., 2011). First, ChR2, a light-sensitive cation chan-
nel, was selectively expressed in cultured astrocytes via viral vectors
(Ad-ChR2-Kat1.3 or AAV-ChR2-eYFP). Photostimulation (at a
wavelength of 473nm) through an optic fiber induced inwardly
directed membrane currents in these cultured astrocytes, which
indicated their functional expression of ChR2 (Fig. 1). In ChR2-
expressing astrocytes, photostimulation induced inwardly directed
membrane currents in an intensity-dependent manner, and the
maximal amplitudes were elicited by photostimulation at 1.4–1.7
mW (Fig. 1C). Therefore, an intensity of 1.7 mW was used to stim-
ulate ChR2-expressing astrocytes in all subsequent experiments.
The photostimulation-induced membrane currents were greatly
reduced in the Na1-free (equimolar substitution by NMDG1)
external solution, and they were further decreased by depleting
extracellular Ca21 (Fig. 1D), which suggests that ChR2 might also
be permeable to Ca21 (Timofeev and Chauvette, 2017). It has been
reported that the blue light-gated channelrhodopsin pore is quite
large (6.2 A) compared with the red light-gated Chrimson (2.6 A;
Oda et al., 2018). Moreover, photostimulation elicited an instanta-
neous increase in intracellular Ca21 concentration and sustained
Ca21 oscillations (Fig. 1E–I).

Next, we injected AAV-ChR2-eYFP (Figs. 1J,K, 2, 3) or Ad-
ChR2-Kat1.3 (Figs. 4A–C, 5, 6) into the VLPO region of rats
using a stereotaxic system. Seven days after virus injection, pho-
tostimulation was delivered via an optic fiber to ChR2–express-
ing astrocytes within the VLPO region. Electroencephalogram
(EEG) recordings were then taken from these animals to exam-
ine their sleep patterns (Figs. 7, 8). The spatial expression profile
of ChR2 within the VLPO region as well as the astrocytic expres-
sion of ChR2 was verified after the completion of each experi-
ment [AAV-ChR2-eYFP (Fig. 1J,K); Ad-ChR2-Kat1.3 (Fig. 4A–
C)]. When the animals were mostly sleeping in the light phase
[Ad-ChR2-Kat1.3: wake duration= 18.56 2.8%, SWS duration=
58.96 2.1%, and PS duration= 24.76 11.1% (Fig. 4E); AAV-
ChR2-eYFP: wake duration= 43.46 21.1%, SWS duration=
40.56 18.8%, and PS duration= 15.96 3.4% (Fig. 8C)], photo-
stimulation did not significantly change sleep and/or wake dura-
tions (Figs. 4E, 8C) and sleep latency (Fig. 7Bd1). In contrast,
when animals were mostly awake during later period in the light

/

4AM. Note that photostimulation induced a profound increase in intracellular Ca21 concen-
tration (arrows) in the presence of 2 mM extracellular Ca21. F, Time courses of individual
(upper) and mean (lower) Fluo-4AM fluorescence intensity changes obtained from three
astrocytes on photostimulation in the absence or presence of extracellular Ca21(blue lines, 0
mM; red lines, 2 mM). Photostimulation (1.7 mW, 1 Hz, horizontal bar) was applied to Fluo-
4AM-loaded astrocytes. Fluorescence intensities were measured using Zeiss ZEN Microscope
software and are expressed as the ratio of (F – F0)/F0, where F0 is the base level fluorescence
intensity in cell bodies before any treatment. All measurements were corrected for back-
ground fluorescence. Increases in the fluorescence ratio that were .0.1 were considered to
be significant changes; basal level fluorescence values exhibited a peak (F – F0)/F0 ratio of
0.016 0.01 on average. The results are representative of three experiments. G, An illustra-
tion of the adeno-associated viral vector containing the ChR2 construct (AAV-ChR2-eYFP;
AAV-GFAP-hChR2(H134R)-eYFP). The expression of ChR2 is controlled by GfaABC1D, a short-
ened version of the GFAP promoter. H, Typical fluorescence images of AAV-ChR2-eYFP-
expressing astrocytes displaying a Ca21 response on photostimulation. Cultured astrocytes
were infected with AAV-ChR2-eYFP and loaded with rhodamine 2. Note that photostimula-
tion induced a profound increase in intracellular Ca21 concentration (arrows) in the presence
of 2 mM extracellular Ca21. I, Changes in individual (upper) and mean (lower) rhodamine 2
fluorescence intensities obtained from six astrocytes on photostimulation in the absence or
presence of extracellular Ca21 (blue lines, 0 mM; red lines, 2 mM). Photostimulation (1.7
mW, 1 Hz, horizontal bar) was applied to rhodamine 2-loaded astrocytes. The results are rep-
resentative of three experiments. J, Fluorescence images displaying AAV-ChR2-eYFP expres-
sion in the VLPO area. The VLPO regions in the brain slices were subjected to
immunofluorescence analysis to identify AAV-ChR2-eYFP (green) expression in astrocytes
(GFAP, red), which was confirmed by reconstructed Z-section images (bottom panels, high-
power images). Arrows indicate the co-localization of AAV-ChR2-eYFP and GFAP. ChR2
expression (green) was not co-localized with either Iba-1 or NeuN. Dotted lines indicate the
VLPO (core and extended region) and optic chiasm (OX) areas. The results are representative
of six experiments. K, Quantification of AAV-ChR2-eYFP-positive and GFAP-positive cells
around the VLPO region. Shown are the number of cells (a) and their co-localization (b).
Each column and error bar represents the mean and SD from three experiments.

Figure 2. A representative low-magnification image showing the localization of AAV-
ChR2-eYFP in VLPO region.
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phase (Ad-ChR2-Kat1.3: wake duration= 59.16 13.7%, SWS
duration= 35.76 6.8%, and PS duration 5.16 6.9%; Fig. 4F) or
dark phase (AAV-ChR2-eYFP: wake duration= 82.96 6.7%;
SWS duration= 12.56 6.6%; and PS duration= 4.56 3.1%; Fig.
8D), photostimulation significantly increased SWS and PS dura-
tions (p, 0.05; Figs. 4F, 8D) and decreased sleep latency (Fig.
7Bd1). Such effects were not observed in rats injected with a con-
trol viral vector (Ad-eGFP or AAV-eYFP; Figs. 7Ba2–d2, 8G–I).
Photostimulation did not increase d power during SWS,
although sleep duration was increased (Fig. 4E,Fb, 7C, 8E,F). In
addition, photostimulation of the hippocampus, which is not
related to sleep control, did not promote sleep, consistent with
the specific sleep-promoting effect of VLPO photostimulation
(Fig. 8J).

An increase in the activity of VLPO astrocytes and ATP
levels during sleep states
Given that our results thus far showed that the optogenetic acti-
vation of VLPO astrocytes was likely to promote sleep, we next
determined whether the activity of VLPO astrocytes changed
during natural sleep. A previous study showed that levels of c-
Fos expression within the VLPO area are proportional to sleep

duration (Sherin et al., 1996); therefore, we examined the expres-
sion of c-Fos protein within the VLPO region in light and dark
phases. The total number of c-Fos-positive cells was significantly
higher in the light phase relative to the dark phase (90.06 22.3
and 33.06 22.8 cells in the light and dark phases, respectively;
n= 4; p, 0.05; Fig. 9E). The number of cells co-localized with c-
Fos and GFAP was also significantly higher in the light phase
than in the dark phase (27.56 9.6 and 5.86 1.7 in light and dark
phases, respectively; n=4; p, 0.05; Fig. 9E). These results sug-
gest that a causal relationship exists between the increase in the
activity of VLPO astrocytes and natural sleep behavior. We also
examined whether the increase in astrocyte activity affects neuro-
nal c-Fos expression within the VLPO region. In rats for which
AAV-ChR2-eYFP was injected into the VLPO region, photosti-
mulation of VLPO astrocytes significantly increased the number
of cells co-localized with c-Fos and GAD67, a GABAergic neuro-
nal marker, within the VLPO region (486 8 and 686 12 cells in
the unstimulated and photostimulation groups, respectively;
n= 3; p, 0.01; Fig. 9F). Moreover, photostimulation signifi-
cantly increased the number of cells co-localized with c-Fos and
GFAP (5.16 4.0 and 27.16 7.1 cells in the unstimulated and
photostimulation groups, respectively; n= 3; p, 0.05; Fig. 9G).

Figure 3. Expression of ChR2 in astrocytes in the VLPO area following AAV-mediated gene transfer. A, B, The VLPO regions of rat brains infected with AAV-ChR2-eYFP were subjected to im-
munofluorescence analysis to evaluate ChR2 (green) expression in microglia (A, Iba-1, red) and neurons (B, NeuN, red). These results were confirmed by reconstructed Z-section images. Nuclei
were stained with DAPI (blue). Images are representative of three independent experiments. C, D, Quantification of Iba-1, NeuN, or AAV-ChR2-eYFP-positive cells around the VLPO region.
Shown are the number of cells (a) and their co-localization (b). Each column and error bar represents the mean and SD from three experiments; n.d., not detected. Note that neither Iba-1 nor
NeuN was co-localized with AAV-ChR2-eYFP.
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Figure 4. Optogenetic stimulation of the VLPO astrocytes promotes sleep when rats are in a waking state. A, Timeline of experiments (top). Visual representation of the cannula placement
site used to stimulate VLPO astrocytes and the quantification of the ChR2-Kat1.3 expression profile in the VLPO area. Ad-ChR2-Kat1.3 was delivered to the VLPO area using a guide cannula.
The expression of ChR2 fused to Katushka1.3 was confirmed by fluorescence (red) detected in serial coronal sections of the brain. The VLPO area corresponds to the position 0.3–0.9 mm poste-
rior to bregma (red columns). The graph shows the quantification of ChR2 expression in the serial sections. Representative fluorescence images are also shown in the lower panel. Expression of
Ad-ChR2-Kat1.3 was confirmed in 15 animals, among which four animals were subjected to serial brain sectioning and fluorescence analysis. B, Fluorescence images of the VLPO region. Note
that Ad-ChR2-Kat1.3 (red) is co-localized with GFAP (green). Dotted lines indicate the areas of the VLPO region (core and extended region), supraoptic nucleus (SON), and optic chiasm (OX).
The results are representative of six experiments. Arrows in the magnified images (lower row) indicate co-localization of Ad-ChR2-Kat1.3 and GFAP. C, Quantification of cells positive for Ad-
ChR2-Kat1.3 and GFAP around the VLPO region. Shown are the number of cells (a) and their co-localization (b). Each column and error bar represents the mean and SD from six experiments.
D, Representative traces of a frontal cortex EEG (FC EEG), motor activity-related vibration, and a hypnogram before and during (Lb) photostimulation. W, wake; S, SWS; and P, PS. E, Effects of
photostimulation during the 12:30 P.M. to 2:30 P.M. (La) period. The duration of sleep-wake states (a) in the stimulation group (Stim, n= 7) was similar to that of the control group (No Stim,
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Identification of sleep-regulating gliotransmitters within the
VLPO region
Our results showed that c-Fos expression in VLPO astrocytes
was related to sleep-wake states and that photostimulation of
ChR2-expressing astrocytes increased c-Fos expression in
VLPO neurons, which suggests that a possible interaction
exists between astrocytes and neurons within the VLPO
region. Since a neuron–astrocyte interaction could be medi-
ated by gliotransmitters (Araque et al., 2014), we attempted
to determine which gliotransmitters were released from
VLPO astrocytes. Seven days after an injection of Ad-ChR2-
Kat1.3 into the VLPO region of living rats, photostimulation
was applied to VLPO astrocytes; subsequently, ECFs in the
VLPO area were obtained using a microdialysis technique
(Figs. 10A, 11). Bioluminescence analysis of the microdialy-
sate collected during 120min of photostimulation revealed
that the ATP concentration in the ECF of the ChR2-express-
ing test group was significantly higher than in that of the
control group, which did not express ChR2 (54.06 8.5 and
6.16 0.6 nM in the test and control groups, respectively;
n = 3; p, 0.01; Fig. 10B). This photostimulation-induced
increase in ATP concentration was greatly attenuated by pre-
treatment of the VLPO region with L-a-AA (3ml, 10 nM), a
metabolic inhibitor of astrocytes (Jiang et al., 2016; Nam et
al., 2016; Fig. 10C), suggesting that astrocytes were the major
cellular source of ATP in our in vivo experiments. In contrast
to ATP, the concentrations of other known gliotransmitters,
i.e., glutamate, D-serine, and glycine, were not increased in
microdialysates obtained from the VLPO area during photo-
stimulation (Fig. 10D). ATP has been previously reported to
induce IL-1b and TNF-a release from glia via P2X receptors
(Hide et al., 2000; Suzuki et al., 2004; Bianco et al., 2005).
Thus, in addition to adenosine, these cytokines may have
also increased sleep. However, an increase in the TNF-a and
IL-1b levels in the dialysate samples was not detected by
ELISA either in VLPO or hippocampus (Fig. 12). Although it
is certainly possible that the cytokines may be released and
exert sleep-promoting effects, the difference in the cytokine
levels may be below the detection limit in our hand.

We also examined whether ATP concentration changed
during natural wake-sleep states using a microdialysis tech-
nique coupled with EEG recording. We found that ATP
concentration was significantly higher in microdialysates
obtained from the VLPO region during a light phase rela-
tive to those obtained during a dark phase (55.86 3.5 and
11.26 3.1 nM from light and dark phases, respectively;
n = 4; p, 0.05; Fig. 10E,F). However, the increase in ATP
concentration in microdialysates from a light phase was
greatly reduced to 23.26 3.0 nM by the pretreatment of the
VLPO region with L-a-AA (3ml, 10 nM; n = 4, p, 0.05; Fig.
10E), suggesting that ATP might be released from astro-
cytes during natural sleep states. To confirm whether the
release of ATP from VLPO astrocytes was related to sleep-

wake states, we examined the effects of L-a-AA on sleep-
wake states in living animals. We found that the infusion of
L-a-AA (3ml, 10 nM) into the VLPO region increased the
animals’ wake duration (26.16 2.1% and 81.06 9.6% in the
control and L-a-AA groups, respectively; n = 4; p, 0.05)
and decreased their total sleep duration (Fig. 10G–I).

ATP can be released from astrocytes via either P2X7 receptors
or hemichannels (Bennett et al., 2003; Suadicani et al., 2006;
Gandelman et al., 2010; Xing et al., 2019); therefore, we exam-
ined the effects of Brilliant Blue G (BBG), a P2X7 receptor antag-
onist, and carbenoxolone (CBX), a hemichannel blocker (Fujii et
al., 2017; Xiong et al., 2018), on the photostimulation-induced
ATP release in cultured astrocytes. We found that the photosti-
mulation-induced ATP release was significantly attenuated by ei-
ther 100 nM BBG or 3 mM CBX (Fig. 13), suggesting that ATP is
released from astrocytes through hemichannels and/or P2X7
receptors.

Conversion of ATP to adenosine via TNAP in the VLPO
ATP released from astrocytes may be hydrolyzed into adeno-
sine by ATP-degrading enzymes, including ectonucleoside
triphosphate diphosphohydrolase (NTPDase) and/or TNAP.
Since TNAP is abundantly expressed within the brain and is
responsible for the hydrolysis of extracellular ATP to adeno-
sine in several brain regions (Dahl et al., 2009), we examined
the role of TNAP in the VLPO. With the aim of determining
the roles of both TNAP activity and the hydrolysis of ATP
into adenosine in sleep-wake states, we examined whether
adenosine concentration changes during natural sleep-wake
states. We found that the adenosine concentration in micro-
dialysates obtained from the VLPO region during a light
phase was significantly higher than in those obtained during
a dark phase (364.06 53.2 and 204.06 96.3 nM in the light
and dark phases, respectively; n = 5; p, 0.05; Fig. 14A,B).
However, the increase in adenosine concentration in micro-
dialysates during the light phase was greatly reduced to
200.26 25.4 nM by pretreatment of the VLPO region with
TNAP-I (3ml, 10mg/ml; n = 5, p, 0.05; Fig. 14A), which
suggests that TNAP is responsible for the adenosine concen-
tration increase within the VLPO region during natural sleep
states. We also examined the effect of TNAP-I on sleep-wake
states in living animals to confirm whether the ATP hydroly-
sis by TNAP is critical to these states. We found that the
infusion of TNAP-I (3ml, 10 mg/ml) into the VLPO region

/

n= 6). The d power during SWS was not affected by photostimulation (b); Each column
and error bar represents the mean and SD from 6-7 experiments; n.s., not significant;
unpaired t test. F, Effects of photostimulation during the 3:30 to 5:30 P.M. (Lb) period. The
duration of sleep (a) in the stimulation group (Stim, n= 6) was increased relative to that in
the control group (No Stim, n= 4). The d power during SWS was not affected by photosti-
mulation (b); Each column and error bar represents the mean and SD from 4-6 experiments;
*p, 0.05; n.s., not significant; unpaired t test; Wake, t(8) = 2.62, p= 0.0305; SWS, t(8) =
2.37, p= 0.0446; PS, t(8) = 2.37, p= 0.0453.

Figure 5. A representative low-magnification image showing the localization of Ad-ChR2-
Kat1.3 in VLPO region.

Kim et al. · VLPO Astrocytes in Sleep Promotion J. Neurosci., November 18, 2020 • 40(47):8994–9011 • 9001



increased the animals’ wake duration (16.06 3.6% and
42.76 10.8% in the control and TNAP-I groups, respectively;
n = 5; p, 0.05) and decreased total sleep duration (Fig.
14C–E). Thus, both the hydrolysis of ATP released from
VLPO astrocytes by TNAP activity and the resultant adeno-
sine apparently play critical roles in the sleep-promoting
effects on VLPO neurons.

Discussion
In the present study, we demonstrate the process of astrocyte-
mediated sleep promotion in the VLPO region. Optogenetic
gain-of-function study shows that selective stimulation of VLPO
astrocytes (using optogenetic tools) induces ATP release and
thereby promotes sleep. Loss-of-function studies using a meta-
bolic inhibitor of astrocytes and a pharmacological inhibitor of

Figure 6. Expression of ChR2 in astrocytes in the VLPO area following Ad-mediated gene transfer. A, Astrocytic expression of Ad-ChR2 (Ad-ChR2-Kat1.3) was confirmed by co-localization of
GFAP (green) staining and ChR2-Kat1.3 (red) expression in the VLPO area. Asterisks indicate the virus injection sites. ChR2-Kat1.3 (red) was found in the membrane of GFAP-positive astrocytes
(green), which was confirmed by reconstructed Z-section images. Nuclei were stained with DAPI (blue). The results are representative of five experiments. B, C, Brain sections containing the
VLPO region were subjected to immunofluorescence analysis to assess the expression of ChR2 in microglia or neurons. ChR2 expression (red) was not co-localized with either Iba-1 (B, green, a
microglial marker) or NeuN (C, green, a neuronal marker). Nuclei were stained with DAPI (blue). The results are representative of five experiments. D, E, Quantification of cells positive for Iba-
1, NeuN, or ChR2-Kat1.3 around the VLPO region. Shown are the number of cells (a) and their co-localization (b). Each column and error bar represents the mean and SD from five experiments;
n.d., not detected.
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Figure 7. Time-dependent effects of photostimulation on sleep promotion. A, Three photostimulation (473 nm, 1 Hz, 500 ms in duration for 30 min) sessions were conducted at 11 to 11:30
A.M. (L1), 2 to 2:30 P.M. (L2), and 5 to 5:30 P.M. (L3) after the awakening (indicated by arrowheads) of rats (top). Representative traces of the frontal cortex EEG (FC EEG), motor activity-
related vibration, and hypnograms (bottom). The recording session included a photostimulation period for 30min (L3, blue bar). At the start of each photostimulation, rats were awakened by
cage tilting (arrowheads). W, wake; S, SWS; and P, PS. B, Photostimulation-induced changes in the duration of wake (a1), SWS (b1), PS (c1), and sleep latency (d1) in rats with Ad-ChR2 (Ad-
ChR2-Kat1.3) expression in the VLPO area (n= 5). Note that photostimulation changed sleep parameters in comparison to those observed in control animals (No Stim, white columns, n= 5)
for the L3, but not for the L1 or L2, period. The averaged data for three sessions (pool) are also shown; pp, 0.05; unpaired t test; wake duration, L3, t(8) = 3.33, p= 0.0103, pool, t(8) =
2.48, p= 0.0378; SWS duration, L3, t(8) = 6.30, p= 0.0002, pool, t(8) = 2.75, p= 0.0249; sleep latency, L3, t(8) = 0.0104, pool, t(8) = 2.675, p= 0.0140. In rats with Ad-eGFP expression in the
VLPO area (n= 4, a2–d2), photostimulation (blue columns) did not affect the sleep-wake parameters relative to those of animals that were not photostimulated (n= 4). C, EEG power spectra
(a) and d (0.5–2.5 Hz) power (b) during SWS. Power spectra and d power were not significantly different among the three sessions regardless of whether they were stimulated or not. All
data represent the mean and SEM from five experiments. D, Tip locations of the optic cannula in the VLPO area of Ad-ChR2-Kat1.3-injected rats (red squares) and Ad-eGFP-injected rats (green
circles) are shown on coronal sections modified from the rat brain atlas.
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TNAP support the critical role of VLPO astrocytes, their release
of ATP, and the subsequent hydrolysis of ATP to adenosine in
the sleep promotion. In addition to these intervention studies,
our observation using histologic and microdialysis analyses

that the activity of VLPO astrocytes and ATP levels are
increased during sleep states further support the pivotal
role of astrocytes and ATP/adenosine in the sleep-promot-
ing VLPO.

Figure 8. Effects of photostimulation on sleep-wake states and EEG power in light and dark phases. A, B, Changes in the duration of sleep-wake states (wake, SWS, and
PS) every 30 min during light [A, zeitgeber time (ZT)5–ZT9] and dark (B, ZT12–ZT16) phases. In these experiments, AAV-ChR2-eYFP was delivered to the VLPO region.
Photostimulation was applied to the VLPO region for 120 min (blue bar). Each point and error bar represents the mean and SEM from four experiments. C, D,
Photostimulation-induced changes in the duration of sleep-wake states during light (C) and dark (D) phases. Each column and error bar represents the mean and SEM during
the first 60 min and the last 60 min of photostimulation. Note that in the first 60 min, but not the last 60 min, photostimulation significantly decreased the wake duration
and increased the SWS duration during the dark phase (n = 4, D); pp, 0.05; unpaired t test; wake duration, ZT13–ZT14, t(6) = 3.02, p = 0.0116; SWS duration, ZT13–ZT14,
t(6) = 3.18, p = 0.0095. In contrast, sleep-wake states were not significantly affected by photostimulation during the light phase (n = 4, C). E, F, Photostimulation-induced
EEG power spectra in sleep-wake states [wake (W), SWS, and PS] during light (E) and dark (F) phases. Note that there was no significant difference in the power spectra
between the unstimulated (No Stim) and photostimulated (Photostim) groups. G, H, Changes in d power in the SWS state every 30 min during light (G) and dark (H) phases.
Note that there was no significant difference between the two groups. Each point and error bar represents the mean and SEM from four experiments. I, Effects of photosti-
mulation on the duration of sleep-wake states (wake, SWS, and PS) during the dark phase. The same photostimulation as that shown in B was applied to the VLPO region,
but a control virus without ChR2 (AAV-eYFP) was delivered to the VLPO. Each column and error bar represents the mean and SEM from four experiments. J, Effects of photo-
stimulation on the duration of sleep-wake states (wake, SWS, and PS) during the dark phase. The same 120-min photostimulation period shown in B was applied to the hip-
pocampal region, but AAV-ChR2-eYFP was delivered to the hippocampal CA1 region. Each column and error bar represents the mean and SEM from six experiments. Note
that photostimulation of ChR2-expressing astrocytes within the hippocampal region had no influence on sleep-wake states.
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Glial cells, including astrocytes and
microglia, are relevant for sleep regulation
during sleep-wake cycle as well as for
homeostatic regulation under sleep pres-
sure, as they can affect a variety of neuro-
nal functions by modulating ion buffering,
energy metabolism, chemical signaling,
synaptic plasticity, and immune system
functions (Frank, 2013; Ingiosi et al., 2013;
Porkka-Heiskanen, 2013). The first direct
evidence for the involvement of brain
astrocytes in sleep homeostasis was
provided by a previous study in which
transgenic animals deficient in astrocyte-
selective vesicular release were used (Halassa
et al., 2009). However, since astrocytic
gliotransmission via vesicular release
was downregulated in the whole brain
in this animal model (Halassa et al.,
2009), the roles of astrocytes within specific
nuclei involved in sleep regulation were not
examined. Pelluru et al. (2016) showed that
astrocytes within a specific region such as
the posterior hypothalamus are involved in
sleep promotion. However, the underlying
cellular and molecular mechanisms were
not examined in their study. In the present
study, we showed an involvement of local
gliotransmission as the mechanisms under-
lying sleep promotion, providing direct evi-
dence that the astrocytes in the VLPO
promote sleep.

High levels of c-Fos expression have
been detected in the VLPO GABA neu-
rons only during sleeping, but not after

Figure 9. The activity of VLPO astrocytes is increased during sleep states. A, B, c-Fos expression in the VLPO astrocytes
during the light (sleep; A) and dark (wake; B) periods. Confocal images of c-Fos (red) and GFAP immunoreactivity (green) in
the VLPO region. Frozen sections of brain were prepared from animals in sleep (light period: 2–4 P.M.) and wake (dark pe-
riod: 7–9 P.M.) states. Colocalizations of c-Fos (red) and GFAP immunoreactivity (green) in the VLPO region are indicated by
arrows. Cell nuclei were stained with DAPI to confirm the nuclear expression of c-Fos. C, D, Increased c-Fos immunoreactivity
in GABAergic neurons and astrocytes within the VLPO region following optogenetic stimulation. Rats were injected with
AAV-ChR2-eYFP (n= 3). Frozen sections of brains were prepared 60 min after the animals received photostimulation.
Neuronal and astrocytic expression of c-Fos in the VLPO area was identified using anti-GAD67 (C) and anti-GFAP (D) antibod-
ies, respectively, in conjunction with anti-c-Fos antibodies. Cell nuclei were stained with DAPI to confirm the nuclear expres-
sion of c-Fos. GAD67-double positive and c-Fos-double positive cells or GFAP-double positive and c-Fos-double positive cells

/

are indicated by arrows. E, Quantification of immunopositive
cells for GFAP and c-Fos (a) and their co-localization (b).
Frozen sections of brain were prepared from animals in sleep
(light period: 2–4 P.M.) and wake (dark period: 7–9 P.M.)
states. Astrocytic expression of c-Fos in the VLPO region was
identified using an anti-GFAP antibody. Each column and
error bar represents the mean and SD from four experiments;
pp, 0.05; unpaired t test; c-Fos positive cells, t(6) = 2.53,
p= 0.0223; co-localized cells, t(6) = 2.98, p= 0.0122. F,
Quantification of GAD67 and c-Fos immunoreactive cells (a)
and their co-localization (b). Rats were injected with AAV-
ChR2-eYFP (n= 3). Frozen sections of brain were prepared
60min after animals received photostimulation. Neuronal
expression of c-Fos in the VLPO region was identified using
an anti-GAD67 antibody. Each column and error bar repre-
sents the mean and SD from three experiments; pp, 0.05;
ppp, 0.01; unpaired t test; c-Fos-positive cells, t(4) = 2.84,
p= 0.0233; co-localized cells, t(4) = 3.765, p= 0.0098. G,
Quantification of immunopositive cells for GFAP and c-Fos
(a) and their co-localization (b). Rats were injected with
AAV-ChR2-eYFP (n= 3). Frozen sections of brain were pre-
pared 60 min after the animals received photostimulation.
Astrocytic expression of c-Fos in the VLPO region was identi-
fied using an anti-GFAP antibody. Each column and error bar
represents the mean and SD from three experiments;
pp, 0.05; unpaired t test; c-Fos-positive cells, t(4) = 2.96,
p= 0.0206; co-localized cells, t(4) = 3.54, p= 0.0119.
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sleep deprivation (Sherin et al., 1996). Electrophysiological re-
cording has also supported that most neurons fire during sleep
(Szymusiak et al., 1998). The c-Fos expression as a histologic ac-
tivity marker and electrophysiological recording data support
that the VLPO sleep-active neurons are involved in sleep

maintenance rather than sleep induction (Strecker et al., 2000).
In addition, levels of c-Fos expression in VLPO astrocytes were
higher in light phase than in dark phase (Fig. 9), which was con-
sistent with a causal relationship between VLPO astrocytes and
sleep. In agreement with a previous report of an increase in c-Fos

Figure 10. Astocytes release ATP during optogenetic stimulation in vivo. A, Experimental timeline (top) and schematic illustration of microdialysis of the ECFs in the VLPO region during pho-
tostimulation (bottom). The microdialysis site was validated by cresyl violet staining at the end of the experiment (right panel); # represents the insertion site of the microdialysis probe. The
results are representative of nine experiments. B, The ATP concentration in the dialysate (ECF) before and after photostimulation (120min). The ATP concentration was measured using a biolu-
minescence assay. Open circles represent the individual results (n= 3), whereas columns and error bars represent the mean and SD from three experiments; ppp, 0.01; unpaired t test; t(4)
= 9.77, p= 0.0006. C, Microdialysis was performed at a flow rate of 0.5 ml/min with or without photostimulation of the VLPO region for 120 min in the presence or absence of L-a-AA (10
nM, a metabolic inhibitor of astrocytes). L-a-AA (3ml) was microinjected into the VLPO region 10min before photostimulation. The concentration of ATP in the VLPO dialysate (ECF) was meas-
ured using a bioluminescence assay. Each column and error bar represents the mean and SD from four experiments; ppp, 0.01; one-way ANOVA; F(2,9) = 40.32, p= 0.0001. D,
Photostimulation (120 min)-induced changes in D-serine, glutamate, and glycine levels in microdialysates obtained from the VLPO region. Animals were injected with AAV-ChR2-eYFP. The con-
centrations of D-serine, glutamate, and glycine were determined using an amino acid analyzer; Each column and error bar represents the mean and SD from 4 experiments; n.s., not significant;
unpaired t test. E, The concentration of ATP in the VLPO dialysate collected during the light (2–4 P.M.) or dark (7–9 P.M.) period in the presence or absence of L-a-AA (10 nM) was measured
by a bioluminescence assay. Each column and error bar represents the mean and SD from four experiments; n.s., not significant; pp, 0.05, paired t test, t(3) = 19.79, p= 0.0003; #p, 0.05,
paired t test, t(3) = 10.79, p= 0.0017. F, The percentage of wake (W), SWS, and PS in the representative wake (dark: 7–9 P.M.) or sleep (light: 2–4 P.M.) period; Each column and error bar
represents the mean and SEM from four experiments; pp, 0.05, paired t test, wake duration, t(3) = 5.01, p= 0.0153; SWS duration, t(3) = 9.43, p= 0.0025; #p, 0.05, paired t test, t(3) =
5.53, p= 0.0116. G, A representative image showing each microinjection site of L-a-AA as indicated on the coronal section drawing modified from the rat brain atlas. H, Changes in the dura-
tion of the sleep-wake states [wake (W), SWS, and PS] at 30-min intervals before, during, and after treatment with saline or L-a-AA (horizontal bar). Saline or L-a-AA (3ml, 10 nM) was
directly microinjected into the VLPO region for 30min at a rate of 0.1ml/min. Each column and error bar represents the mean and SEM from four experiments; I, The duration of the sleep-
wake states during microinjection of saline or L-a-AA. Each column and error bar represents the mean and SEM from four experiments; pp, 0.05; unpaired t test; W duration, t(6) = 5.57,
p= 0.0014; SWS duration, t(6) = 9.02, p= 0.0001.
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expression in VLPO neurons during sleep (Sherin et al., 1996), we
also observed that c-Fos expressions increased in VLPO neurons as
well as VLPO astrocytes, when VLPO astrocytes were stimulated by
optogenetic tools (Fig. 9). These results led us to hypothesize that
the activated astrocytes in VLPO release gliotransmitters, which in
turn promote sleep. Nevertheless, c-Fos expression, as an indirect
histologic activity marker, has limitations. Further studies are neces-
sary to definitively demonstrate the astrocyte activities in VLPO
with respect to sleep regulation.

Astrocytes are known to release gliotransmitters that can
modulate the excitability of adjacent neurons. Several gliotrans-
mitters, including ATP, glutamate, and GABA, have been identi-
fied in various brain regions (Gourine et al., 2010; Araque et al.,
2014). Among these, ATP can be released from astrocytes via
vesicle fusion (Pascual et al., 2005) or via several ion channels,
including hemichannels and P2X7 receptors (Lohman and

Isakson, 2014; Montero and Orellana,
2015) in response to glutamate (Porter
and McCarthy, 1996; Wang et al., 2006;
Barat et al., 2012) or GABA (Serrano
et al., 2006). Given that adenosine, a
by-product of energy metabolism, is
regarded as an endogenous substance
that can promote sleep (Basheer et al.,
2004; Huang et al., 2005) and that ATP
can easily be degraded into adenosine by
several enzymes (Dunwiddie et al., 1997;
Cunha et al., 1998; Zimmermann, 2000;
Zylka et al., 2008; Street et al., 2013), we
hypothesized that ATP acts as a glio-
transmitter within the VLPO region.
Indeed, by using a microdialysis tech-
nique, we found that ATP was released
in living animals during optogenetic
stimulation of VLPO astrocytes (Fig.
10). We also found that the ATP con-
centration within the VLPO region
was higher during light phase than
during dark phase, and we observed
that a metabolic inhibitor of astro-
cytes significantly reduced extracel-
lular ATP levels and sleep duration
(Fig. 10); thus, ATP released from
VLPO astrocytes apparently plays
a pivotal role in sleep promotion.
Although our in vitro experiments
support the conclusion that ATP is
released from astrocytes through, at
least in part, hemichannels and/or
P2X7 receptors (Fig. 13), the possi-
bility that ATP is released from
astrocytes via vesicular fusion cannot
be excluded. In addition, it is possi-
ble that the photostimulation of
ChR2-expressing astrocytes used in
the present study differs from the
physiological stimuli that activate
astrocytes within the brain. Nonetheless,
we found that ChR2 (H134R) shows a
small Ca21 permeability in cultured astro-
cytes (Fig. 1D), and that photostimulation
evokes an increase in intracellular Ca21

concentration as well as its sustained oscil-
lation (Fig. 1E–I). Thus, our experimental

method of using ChR2 (Ad-ChR2-Kat1.3 or AAV-ChR2-eYFP)
appears to drive Ca21 responses in ChR2-expressing astrocytes.
Such Ca21 responses, which were elicited by the activation of
G-protein coupled receptors in native astrocytes (Perea and Araque,
2005; Panatier et al., 2011), successfully trigger the release of glio-
transmitters (Bezzi and Volterra, 2001; Perea et al., 2014).

We found that photostimulation of the VLPO astrocytes
promoted sleep only when the rats were mostly awake but
not when they were mostly asleep. This indicates that the
VLPO astrocytes play an important role in sleep regulation.
Similarly, photostimulation of the astrocytes in the poste-
rior hypothalamus also increased sleep when the rats were
mostly awake (Pelluru et al., 2016). Furthermore, recent
studies have indicated an important role of cortical astro-
cytes in the sleep regulation (Bojarskaite et al., 2020; Ingiosi

Figure 11. The microdialysis site was validated by cresyl violet staining at the end of the experiment (coronal section; A);
# represents the insertion site of the microdialysis probe in high-magnification image (B).

Figure 12. Cytokine levels in the dialysate (ECF) before and after photostimulation (120 min). TNF-a and IL-1b levels
were measured using ELISA assay in VLPO (A) and hippocampus (B). Columns and error bars represent the mean and SD from
four experiments; n.s., not significant; one-way ANOVA.
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et al., 2020). Therefore, sleep may be regulated by coopera-
tion of astrocytes in the multiple sleep-wake regulatory
regions within the brain. Whether astrocytes in other brain
regions, such as basal forebrain and brain stem, also partici-
pate in sleep regulation remains to be studied.

Astrocytes are a major source of ATP, which is converted to
adenosine. We found that the release of ATP from VLPO astro-
cytes is increased during natural sleep and also by photostimula-
tion of the astrocytes. Genetically engineered mice with reduced
vesicular ATP release from astrocytes have normal sleep-wake
profiles but do not show a sleep rebound in response to sleep de-
privation or blocking of A1 receptors (Halassa et al., 2009).
Although systemic or intracerebroventricular administration of
adenosine promotes sleep (Radulovacki et al., 1984; Ticho and
Radulovacki, 1991), microinjection of adenosine and A1 receptor
agonist into the VLPO decreases sleep (Zhang et al., 2013). In vitro
studies show that A1 receptor agonists block VLPO inhibitory

interneurons (Morairty et al., 2004). A2a receptor agonists directly
excite some VLPO sleep-promoting neurons (Gallopin et al., 2005).
Also, A1 receptors, but not A2a receptors, are expressed in the
VLPO (Dixon et al., 1996). Thus, it was hypothesized that the action
through A1 receptor, but not A2a receptor, may inhibit the VLPO
interneurons, which disinhibit VLPO sleep-promoting neurons.
Indeed, a recent study has reported that selective activation of
VLPO glalaninergic neurons increases sleep (Kroeger et al., 2018).
Therefore, we postulate that ATP released from the VLPO astro-
cytes may inhibit the VLPO neurons via A1 receptors, and then dis-
inhibits VLPO sleep-promoting neurons, thereby increasing sleep.
How adenosine selectively acts on the GABAergic interneurons, but
not on the GABAergic projection neurons intermingled in the
VLPO, remains to be investigated.

Extracellular adenosine accumulates within the basal fore-
brain and cortex, but not other brain regions, during sleep depri-
vation (Porkka-Heiskanen et al., 1997; Strecker et al., 2000).

Figure 13. Optogenetic stimulation of cultured astrocytes induces ATP release. A, Primary astrocytes were infected with either Ad-EGFP (control virus, green, 7.6� 1010
PFU/ml) or Ad-ChR2 (red). Two days after virus infection, cultured astrocytes were optically stimulated using an LED device before bioluminescence analysis of ATP
release. The results are representative of three to six experiments. B, The extracellular ATP concentration was measured from the astrocyte-conditioned medium (ACM) in
cultured astrocytes infected with either Ad-EGFP or Ad-ChR2 after 2-h photostimulation. Open circles represent the individual results (n = 6), and columns and error
bars represent the mean and SD from six experiments; n.s., not significant; ppp, 0.01; unpaired t test, t(10) = 29.50, p = 0.0001. C, The extracellular ATP concentration
was measured from the ACM in cultured astrocytes infected with Ad-ChR2 by various duration of photostimulation. Open circles represent the individual results
(n = 6), and columns and error bars represent the mean and SD from six experiments; n.s., not significant; ppp, 0.01; unpaired t test, 10 min, t(10) = 8.67, p = 0.0001;
20 min, t(10) = 15.88, p = 0.0001. D, Effects of Brilliant Blue G (BBG, a P2X7 receptor antagonist, 100 nM) or CBX (a hemichannel blocker, 3 mM) on ATP release in cultured
astrocytes. ChR2-expressing astrocytes were illuminated with LED in the absence (vehicle) or presence of 100 nM BBG or 3 mM CBX for 2 h. Extracellular ATP concentration
was measured by a bioluminescence assay. Open circles represent the individual results (n = 5), and columns and error bars represent the mean and SD from five
experiments; ppp, 0.01; one-way ANOVA, F(2,12) = 29.42, p = 0.0001. E, Cell viability was measured by MTT assays 24 h after the treatment of 100 nM BBG or 3 mM

CBX. Open circles represent the individual results (n = 4), and columns and error bars represent the mean and SD from four experiments; n.s.; not significant; one-way
ANOVA.
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Adenosine levels were evaluated in all brain regions (including
the cortex) of cat (Porkka-Heiskanen et al., 2000) and in the basal
forebrain (Murillo-Rodriguez et al., 2004) and the hippocampus
(Huston et al., 1996) of rat: there were variations in adenosine
levels and metabolizing enzymes depending on the sleep-wake
cycle (Chagoya de Sánchez et al., 1993). Our results show that
extracellular levels of both ATP and adenosine in the VLPO are
higher during spontaneous sleep (light phase) than during wake
(dark phase). This discrepancy in adenosine levels among the

previous studies may be because of differ-
ences in species or brain regions. Indeed,
adenosine level is regulated by complex
interactions of production and degrada-
tion enzymes as well as equilibrative
nucleoside transporters in the astrocytes
(Strecker et al., 2000). Activities of meta-
bolic enzymes producing or degrading
adenosine show diurnal rhythms (Chagoya
de Sánchez et al., 1993; Mackiewicz et al.,
2003) and their distributions are different
among brain regions (Mackiewicz et al.,
2003). Stimulation of the posterior hypo-
thalamus astrocytes induced a progressive
increase in sleep duration in the first 4 h
and a decrease in the subsequent 2 h during
a total 6-h stimulation period (Pelluru et al.,
2016). It was suggested that the cumulative
effect may result from the gradual accumu-
lation of gliotransmitters, such as adenosine.
We also observed a gradual increase in sleep
duration when three successive stimula-
tions were given along a single day (Fig. 7).
However, we could not observe the pro-
gressive increase across a 2-h stimulation
session (Fig. 8). This may be because of the
relative short duration of stimulation;
however, this possibility needs to be tested
further. Another possibility is a difference
in the adenosine clearance rate among
distinct brain regions, where distribu-
tion and diurnal variation of the meta-
bolic enzymes are different (Mackiewicz
et al., 2003). For example, activity of
adenosine deaminase during the active pe-
riod (night) is decreased in the basal fore-
brain and the posterior hypothalamus,
while it is increased in the VLPO. Thus,
adenosine derived from the astrocytes may
be rapidly metabolized as soon as it acts on
nearby neurons in VLPO.

At this stage, the physiological signals
responsible for the increase in endoge-
nous local adenosine within the VLPO
region, which might be because of the hy-
drolysis of ATP released from astrocytes
under conditions related to sleep promo-
tion, remain to be elucidated. It is possible
that the inputs from reciprocal inhibitory
neural circuits involved in sleep-wake
regulation, such as the wake-promoting
nuclei in the brain stem, the lateral hypo-
thalamus, and the median preoptic area
(Chou et al., 2002), are also involved in
the astrocytic ATP release and subsequent

degradation to adenosine; this speculation also requires further
investigation.

In conclusion, we have shown that astrocytes within the
VLPO region promote sleep via ATP release and the subsequent
hydrolysis by an ATP-degrading enzyme TNAP. Our findings
suggest a new glio-centric mechanism of sleep regulation, which
takes place in the VLPO in cooperation with other brain regions
related to sleep-wake regulation.

Figure 14. TNAP plays pivotal roles in sleep-wake states. A, Experimental timeline (top) and the concentration of adeno-
sine (ADO) in the VLPO dialysate collected during the light (2–4 P.M.) or dark (7–9 P.M.) period in the presence or absence
of TNAP-I was measured by HPLC assay. ACSF or TNAP-I (3ml, 10 mg/ml) was directly microinjected into the VLPO region for
30min at a rate of 0.1ml/min. The results are representative of four experiments; n.s., not significant; pp, 0.05, paired t
test, t(4) = 3.19, p= 0.0331; #p, 0.05, unpaired t test, t(4) = 5.79, p= 0.0044. B, The percentage of wake (W), SWS, and
PS in the representative wake (dark: 7–9 P.M.) or sleep (light: 2–4 P.M.) periods; Each column and error bar represents the
mean and SEM from four experiments; n.s., not significant; pp, 0.05; paired t test, t(3) = 9.13, p= 0.0028; #p, 0.05;
unpaired t test, t(6) = 13.50, p= 0.0001. C, Changes in the duration of the sleep-wake states [wake (W), SWS, and PS] at
30-min intervals before, during, and after treatment with saline or TNAP-I (horizontal bar). Saline or TNAP-I (3ml, 10 mg/
ml) was directly microinjected into the VLPO region for 30min at a rate of 0.1ml/min. Each column and error bar represents
the mean and SEM from four experiments. D, The duration of the sleep-wake states during microinjection of saline or TNAP-
I. Each column and error bar represents the mean and SEM from five experiments; pp, 0.05; unpaired t test, t(8) = 2.34,
p= 0.0473. Note that the duration of the wake state was significantly increased in the TNAP-I group. E, The image repre-
sents each microinjection site of TNAP-I shown on coronal sections modified from the rat brain atlas.
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