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Abstract

A distributed network of neurons regulates wake, non-rapid eye movement (NREM) sleep, and REM sleep. However, there are
also glia in the brain, and there is growing evidence that neurons and astroglia communicate intimately to regulate behaviour. To
identify the effect of optogenetic stimulation of astrocytes on sleep, the promoter for the astrocyte-specific cytoskeletal protein,
glial fibrillary acidic protein (GFAP) was used to direct the expression of channelrhodopsin-2 (ChR2) and the linked reporter gene,
enhanced yellow fluorescent protein (EYFP), in astrocytes. rAAV-GFAP-ChR2 (H134R)-EYFP or rAAV-GFAP-EYFP was microin-
jected (750 nL) into the posterior hypothalamus (bilateral) of mice. Three weeks later baseline sleep was recorded (0 Hz) and
24 h later optogenetic stimulation applied during the first 6 h of the lights-off period. Mice with ChR2 were given 5, 10 or 30 Hz
stimulation for 6 h (10-ms pulses; 1 mW; 1 min on 4 min off). At least 36 h elapsed between the stimulation periods (5, 10,
30 Hz) and although 0 Hz was always first, the order of the other three stimulation rates was randomised. In mice with ChR2
(n = 7), 10 Hz, but not 5 or 30 Hz stimulation increased both NREM and REM sleep during the 6-h period of stimulation. Delta
power did not increase. In control mice (no ChR2; n = 5), 10 Hz stimulation had no effect. This study demonstrates that direct
stimulation of astrocytes powerfully induces sleep during the active phase of the sleep–wake cycle and underlines the inclusion of
astrocytes in network models of sleep–wake regulation.

Introduction

It is now firmly established that astrocytes actively control neuronal
activity and synaptic transmission (Araque et al., 2001; Panatier
et al., 2011). A single astrocyte contacts hundreds of dendrites, and
tens of thousands of synapses (Bushong et al., 2002; Halassa et al.,
2007). The concept of a tripartite synapse has emerged whereby
neuronal transmission increases Ca2+ in astrocytes (Araque et al.,
1999). Astrocytes do not generate an action potential, but they
respond to stimulation by intracellular [Ca2+]i waves, also known as
‘Ca2+ excitability’ that can be recorded in vivo (Hirase et al., 2004;
Wang et al., 2006; Dombeck et al., 2007; Bekar et al., 2008;
Schummers et al., 2008; Shigetomi et al., 2010), in vitro (Cornell-
Bell et al., 1990) and also in human brain slices (Oberheim et al.,
2009). The Ca2+ wave spreads within a single mature astrocyte
causing the release of its chemical transmitter, dubbed gliotransmit-
ter, that modulates neuronal transmission (Araque et al., 1999).
Astrocytes release glutamate that locally excites neurons (Fellin

et al., 2006). Astrocytes also release ATP, a major source of extra-
cellular adenosine in the brain (Zhang et al., 2003; Pascual et al.,
2005; Serrano et al., 2006). Optogenetic activation of astrocytes in
the medulla oblongata releases ATP and increases breathing (Gour-
ine et al., 2010). Adenosine inhibits neurons via the adenosine A1
receptor (Deng et al., 2011) and increased levels of adenosine stim-
ulate sleep (Porkka-Heiskanen et al., 1997). Conversely, sleep is
decreased when adenosine released by astrocytes is decreased
(Halassa et al., 2009). Astrocytes regulate food intake by modulat-
ing adenosine levels and inhibiting agouti-related peptide (AGRP)
neurons via the adenosine A1 receptor (Yang et al., 2015).
Glia outnumber neurons and because they are considered to be

partners with neurons in regulating sleep (Frank, 2013) it is impor-
tant to directly manipulate them in local circuits to better understand
their impact on a specific behaviour such as sleep. This is now fea-
sible because of the development of optogenetics (Boyden et al.,
2005). Recently, we used optogenetics to selectively stimulate sleep-
active neurons in the posterior hypothalamus and found that it
robustly increased sleep (Konadhode et al., 2013). However, the
effects of optogenetic stimulation of astrocytes on sleep are not
known. Therefore, the present study tests the hypothesis that optoge-
netic stimulation of astrocytes increases sleep. In wild-type C57BL/
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6J mice, we found that sleep was increased during the active phase
in response to optogenetic stimulation of astrocytes.

Materials and methods

All manipulations done to the mice adhered to the guide for the humane
care and use of laboratory animals and were approved by the Medical
University of South Carolina (protocol 3294) and the Ralph H. Johnson
VA (protocol 537) Institutional Animal Care and Use Committee.

rAAV-GFAP-ChR2 (H134R)-EYFP plasmid construction

The entire plasmid containing glial fibrillary acidic protein (GFAP)
– channelrhodopsin-2 (ChR2) (H134R) – enhanced yellow fluores-
cent protein (EYFP) was generously supplied by Karl Deisseroth
(Fig. 1C). We then submitted it for packaging in recombinant
adeno-associated virus (rAAV) serotype 5 virus (University of North
Carolina, Chapel Hill, NC, USA) and titres of up to 1.5 9 1012

virus molecules/mL were injected bilaterally into the posterior
hypothalamus. A separate plasmid that did not contain ChR2 was
used as control (rAAV-GFAP-EYFP) and was similarly packaged.

Implantation of sleep electrodes and delivery of virus

Twenty wild-type (nine males and 11 females) C57BL/6J mice
(Jackson Laboratory, Bar Harbor, ME, USA) that were approxi-
mately 6 months old and weighing 20–35 g were used. Using a
stereotaxic apparatus (under 2% isoflurane anaesthesia) the rAAV-
GFAP-ChR2 (H134R)-EYFP or rAAV-GFAP-EYFP virus was
delivered in 750 nL per injection with an injector cannula (33
gauge, cat. no. C3151-SPC; Plastics1, Roanoke, VA, USA) coupled
to a 10-lL Hamilton syringe. In each mouse, one microinjection per
each side targeted the posterior hypothalamus. The virus was
injected slowly over 10 min and we waited a further 10 min before
withdrawing the injector cannula. Two guide cannulae (26 gauge
with 1.4-mm spacing and 4 mm below pedestal height) were
implanted and targeted the posterior hypothalamus. The optogenetic
fibre optic probes (200 lm; cat. no. FT200EMT, Thor labs, Newton,
NJ, USA) were inserted into the guide cannulae.
At this time the electrodes to record the electroencephalogram

(EEG) and electromyogram (EMG) were implanted as described pre-
viously (Shiromani et al., 2004). Briefly, four screw electrodes (cat.
no. E363-96-1.6-SPC, Plastics1) were placed in the skull to record
cortical EEG, one on the frontal cortex and one on the contralateral
parietal cortex of each side. Two flexible wire electrodes (cat. no.
E363-76-SPC, Plastics1) were inserted into the nuchal muscles to
record muscle activity (EMG). All the electrodes were inserted into
a six-pin acrylic socket and secured to the skull with dental cement.
The EEG was recorded from two contralateral screws (frontal–occip-
ital). The EMG signal was recorded from nuchal muscles. The EEG
and EMG signals were amplified via a Grass polygraph and
recorded onto the hard disk using an analog–digital board (Kissei
Comtec Co., Nagano, Japan).
After surgery the animals were housed singly in Plexiglas cages

with bedding; food and water were available ad libitum. The tem-
perature in the sleep recording room was 25 °C and a 12-h light/
dark cycle (06:00–18:00 lights on; 100 lux) was maintained.

Optogenetic stimulation paradigm

Ten days after surgery the mice were tethered to lightweight record-
ing cables mounted to swivels and adapted for 10 days. The swivels

allowed the mice to engage in unimpeded freedom of movement.
Three weeks after surgery and viral delivery, sleep was recorded for
6 h during the first half of the lights-off period (the wake-active
phase in nocturnal rodents). During this first sleep recording session
there was no optogenetic stimulation and this 6-h session represents
0 Hz. Twenty-four hours later, the animals with ChR2 were given
either 5, 10 or 30 Hz stimulation for 6 h (1 min stimulation fol-
lowed by 4 min no stimulation, repeated every 5 min for 6 h). The

(A)

(B)

(C)

Fig. 1. Distribution of astrocytes in the posterior hypothalamus. The pho-
tomicrographs illustrate the astrocytes containing GFAP (red) and EYFP
(green) in a representative mouse (A and B). A low-magnification view of
the area of disbursement of the ChR2-EYFP in the posterior hypothalamus is
depicted in A. B is a high-magnification view of the boxed area in A. Map
of ChR2 linked GFAP reporter plasmid that was packaged into recombinant
adenoassociated virus (rAAV; C).
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blue light (473 nm; 1-mW power at the tip of the probe) pulses (10-
ms duration) were delivered through a programmable stimulator
(Master 8, AMPI, Jerusalem, Israel). Sleep and behaviour were
recorded for the 6-h stimulation period. At least 36 h elapsed
between the stimulation periods (5, 10, 30 Hz) and although 0 Hz
was always first, the order of the other three stimulation rates was
randomised.
In the group of mice administered the control virus, rAAV-

GFAP-EYFP, sleep was recorded after 0 and 10 Hz stimulation
using the above protocol. These animals determined the effect of
light stimulation in astrocytes without ChR2.

Immunohistochemistry

At the end of the experimental paradigm the animals were deeply
anaesthetised (4% isoflurane) and the brains perfused (25 mL saline
followed by 100 mL 10% formaldehyde). After equilibration in 30%
sucrose the brains were cut on a cryostat (40-lm coronal sections; 1
in 4 series). The free-floating sections were incubated overnight in a
primary antibody mouse anti-GFAP (1:500; cat. no. MAB-3402;
EMD Millipore, Billerica, MA, USA) followed by 2 h incubation in
the secondary antibody (donkey anti-mouse-Alexa Fluor 568; 1:500;
Invitrogen, Carlsbad, CA, USA). For staining of neurons the sections
were incubated overnight in mouse anti-NeuN (1:500, cat. no.
MAB377, EMD Millipore) primary antibody, followed by 2 h incu-
bation in donkey anti mouse-Alexa Fluor 568 (1:500; Invitrogen) sec-
ondary antibody. For staining of microglia the sections were
incubated overnight in rabbit anti-Iba1 (1:500, cat. no. 019-19741,
Wako Chemicals, Richmond, VA, USA) primary antibody, followed
by 2 h incubation in donkey anti rabbit-Alexa Fluor 568 (1:500;
Invitrogen) secondary antibody. For staining of oligodendrocytes the
sections were incubated overnight in mouse anti-oligodendrocyte
(1:500, cat. no. MAB328, EMD Millipore) primary antibody, fol-
lowed by 2 h incubation in donkey anti-mouse-Alexa Fluor 568
(1:500; Invitrogen) secondary antibody. For double staining of astro-
cytes with GFAP and orexin or melanin concentrating hormone
(MCH) neurons, the sections were incubated overnight in primary
antibodies, i.e. mouse anti-GFAP (1:500; cat. no. MAB-3402, EMD
Millipore), goat anti-Orexin (1:500; cat. no. SC-8070; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or rabbit anti-MCH (1:500;
cat. no. H-070-47, Phoenix Pharmaceuticals, Burlingame, CA, USA)
respectively, followed by 2 h incubation in secondary antibodies
(donkey anti-mouse-Alexa Fluor 568, donkey anti-goat-Alexa Fluor
647 or donkey anti-rabbit-Alexa Fluor 647 respectively; 1:500; Invit-
rogen). For double staining of astrocytes for GFAP and histamine
neurons for histidine decarboxylase (HDC), the sections were incu-
bated overnight in primary antibodies, mouse anti-GFAP (1:500) and
rabbit anti-HDC (1:200; cat. no. 03-16045, American Research Prod-
ucts, Waltham, MA, USA). Next day, the sections were incubated for
2 h in secondary antibodies (donkey anti-mouse-Alexa Fluor 568 and
donkey anti-rabbit-Alexa Fluor 647, respectively; 1:500; Invitrogen).
The sections were washed, mounted onto gelatin-coated slides and
cover slipped. The fluorescent images were visualised with a Nikon
A1RSi confocal microscope.

Identification of sleep–wake states

The sleep records were scored by blinding the scorer (D.P.) to the
type of rAAV administered to the mice. After the EEG data were
scored and the brain tissue was examined for the presence of EYFP+

astrocytes, the code was broken to identify the type of rAAV admin-
istered to the mouse. The 6-h EEG, EMG and video recordings were

scored manually on a computer (Sleep Sign software, Kissei Comtec,
Nagano, Japan) in 12-s epochs for wake, non-rapid eye movement
(NREM) sleep and REM sleep (Liu et al., 2011). Wakefulness was
identified by the presence of desynchronised EEG, and high EMG
activity. NREM sleep consisted of high-amplitude slow waves together
with a low EMG tone relative to waking. REM sleep was identified
by the presence of regular EEG theta activity coupled with low EMG
relative to slow-wave sleep. The behaviour of the mice was recorded
on video and this aided in identifying sleep–wake states.

Analysis of delta power

A fast Fourier transform (FFT) of the EEG during wake, NREM
and REM sleep was automatically calculated by the software (Sleep
Sign) in 0.5-Hz bins. Because of the variability in the amplitude
of the EEG across mice, FFT values were normalised by dividing
the EEG power during NREM sleep (0.5–4 Hz) by the EEG power
during wake (0.5–4 Hz).

Counting of astrocytes

The total numbers of astrocytes and of infected astrocytes were
counted for mice with ChR2 by drawing a 4 9 3 grid
(250 9 330 lm each) in each hemisphere on the fluorescence
microscopy images. The numbers of EYFP+ astrocytes and of single
GFAP+ astrocytes were counted inside the grids. The percentage of
infected astrocytes, i.e. EYFP+, as a function of total number of
astrocytes (GFAP+ + EYFP+) was determined.

Statistical analysis

The sleep data in the experimental group were analysed with a one-
way repeated-measures ANOVA (Holm-Sidak post hoc test against
0 Hz) and a priori paired t-tests. Pearson correlation determined the
relationship between the percentage of infected astrocytes and
REM, NREM and total sleep. P < 0.05 was used to determine level
of significance.

Results

Distribution of rAAV-expressing astrocytes

The promoter for GFAP directed the expression of the
ChR2-EYFP fusion protein (Fig. 1). The rAAV-GFAP-ChR2
(H134R)-EYFP was present in GFAP+ astrocytes only in the pos-
terior hypothalamus (Fig. 1A; the boxed area is shown in
Fig. 1B). Astrocytes outside the injection zone did not contain
the reporter gene, indicating that the infected cells did not
migrate outside the intended target site. In mice given ChR2-
EYFP, the mean (�SE) percentage of astrocytes containing the
reporter gene (proxy for ChR2) relative to GFAP+ astrocytes was
22.21 � 2.23%. Figure 2 shows the distribution of the infection
zone in mice with ChR2.
Figure 3 shows the relationship between surrounding neurons

(Fig. 3A), microglia (Fig. 3B) and oligodendrocytes (Fig. 3C) with
ChR2-EYFP-positive astrocytes in the infected region. This shows
that there is no ChR2-EYFP infection in neurons, microglial cells or
oligodendrocytes at the target site. Figure 4 indicates the close prox-
imity of the ChR2-EYFP-positive astrocytes with the sleep-active
neurons containing MCH (Fig. 4A) or the arousal neurons contain-
ing orexin (Fig. 4B) and histidine decarboxylase (histamine synthe-
sizing enzyme) neurons (Fig. 4C)
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Effect of optogenetic stimulation of astrocytes on sleep in
mice

Twelve mice were administered rAAV-GFAP-ChR2 (H134R)-EYFP
and implanted with sleep-recording electrodes. In two mice the sleep
data could not be analysed because of noise artefacts in the EEG/
EMG signal. In three mice, post-mortem analysis revealed no EFYP+

cells in the brain, perhaps because the microinjection cannula was

clogged during injection of the virus. The sleep data presented in
Figs 5 and 6 summarise the effects of optogenetic stimulation of
astrocytes on wake, NREM and REM sleep during the first 6 h of the
lights-off period in seven mice (five males; two females) given ChR2.
The sleep data were initially averaged over the 6 h of the experi-

ment (Fig. 5) to identify the stimulation rate that produced the
changes in sleep. Optogenetic stimulation at 10 Hz compared with
0 Hz significantly increased NREM sleep in mice with ChR2

Fig. 3. ChR2-EYFP is expressed in astrocytes but not in other cell types. The photomicrographs show that the GFAP promoter drives ChR2-EYFP (green) into
astrocytes and not neurons (A; anti-NeuN), microglia (B; anti-Iba-1) or oligodendrocytes (C; anti- oligodendrocytes). Scale bars = 25 lm.

Fig. 2. The drawings represent coronal sections of the mouse brain with rAAV-GFAP-ChR2 (H134R)-EYFP-infected astrocytes in the posterior hypothalamus.
The transfected regions where the EYFP signal was present were traced and are shown in green. The numbers below the sections indicate the mouse ID. The
distance of the sections range from 1.22 to 2.46 mm posterior to bregma (Franklin & Paxinos, 1997).
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(+68%; P < 0.003), and decreased wake (P < 0.003). Stimulation at
10 Hz significantly increased REM sleep (P < 0.05). Five or 30 Hz
stimulation rates did not significantly change percentage wake,
NREM or REM sleep.
Figure 6 summarises the time course of changes in sleep induced

by the 10 Hz stimulation. The data were analysed using a nested
repeated-measures ANOVA design (time factor (six 1-h blocks) nested
within the treatment factor (two blocks; 0, 10 Hz) (Kirk, 1968).
There was a significant effect of the treatment factor (0 vs. 10 Hz
stimulation) for wake (F1,66 = 13.23; P < 0.01), NREM
(F1,66 = 11.31; P < 01) and REM sleep (F1,66 = 6.74; P < 0.05).
There was also a significant effect of the time factor for wake
(F5,66 = 3.06; P < 0.05) and NREM (F5,66 = 2.56; P < 0.05), but
not for REM sleep (F5,66 = 2.12; n.s.). There was no interaction
(time 9 treatment) effect for wake, NREM or REM sleep. The
impact of the optogenetic stimulation was evident on wake and
NREM by the end of the first hour and it progressively increased so
that peak effects were significant at the end of the fourth hour
(Fig. 6). Stimulation at 5 and 30 Hz did not produce such a progressive
change over the 6 h of stimulation (Supporting Information Fig. S1).
Stimulation at 10 Hz did not increase delta power during NREM

sleep (0 Hz = 2.63 � 0.23; 10 Hz = 2.22 � 0.18). There was no
significant relationship between the number of transfected astrocytes

and REM sleep (r = 0.55), NREM sleep (r = 0.23) or total sleep
(REM+NREM; r = 0.35) in the mice with ChR2.
With 10 Hz stimulation there was a significant increase in the

number of NREM sleep bouts (+79.8%; Table 1) and a decrease in
length of NREM bouts (�22.76%; Table 1). The stimulation
increased the number of wake bouts (+74.9%; Table 1) but the
length of these bouts was significantly decreased (�59.69%). The
increase in number of NREM bouts coupled with a decreased length
of wake bouts may have contributed to the increase in percentage
NREM sleep and a decrease in waking.
The effects of light stimulation were examined in a control group of

mice that received the virus without ChR2 (n = 8; rAAV-GFAP-EYFP).
However, data for three mice in this group were removed because of
excessive noise artefacts in the EEG/EMG signal. With 10 Hz stimulation
in mice without ChR2 (n = 5 females) there was no significant change in
percentage wake (0 Hz = 87.89 � 3.73; 10 Hz = 86.4 � 4.26), NREM
(0 Hz = 11.21 � 3.45; 10 Hz = 11.97 � 3.54) or REM sleep (0 Hz =
0.82 � 0.35; 10 Hz= 1.44 � 0.76).

Discussion

The utility of astrocyte activation as a therapeutic target in the brain
has been proposed (Halassa et al., 2007). However, the approach

Fig. 4. The close relationship between astrocytes that contain ChR2-EYFP (green), and sleep-regulating MCH (melanin concentrating hormone) neurons (A),
wake-active orexin neurons (B) and neurons containing the histamine synthesizing enzyme histidine decarboxylase (HDC) (C). Scale bars = 25 lm.
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has not been tried in sleep disorders because it is not readily obvi-
ous where in the brain to stimulate astrocytes. Here we have pro-
vided the first evidence that optogenetic activation of astrocytes in
the posterior hypothalamus increases sleep in C57BL/6J wild-type
mice. The posterior hypothalamus was targeted as it contains neu-
rons regulating both sleep and wake (Konadhode et al., 2014).
Orexin neurons drive arousal (Carter et al., 2010) and there is con-
siderable evidence that MCH neurons induce sleep (Hassani et al.,
2009; Konadhode et al., 2013). The astrocytes containing ChR2-
EYFP were found distributed among neurons containing MCH
(Fig. 4A), orexin (Fig. 4B) and histidine decarboxylase (histamine
synthesizing enzyme) (Fig. 4C).
In the present study the parameters for optogenetic stimulation of

astrocytes were the same as those used to optogenetically stimulate
MCH neurons (Konadhode et al., 2013), which permits comparison
between effects of astrocyte vs. neuron stimulation. In both studies,
C57BL/6J wild-type mice were used, which required creating speci-
fic viral vectors. The advantage of this approach is that the viral
vectors can also be used in rats, and other mammals that sleep,
thereby strengthening the generalisability of the effect. Recently, we

Fig. 5. Effects of optogenetic stimulation of astrocytes on percentage wake,
NREM and REM sleep during the first 6 h of the lights-off period. Optoge-
netic stimulation was applied in the first 6 h of the lights-off period. Blue
(473 nm) light pulses (10 ms duration) were applied at 0, 5, 10 and 30 Hz
rates for 1 min every 5 min for 6 h (1 min with stimulation followed by
4 min without stimulation). Sleep was continuously recorded and the beha-
viour was videotaped. *P < 0.05 vs. 0 Hz.

Fig. 6. Time course of effects of optogenetic stimulation of astrocytes in the
posterior hypothalamus on percentage wake, NREM and REM sleep. Stimu-
lation at 10 Hz began at the onset of the lights-off period (Zeitgeber time
12) and continued for 6 h (1 min on, 4 min off). A repeated-measures ANOVA

determined significant effect of stimulation (0 vs. 10 Hz) for wake, NREM
and REM sleep. There was also a significant effect of the time (Zeitgeber
Time) for wake and NREM, but not for REM sleep. There was no interac-
tion (time 9 treatment) effect for wake, NREM or REM sleep. An asterisk
denotes significant difference with 0 Hz for that hour (Holm–Sidak post-hoc
comparison; P < 0.05). There was no effect of 5 and 30 Hz stimulation on
sleep (Fig. 5 and Fig. S1). Stimulation at 10 Hz produced a progressive
decrease in waking and increased NREM with a peak after 4 h. REM sleep
lagged but also peaked at 4 h. The waxing and waning of sleep suggests a
physiological response mediated by adenosine (see profile of adenosine in
response to 6 h of sleep deprivation in Blanco-Centurion et al., 2006).

Table 1. Effects of optogenetic stimulation (0 vs. 10 Hz) of astrocytes on
number and length of bouts of wake, NREM and REM sleep in wild-type
mice (n = 7)

Number of bouts Length of bouts (s)

0 Hz 10 Hz 0 Hz 10 Hz

Wake 19.36 (3.72) 33.86* (2.29) 989.96 (196.2) 399* (45.5)
NREM 19.07 (3.16) 34.29* (2.8) 315.89 (27.8) 244* (20.37)
REM 4.14 (0.59) 8.43 (2.17) 69.77 (7.43) 66.29 (7.18)

Data represent the mean (�SEM) number and length of bouts during the 6-h
stimulation period (first half of lights-off period). *Paired t-test vs. 0 Hz;
P < 0.05.
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have confirmed in rats that optogenetic stimulation of MCH neurons
increases sleep (Blanco-Centurion et al., 2014). In both studies, the
ChR2 was inserted into the posterior hypothalamus, a region impli-
cated in sleep. The stimulation occurred at night, when nocturnal
rodents are mostly awake, and it increased both NREM and REM
sleep. This attests to the significance of the posterior hypothalamus
in sleep–wake regulation. However, other brain areas need to be
similarly manipulated to fully identify the role of astrocytes and
neurons in regulating states of consciousness.
Astrocytes release D-serine, glutamate, ATP and cytokines, such

as tumour necrosis factor-a (TNF-a), among other molecules (Hines
& Haydon, 2014). Glutamate is the primary excitatory neurotrans-
mitter in the brain and at least in the hippocampus half of the exci-
tatory synapses are closely coupled to an astrocytic process (Ventura
& Harris, 1999). D-Serine and glutamate released from astrocytes
enhance excitation of neurons (Panatier et al., 2006). In the primary
visual cortex, optogenetic stimulation of astrocytes enhances both
excitatory and inhibitory synaptic transmission (Perea et al., 2014).
ATP released from astrocytes and converted to extracellular ade-

nosine inhibits synaptic transmission (Pascual et al., 2005). There is
considerable evidence that accumulation of adenosine in the brain
increases sleep (Porkka-Heiskanen et al., 1997; Frank, 2013). Astro-
cytes are a major source of ATP and extracellular adenosine, which
acts on pre-synaptic adenosine 1-receptors. Adenosine A1R agonists
potently stimulate sleep whereas the antagonists decrease sleep
(Blanco-Centurion et al., 2006). Genetically engineered mice with
reduced adenosine levels (expression of dominant negative SNARE
selectively within astrocytes) have normal amounts of sleep and
wake in the baseline period but do not have a sleep rebound after
sleep deprivation (Halassa et al., 2009). Microinjection of adenosine
in the rat posterior hypothalamus, the site of optogenetic stimulation
of astrocytes in the present study, increases sleep (Alam et al.,
2009) and this has been linked to reduction in activity of the arousal
orexin neurons (Alam et al., 2005). In the present study, we found
that the impact of the stimulation was progressive (Fig. 6) and this
is consistent with the accumulation of adenosine. A future study
could use the dominant negative SNARE mice and we hypothesise
that optogenetic stimulation of the astrocytes should release less ade-
nosine and consequently there should be a blunted sleep response.
Besides adenosine, cytokines released from astrocytes may also

have contributed to the increase in sleep. Astrocytes are a source of
cytokines in the brain (Benveniste et al., 1990), and there is consid-
erable evidence linking cytokines and sleep (Imeri & Opp, 2009). In
particular, interleukin-1b and TNF-a increase sleep in response to
immune challenge (Krueger et al., 2011). Both are produced by
neurons and glia, and their receptors are also present on neurons
and glia (Krueger et al., 2011). Previously, infection of mice with
murine gammaherpesvirus-68 has been shown to increase sleep (Oli-
vadoti et al., 2011). In the present study, rAAV was used to insert
the ChR2 and EYFP genes into astrocytes. However, it is unlikely
that an inflammatory response to the rAAV was responsible for the
increase in sleep because sleep was not increased in the 5- or 30-Hz
animals. It is more likely that optogenetic stimulation of astrocytes
released cytokines, which then affected the orexin and MCH
neurons regulating sleep – a possibility we would like to explore
further.
Will optogenetic activation of astrocytes in other brain regions

also increase sleep? It is important to answer this question because
although astrocytes are pervasive throughout the brain, there are
specific neurons localised in the basal forebrain, hypothalamus and
brainstem that are identified as regulating wake, NREM and REM
sleep (Pelluru et al., 2013). The basal forebrain contains both wake-

active and sleep-active neurons (Jones, 2011). Moreover, only in
this region is there an increase in adenosine in response to waking
(Porkka-Heiskanen et al., 1997). Thus, activation of astrocytes in
the basal forebrain should increase sleep. Similarly, we postulate
that in the pons where the sleep–wake neurons are also located,
astrocytic activation should increase sleep.
A potential concern regarding the use of optogenetics to stimulate

astrocytes is that the astrocytes are not excitable cells like neurons,
and that the presence of ChR2 might be considered abnormal. How-
ever, specific behaviours have been manipulated by optogenetic
stimulation of astrocytes (Gourine et al., 2010; Perea et al., 2014).
In the present study, the stimulation was applied for 1 min every
5 min. Thus, the light stimulation was intermittent and lasted only
20% of the time. Moreover, each animal was stimulated at three dif-
ferent rates (5, 10 and 30 Hz, randomised) with a 36-h break
between each rate. The effects on sleep were evident with 10 Hz
stimulation but not 5 or 30 Hz (Figs 5 and 6 and Fig. S1). The
impact of 10 Hz stimulation was that it progressively increased
sleep, with a peak at 4 h (Fig. 6). Such a time course was not seen
with 5 or 30 Hz stimulation (Fig. S1), perhaps because 5 Hz did
not provide sufficient stimulation whereas 30 Hz was excessive. The
progressive increase in sleep in response to 10 Hz astrocyte stimula-
tion suggests that there was a slow cumulative load from the gradual
accumulation of gliotransmitters, such as adenosine. However, the
effects subsided after 4 h even though light continued to be deliv-
ered, suggesting activation of endogenous factors regulating levels
of gliotransmitters, such as adenosine. This is consistent with the
time course of adenosine, which increases in response to 4 h of
sleep deprivation, but then declines in the subsequent 2 h (Blanco-
Centurion et al., 2006).
One limitation of the optogenetic approach is that light may not

reach all of the astrocytes containing ChR2. In the present study
sleep was increased when 22% of the total astrocytes in the target
region were infected, indicating the potency of the glial effect.
Alternatively, a pharmacogenetic approach is likely to reach a
widely distributed phenotype of cells. This approach uses a drug,
clozapine-N-oxide (CNO), to exclusively activate genetically engi-
neered receptors (designer receptors exclusively activated by
designer drugs (DREADD) (Armbruster et al., 2007). Recently, this
approach was used to link astrocytes to feeding behaviour. In their
study, the engineered muscarinic receptors hM3Dq (excited by drug)
or hM4Di (inhibited by drug) were inserted into astrocytes (GFAP
promoter driven) in the medial basal hypothalamus and feeding
behaviour was monitored after injection of the drug, CNO. Drug-in-
duced stimulation of the hM3Dq receptors on the astrocytes inhib-
ited feeding behaviour. The effect of astrocyte stimulation was
linked to a release of adenosine from the astrocytes, which then
inhibited neurons via the adenosine A1R (Yang et al., 2015). We
anticipate that the DREADD method will be used to manipulate
astrocytes in specific brain regions and the effects on sleep will be
determined.
In the brain, astrocytes may function as wakefulness integrators

(Frank, 2013). The brain is most active during waking and astro-
cytes show changes in intracellular calcium concentrations. These
changes in calcium may dampen the waking drive and promote
sleep (Frank, 2013). In the present study, optogenetic stimulation of
astrocytes may have produced similar changes in calcium and, cou-
pled with secretion of glutamate, ATP and cytokines, imparted a
cumulative load on the posterior hypothalamic neurons to promote
sleep.
Optogenetics is increasingly used as a powerful tool to mechanis-

tically test the roles of specific central nervous system cell types in
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behaviour. Using this tool, this is the first study to demonstrate that
stimulation of hypothalamic astrocytes increases sleep. The effects
of astrocytic stimulation are likely to be more localised compared
with neuronal stimulation because neurons project to multiple tar-
gets. Future studies will focus on the nature of astrocyte-released
factors (known and novel) potentially involved in sleep induction.

Supporting Information

Additional supporting information can be found in the online
version of this article:
Fig S1. Effects of 5 and 30 Hz stimulation of astrocytes in the pos-
terior hypothalamus on wake, NREM and REM sleep
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