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INTRODUCTION: Sleep homeostasis, the balance
between the duration of sleep and wakefulness,
is a fundamental feature of the sleep-wake
cycle. During wakefulness, sleep-promoting
somnogenic factors accumulate and cause
an increase in sleep pressure or our need for
sleep. Decades of research have identified many
genes, molecules, and biochemical processes
involved in the regulation of sleep homeostasis.
Among various processes implicated in sleep
homeostasis, adenosine—a critical component
of the cell metabolic pathway—is a prominent
physiological mediator of sleep homeostasis.
Adenosine released in the basal forebrain (BF),
a brain region that plays a critical role in reg-
ulating the sleep-wake cycle, can suppress neu-
ral activity mediated by the Al receptor and
increase sleep pressure. In addition, the sleep-
wake cycle is controlled by different patterns
of neural activity in the brain, but how this
neural activity contributes to sleep homeosta-
sis remains mostly unclear. In this study, we
examine the neural control of sleep homeosta-
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sis by investigating in detail the mechanisms
underlying adenosine increase in the BF.

RATIONALE: Because the traditional microdial-
ysis measurement of adenosine concentration
has a poor temporal resolution, we first designed
a genetically encoded G protein-coupled recep-
tor (GPCR)-activation-based (GRAB) sensor for
adenosine (GRABag,), in which the amount
of extracellular adenosine is indicated by the
intensity of fluorescence produced by green
fluorescent protein (GFP) (see the figure, panel A).
Using the GRABAq,, We first measured the dy-
namics of extracellular adenosine concentrations
during the sleep-wake cycle in the mouse BF.
We then used a simultaneous optical record-
ing of the Ca®* activity in different BF neurons
and the change in adenosine concentrations
to examine the correlation between adenosine
increase and neural activity. We further studied
the ability of different BF neurons in controlling
the adenosine release using optogenetic activa-
tion. Finally, we used cell type-specific lesion to

B optogenetic activation

Neural control of rapid adenosine dynamics and sleep homeostasis. (A) Simultaneous optical recording of
the Ca®" activity and adenosine concentration using GCaMP and GRAB,, reveals neural activity—dependent
rapid adenosine dynamics in the mouse basal forebrain (BF) during the sleep-wake cycle. (B) Optogenetic
activation of BF glutamatergic neurons evokes a robust increase of extracellular adenosine. (C) Cell type—specific
lesion of BF glutamatergic neurons significantly increases wakefulness.
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confirm the contribution of BF neurons in con-
trolling the increase in adenosine concen-
trations and examine its contribution to the
sleep homeostasis regulation.

RESULTS: We found that the amount of extra-
cellular adenosine was high during wakeful-
ness and low during non-rapid eye movement
(NREM) sleep. Benefiting from the high tem-
poral resolution of the GRAB»4,, We also found
a prominent increase in adenosine during REM
sleep and revealed rapid changes in adenosine
concentrations during brain state transitions.
Simultaneous fiber photometry recording of the
Ca* activity in different BF neurons and the
change in extracellular adenosine concentra-
tions showed that both cholinergic neurons and
glutamatergic neurons had highly correlated ac-
tivity with changes in the adenosine concentra-
tion (see the figure, panel A). In examining the
time course of the two signals, we found that neu-
ral activity always preceded changes in ade-
nosine dynamics by tens of seconds. When we
measured the evoked adenosine release by op-
togenetic activation of these two types of neu-
rons using their physiological firing frequencies,
we found that the activation of BF cholinergic
neurons only produced a moderate increase in
extracellular adenosine; by contrast, the activa-
tion of BF glutamatergic neurons caused a large
and robust increase (see the figure, panel B).
Finally, we selectively ablated BF glutamatergic
neurons and found a significantly reduced in-
crease in the amounts of extracellular adeno-
sine. Also, mice with a selective lesion of BF
glutamatergic neurons showed impaired sleep
homeostasis regulation, with significantly in-
creased wakefulness during the active period
(see the figure, panel C).

CONCLUSION: Here, we report the design and
characterization of a genetically encoded aden-
osine sensor with high sensitivity and specificity,
and high temporal resolution; using the sensor,
in combination with fiber photometry recording,
optogenetic activation, and cell type-specific le-
sion, we demonstrate a neural activity-dependent
rapid dynamics of the extracellular adenosine
concentration during the sleep-wake cycle in the
mouse BF and uncover a critical role of the BF
glutamatergic neurons in controlling adenosine
dynamics and sleep homeostasis. These find-
ings suggest that cell type-specific neural ac-
tivity during wakefulness can contribute to the
increase in sleep pressure by stimulating the
release of somnogenic factors.
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Sleep and wakefulness are homeostatically regulated by a variety of factors, including adenosine.
However, how neural activity underlying the sleep-wake cycle controls adenosine release in the brain
remains unclear. Using a newly developed genetically encoded adenosine sensor, we found an activity-
dependent rapid increase in the concentration of extracellular adenosine in mouse basal forebrain (BF), a
critical region controlling sleep and wakefulness. Although the activity of both BF cholinergic and
glutamatergic neurons correlated with changes in the concentration of adenosine, optogenetic activation
of these neurons at physiological firing frequencies showed that glutamatergic neurons contributed
much more to the adenosine increase. Mice with selective ablation of BF glutamatergic neurons
exhibited a reduced adenosine increase and impaired sleep homeostasis regulation. Thus, cell type-
specific neural activity in the BF dynamically controls sleep homeostasis.

omeostatic regulation is a fundamental

phenomenon of the sleep-wake cycle,

and sleep-promoting somnogenic fac-

tors accumulate during wakefulness,

thereby inducing sleep (7, 2). Several
extracellular or cytoplasmic factors and asso-
ciated biochemical processes that contribute to
this phenomenon have been identified (3-5).
In addition, different patterns of neural activ-
ity in the brain control the sleep-wake cycle,
but how this neural activity contributes to
sleep homeostasis remains largely unknown
(6). Among various processes implicated in
controlling sleep homeostasis (3, 7, 8), the
release of adenosine in the basal forebrain
(BF) is a prominent physiological mediator
of sleep homeostasis (9-12). In this study, we
used a genetically encoded adenosine sensor
to examine in detail the mechanisms under-
lying the increase in adenosine concentration
in the BF, a brain region that plays a critical
role in regulating the sleep-wake cycle (13, 14,).

Development and characterization of a
genetically encoded adenosine sensor

To record the dynamics of extracellular aden-
osine level in the BF during the sleep-wake
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cycle with high temporal resolution and high
specificity and sensitivity, we designed a ge-
netically encoded G protein-coupled receptor
(GPCR)-activation-based (GRAB) sensor for
adenosine (GRAB,g,), in which the amount of
extracellular adenosine is indicated by the in-
tensity of fluorescence produced by green flu-
orescent protein (GFP) (Fig. 1A).

The sensor was developed by using an es-
tablished GRAB sensor development pipeline
(15-20): We first screened candidate sensor
scaffolds by inserting a conformational-sensitive
circularly permuted enhanced GFP (cpEGFP)
into different adenosine receptors using linker
peptides (fig. S1A); we then selected an A,y re-
ceptor (AspR)-based chimera (GRAB4go0.1) for
further optimization because of its good mem-
brane trafficking and high fluorescence response
upon adenosine application (fig. S1B); we next
systematically optimized the length and amino
acid composition of the linkers between the
A, AR and the cpEGFP and identified a sensor
with the largest fluorescence response (fig. S1,
C and D), which we named GRAB4g.1.0 (here-
after referred to as Ado1.0).

In human embryonic kidney 293T (HEK293T)
cells, Ado1.0 showed good membrane trafficking
and produced a 120% peak response (change
in fluorescence intensity, AF/F,) to the applica-
tion of a saturated concentration of adenosine
(100 uM) (Fig. 1B); by contrast, a non-ligand-
binding mutant form of the sensor [F168A (21);
GRAB Ago1.0mut, OF Adol.0mut for short] showed
no detectable response (Fig. 1B and fig. S2E).
Ado1.0 had rapid response kinetics, with a rise
time constant (t,,) of 68 + 13 ms (Fig. 1C). In
neurons, Ado1.0 was widely distributed through-
out the membrane, including the soma, axons,
and dendrites (Fig. 1D and fig. S2A), and re-
sponded to adenosine application in a dose-
dependent manner (Fig. 1E and fig. S2C), with
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a median effective concentration (ECs,) of
~60 nM (Fig. 1F). Ado1.0 responded to aden-
osine with high selectivity, because it showed
an undetectable or much weaker response to
several structurally similar derivatives of aden-
osine, such as adenosine 5 -diphosphate (ADP),
adenosine 5°-triphosphate (ATP), inosine, and
adenine (Fig. 1F and fig. S2B). In addition,
adenosine-induced fluorescence response can
be blocked by the A, R antagonist SCH-58261
(fig. S2, B to D).

Next, we examined whether Ado1.0 expres-
sion affects cellular physiology. Using a lucif-
erase complementation assay, we found that
Adol.0 had almost no downstream G coupling,
in contrast to the robust coupling produced
by cells expressing A,sRs (Fig. 1H, middle,
and fig. S1E, middle). Similarly, we found no
detectable downstream cyclic adenosine 3°,5"-
monophosphate (cCAMP) activation induced by
the A,5R agonist HENECA in Adol.0 (Fig. 1H,
right, and fig. SIE, right). Consistent with the
minimum activation of intracellular signal-
ing pathways, Adol.0 showed no detectable
internalization, as we observed no significant
decrease of fluorescence in Adol.0-expressing
cells when applying a high concentration of
adenosine (10 uM) for 2 hours (Fig. 1G and fig.
S2D). Finally, there was no difference in either
field stimulation-evoked Ca?* signaling (Fig. 11
and fig. S3) or K'-evoked glutamate release (fig.
S3) between Adol.0-expressing neurons and
nontransfected neurons, suggesting that ex-
pression of Adol.0 did not measurably alter
Ca®* signaling or neurotransmitter release.

Together, these results show that Ado1.0 can
detect rapid dynamics of extracellular adeno-
sine levels with high sensitivity and specificity;
at the same time, its expression has no detec-
table effect on cell physiology.

Dynamics of extracellular adenosine in the
sleep-wake cycle

We next examined the dynamics of extracel-
lular adenosine concentration in the BF during
the sleep-wake cycle using the GRAB 4, sensor.
We injected an adeno-associated virus (AAV)
expressing GRAB 4, into the BF and measured
the fluorescence signal using fiber photometry
through an implanted optical fiber (Fig. 2A
and fig. S4); as an internal control (e.g., for
correcting movement artifacts), we coexpressed
a red fluorescence protein mScarlet, which is
insensitive to changes in adenosine concentra-
tion. The adenosine signal was then extracted
from the measured fluorescence signals using
a blind source separation method (22).

We observed significantly higher amounts
of extracellular adenosine when the mice were
awake, as compared with that during non-
rapid eye movement (NREM) sleep (Fig. 2B, C,
and E; P = 3.6 x 107%), consistent with previous
microdialysis measurements (9, 10). Such a dif-
ference was not observed in mice expressing a
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Fig. 1. Design and characteri-

zation of genetically GRABaxo I S_Zr" )
encoded adenosine sensors. fi} . EX 3
(A) Schematic drawing " g g
depicting the principle of the § “' 5
GRABAgo sensors. The third AR Adenosine z
intracellular loop of the human 2
AoaR was replaced with E
cpEGFP; thus, the binding of CpEGFP ©

adenosine induces a conforma-
tional change that increases

the cpEGFP fluorescence. D
(B) Expression and responses
of the GRABAdol.O and
GRABAgo1.0mut i HEK293T cells.
(Left) Images of sensor
fluorescence before and after
application of 100 uM Ado
(scale, 10 um). (Middle and
right) Time course and
summary of peak AF/Fy;

n = 20 cells from two cultures.
(C) Rise and decay time
constants of the Adol.0
fluorescence in response to
the application of Ado (100 uM)
followed by the AR antagonist
SCH-58261 (200 uM). n = 10
and 4 cells, respectively.
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30 um). (E) Response of Adol.0 in cultured neurons; n = 28 to 30 regions of interest (ROIs) in three cultures. (F) Normalized dose-response curves for Adol.0-expressing
neurons in response to Ado, ADP, and ATP; n = 20 ROIs each. (G) Normalized AF/F of Adol.0-expressing neurons in response to 10 uM Ado applied for 2 hours; n = 28 neurons
from three cultures. (H) Adol.0 does not engage downstream Gs protein signaling. A luciferase complementation assay was used to measure G protein coupling, and the
cAMP sensor PinkFlamindo was used to measure cAMP concentrations in HEK293T or Hela cells expressing AoaR or Adol.0; n = 3 independent experiments each. (I) Expression
of Adol.0 has minimal effects on neuronal physiology. Calbryte 590 was used to measure Ca®* concentrations in Adol.0-expressing neurons and control neurons. Confocal
images (left; scale bar, 50 um) and AF/Fq of Calbryte 590 in response to field stimuli (30 Hz, 100 pulses) (right); n = 3 coverslips each.

nonbinding mutant form of the adenosine sen-
sor (fig. S6 and Fig. 2D; Wake versus NREM:
P = 0.08; REM versus NREM: P = 0.94).
Benefiting from the high temporal resolution
of the GRAB4gq, sensor, we also observed a
significantly higher amount of adenosine
during REM sleep than during both wakeful-
ness and NREM sleep (Fig. 2, B, C and E; REM
versus Wake: P = 0.002; REM versus NREM:
P =17 x 107%). Such an increase during REM
sleep could not be measured using micro-
dialysis because of the short duration of REM
sleep in mice (9, 23). Furthermore, our mea-
surements showed rapid change in the aden-
osine level as mice transitioned between three
different brain states (Fig. 2, B and F), reveal-
ing an average rise time of 29.3 + 3.6 s (mean +
SEM). This rapid change in extracellular aden-
osine levels suggests a neural activity-dependent
release (24, 25).

Neural control of fast adenosine transients in
the BF during the sleep-wake cycle

Next, we examined how the activity of differ-
ent neuronal types in the BF contributes to the

Peng et al., Science 369, eabb0556 (2020)

observed adenosine dynamics during the
sleep-wake cycle. The BF neural circuits for the
sleep-wake regulation have been character-
ized (7, 8, 26): Cholinergic neurons (expressing
choline acetyltransferase, ChAT) and glutama-
tergic neurons (expressing vesicular glutamate
transporter 2, VGLUTZ2) are highly active during
both wakefulness and REM sleep, and optoge-
netic activation of these two cell types promotes
wakefulness (14). We first examined the role of
BF ChAT+ neurons by measuring the correla-
tion between the activity of ChAT+ neurons and
the change in extracellular adenosine concen-
tration. We injected AAV expressing GRABq,
into the BF of one hemisphere and AAV express-
ing the Cre-dependent Ca>* indicator GCaMP6s
(27) into the contralateral BF of the ChAT-Cre
mice (28), and measured the fluorescence sig-
nal using fiber photometry 2 weeks after injec-
tion (Fig. 3A and fig. S7). This “bilateral dual
probes” method allowed us to simultaneously
measure the signals of two interfering fluores-
cent probes in the same brain region. The pop-
ulation Ca>* activity of ChAT+ neurons had a

time course similar to that of the extracellu-
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lar adenosine increase (Fig. 3B). The size of
GRAB,q4, event strongly correlated with the
size of the corresponding GCaMP event (Fig.
3C; Pearson’s r = 0.83, P < 0.0001), and such
correlation was not observed when the GCaMP
signals were randomly shuffled (Fig. 3D;
Pearson’s r = 0.06, P = 0.32). Moreover, the
change in population Ca®* activity mea-
sured in ChAT+ neurons often preceded the
change in the adenosine signal by ~24 s (Fig.
3E), suggesting that BF ChAT+ neurons may
control the amount of extracellular adeno-
sine (29, 30).

‘We therefore optogenetically activated ChAT+
neurons and used fiber photometry to measure
the evoked adenosine release by coinjecting
AAVs expressing GRAB g, and Cre-dependent
red-shifted channelrhodopsin, ChrimsonR (37),
into the BF of ChAT-Cre mice (Fig. 3F and fig.
S8). Activating ChAT+ neurons (638 nm laser,
10 ms/pulse, 10 Hz for 8 s) induced a slight but
significant increase in extracellular adenosine
(Fig. 3, G to I; peak signal: P = 0.014; Zpyuo.:
P = 0.023), indicating that ChAT+ neurons
may indeed provide some contribution to the
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Fig. 2. Adenosine dynamics in the mouse basal

forebrain during the sleep-wake cycle. (A) Schematic

diagram depicting fiber photometry recording of

extracellular adenosine during the sleep-wake cycle in
freely moving mice. (B) (Top to bottom) EEG power
spectrogram; electromyogram (EMG) (scale, 0.5 mV);
ratio between EEG theta power (6) and delta power (8)

(scale, 2); GRAB,q, fluorescence (scale, 1 z-score).

The brain states (fig. S5) are color-coded; the same color
code is used in all the following figures. (C) GRABago
fluorescence in different brain states. Each line represents
data from one recording. n = 11 sessions from four mice.
***p < 0.001 (Student's paired t test); Wake versus
NREM: P = 3.6 x 1075 REM versus NREM: P = 1.7 x
107, In this and all subsequent figures, summary data
are expressed as the mean + SEM. (D) Fluorescence of
the mutant sensor in different brain states. n = 7 sessions
from four mice. n.s., not significant (Wilcoxon signed-
rank test); Wake versus NREM: P = 0.08; REM versus
NREM: P = 0.94. (E) Normalized modulation of GRABq,
signal in REM (R) = NREM (NR) versus Wake (W) - NREM.
Each symbol represents one recording, and the gray

A Detector
Ado
—_ 525 nm
\ 600 nm
T
GRABxo A = e
465 nm 560 nm
MWW,
Unmixed signals
L
adenosine signal physiological artifact
B (Hz Wake REM NREM

shaded box indicates a <2-fold signal change between the

indicated brain states. (F) Signal of the GRABA4, Sensor
and mutant sensor during brain state transitions. The

vertical dashed lines represent the transition time.

n = 35, 104, 148, and 29 events (in four mice) for each

panel, respectively.

observed changes in extracellular adenosine
during the sleep-wake cycle. However, the am-
plitude of evoked adenosine changes was
highly variable in different trials (Fig. 3G), sug-
gesting that other cell types in the BF may also
play a role in regulating extracellular adeno-
sine during the sleep-wake cycle.

We thus further examined the role of BF
VGLUT2+ neurons, using the same “bilateral
dual probes” method described above for ex-
pressing GRAB4q, and GCaMP6s in the BF of
VGLUT2-Cre mice (32) (Fig. 4A and fig. S9).
The Ca®* signal measured in VGLUT2+ neu-
rons was significantly correlated with extra-
cellular adenosine (Fig. 4, B to D; Pearson’s 7 =
0.64, P < 0.0001) and preceded the GRABAq4,
signal by ~41 s (Fig. 4E). Further optogenetic
activation of VGLUT2+ neurons (Fig. 4F and
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fig. S10) at a physiologically relevant frequency
of 20 Hz for 8 s (14) induced a large and re-
producible increase in extracellular adenosine
(Fig. 4, G to I; signal peak: P = 0.036; Xpyo.: P =
8 x 107°). This release was much larger than
that induced by activating ChAT+ neurons
(Fig. 41; ChAT+ versus VGLUT2+, signal peak
(z-score): 0.76 + 0.20 versus 2.56 + 0.21, P =
0.0022; Xpp,0 (2-score): 73 + 22 versus 208 +
17, P = 0.0011). The laser-induced increase in
extracellular adenosine was likely due to direct
activation of VGLUT2+ and ChAT+ neurons
rather than nonspecific effects of the laser
(e.g., local heating), because no significant
laser-evoked fluorescence was observed in
mice expressing only GRAB 4, but without
ChrimsonR (fig. S11; P = 0.45). The difference
that we observed between adenosine release
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evoked by the activation of ChAT+ or VGLUT2+
neurons most likely reflects their in vivo abil-
ity to control the adenosine dynamics during
the sleep-wake cycle, because we used physi-
ological firing rates for optogenetic activa-
tion of ChAT+ and VGLUT2+ neurons (10 and
20 Hz, respectively) (14, 33).

We next measured the adenosine transients
after selectively ablating VGLUT2+ neurons
in the BF using Caspase-3 to drive cell type-
specific apoptosis (34). We coinjected AAVs ex-
pressing GRAB,q4, and Cre-dependent Caspase-3
in the BF of VGLUT2-Cre mice (Fig. 4J). Two
weeks after injection, when a significant re-
duction in the number of VGLUT2+ neurons
was observed in the BF (fig. S12), we found a
significantly reduced extracellular adenosine
increase during both wakefulness and REM
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Fig. 3. Calcium activity in A
BF cholinergic neurons
correlates with changes in
extracellular adenosine.

(A) Schematic diagram
depicting fiber photometry
recording of extracellular
adenosine levels and population
Ca®* activity of ChAT+ neurons.
(B) (Top to bottom) EEG power
spectrogram, EMG (scale,

0.1 mV), GCaMP fluorescence
(scale, 1 z-score), and GRABaqo
fluorescence (scale, 1 z-score).
(C) Correlation between the C
size of GCaMP and GRABpq,

events. The red line represents

a linear fit. n = 224 events from

nine recordings in three mice.
Pearson’s r = 0.83, P < 0.0001.

The correlation coefficient

was calculated using raw data
(rather than using data after log
transformation); the scatter

plot is on a logyo scale for F
better visualization; thus, data

points near zero may not be

visible; the same analysis was
applied in Fig. 3D and Fig. 4,

C and D. (D) Same as in (C)

after the GCaMP signal was
randomly shuffled. Pearson’s
r=0.06, P =0.32. (E) Time

course of the GCaMP and

GRAB,q, signal aligned to the

onset (left) or offset (right)

of the GRAB,q, events.

(F) Schematic diagram depict-

ing fiber photometry recording
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train. (H) Group summary of laser-evoked GRAB,q, signals. Gray, data of individual recording; green, group average. (I) Quantification of laser-evoked adenosine
signals in (H). (Left) Peak amplitude (P = 0.014, Student’s t test); (right) integrated signal area (P = 0.023, Student's t test.).

sleep, as compared to control mice (Fig. 4, K
and L; VGLUT2 lesion versus no-lesion, Wake
(normalized AF/F,, norm. g-score): 1.6 + 0.7
versus 5.3 + 0.6, P = 0.002; NREM: 0.4 + 0.2
versus 1.0 + 0.1, P = 0.017; REM: 1.4 + 1.0 versus
7.1+ 0.8, P = 0.0003), further supporting the
role of BF VGLUT2+ neurons in controlling the
increase in extracellular adenosine.

Loss of BF glutamatergic neurons impairs
sleep homeostasis

The increase in adenosine during physiologi-
cal or prolonged wakefulness has been sug-
gested to powerfully control sleep homeostasis
(9, 11, 12). Animals with lower activation of
adenosine signaling may have a slower buildup
of sleep pressure and exert increased wakeful-
ness and faster recovery from prolonged wake-
fulness (35, 36). Loss of VGLUT2+ neurons in
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the BF (e.g., through selective ablation) might
thus alter sleep homeostasis.

To test this hypothesis, we bilaterally ab-
lated VGLUT2+ neurons in the BF using the
same method as described above and measured
changes in the sleep-wake behavior (Fig. 5A).
Mice with ablated BF VGLUT2+ neurons spent
significantly more time in wakefulness com-
pared to littermate controls (Fig. 5, B and C,
and fig. S13; Lesion versus Control, time in
wakefulness (%): 66.8 + 1.5 versus 57.5 + 2.6,
P =0.0092). This difference was primarily due
to increased wakefulness specifically during the
active period (i.e., nighttime), with no signifi-
cant difference during the inactive period (i.e.,
daytime) (Fig. 5C; Lesion versus Control, time
in wakefulness (%): nighttime, 91.3 + 1.6 versus
76.3 = 5.0, P = 0.0041; daytime, 42.2 + 2.2 versus
38.6 + 0.97, P = 0.16). We observed no apparent
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difference in the quality of the sleep or wake-
fulness in the lesion group, as measured by the
power of electroencephalogram (EEG) slow-
wave activity (SWA, 0.5 to 4 Hz) during NREM
sleep or theta activity (6 to 10 Hz) during active
wakefulness (37) (fig. S14; EEG SWA, P = 0.87;
EEG theta, P = 0.44), suggesting that the ob-
served increase in wakefulness in the lesion
group was not caused by distorted patterns of
brain oscillations.

Another measurement of impaired sleep ho-
meostasis regulation is the change in recovery
sleep after prolonged wakefulness (I, 38). We
thus examined whether the loss of VGLUT2+
neurons in the BF affects recovery sleep. Mice
were kept in wakefulness by gentle handling
(i.e., sleep deprivation, SD) in their home cages
for 6 hours starting from the beginning of the
light-on period, and recovery sleep was then
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Fig. 4. Glutamatergic neurons A
in the BF contribute to the
increase in extracellular
adenosine during the sleep-
wake cycle. (A) Schematic
diagram depicting fiber
photometry recording of extra-
cellular adenosine levels and
population Ca®* activity of
VGLUT2+ neurons. (B) (Top

to bottom) EEG power spectro-
gram, EMG (scale, 0.2 mV),
GCaMP fluorescence (scale,

1 z-score; light blue, smoothed
signal), and GRAB, fluores-
cence (scale, 1 z-score). (C and
D) Same as Fig. 3, C and D,
respectively. n = 233 events
from 10 recordings in six mice.
In (C), Pearson’'s r = 0.64,

P < 0.0001; in (D), Pearson's
r=-0.07, P =0.3. (E) Same
as Fig. 3E. (F to H) Same

as Fig. 3, F to H, respectively,
except that VGLUT2+ neurons F
are stimulated. The decrease in
GRAB,q, signal after the laser

onset was independent of
extracellular adenosine because

it cannot be blocked by an
antagonist of the GRAB,

sensor (45) and may be caused

by activity-dependent PMCA

effect (46). (I) Quantification of
laser-evoked adenosine signals.

Data of the ChAT+ group are

the same as those in Fig. 3.

(Left) P < 0.005 (Wilcoxon

rank-sum test); (right)

P < 0.002 (Student's t test). J
(J) Schematic diagram

depicting the strategy used to
selectively ablate VGLUT2+

neurons in the BF using

a Cre-dependent Caspase-3.

(K and L) Summary of GRABago
signal in mice with ablation

of VGLUT2+ neurons (K)
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(n = 8 recordings from eight mice) and in control mice (L) (n = 18 recordings from 18 mice). Lesion versus Control: Wake, P = 0.002 (Wilcoxon rank-sum test); NREM:
P = 0.017 (Student’s t test); REM: P = 0.0003 (Student's t test).

measured during the subsequent 18 hours
(Fig. 5D and fig. S15) (39). Although both
lesion and control mice showed compensatory
sleep rebound (fig. S16), there was significantly
less NREM sleep in the lesion group during ZT
12-16 (Fig. 5, D and E; Lesion versus Control,
time in NREM (%): 12.9 + 4.0 versus 35.2 + 3.9,
P =0.0017), but not for ZT 6-12 (Fig. 5D and E;;
P =0.90). We also analyzed the time course of
the NREM SWA and NREM percentage after
SD by fitting the hourly data with an expo-
nential decay function (38). The lesion group

Peng et al., Science 369, eabb0556 (2020)

exhibited a tendency of faster decline in the
NREM SWA (fig. S17; decline coefficients:
Lesion, —0.061 + 0.011; Control, —0.033 + 0.012;
P =0.11) and a significantly faster decline in
the NREM sleep time (Fig. 5F and G; decline
coefficients: Lesion, —0.18 + 0.011; Control,
—0.094 + 0.014; P = 2.7 x 107%).

Discussion

Here, we reported the design and character-
ization of a genetically encoded adenosine
sensor (GRAB,4,) with high sensitivity and

4 September 2020

specificity, and high temporal resolution; by
combining the GRAB,q4, and fiber photometry
imaging with bilateral dual probes, together
with optogenetic manipulation and cell type-
specific lesion, we demonstrated a neuronal
type-specific control of fast adenosine dynam-
ics during the sleep-wake cycle and uncovered
a critical role of the VGLUT2+ neurons in the
BF in controlling adenosine dynamics and
sleep homeostasis.

The cell type-specific control of extracellular
adenosine levels in the BF suggests a distinct
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Fig. 5. Loss of BF VGLUT2+ A B -~ ) E wwxxt c 100 _
neurons impairs sleep 100 —-—éesmnl . olesion T
homeostasis. (A) Schematic DIO-Caspase-3 ® ——Contro &2 =Control
diagram depicting the strategy . ° Qo 75 7,
; X
used to selectively ablate @ @9 — Waket 501 2
VGLUT2+ neurons in the BF. < e st £ 50
(B) Circadian variation of @ O © GE)
wakefulness in lesion and E = o5
control mice. n = 7 mice per 0_- .
group. *P < 0.05, **P < 0,01, ZT0 ZT12 ZT24 24 hr Day Night
and ***P < 0.001 (Wilcoxon
rank-sum test or Student’s D |6 hr SD Recovery sleep ) E F G
ttest). (€) Pergentage of time 100 — Lesion 100 SLesion 100 . »
in wakefulnes§ in the entire § ——Control ;@ _n.s. @Control § :lc-;%il?rgl 5-0.2
24 hours, during the day or g g = T S
the night. **P < 0.0L; n.s., not E B * i} E ©
50 * Tk L Q
significant; 24-hr, P = 0.0092 z Z 50 & 50 S-0.1
(Student's t test); Day, P= 016 ¢ sD = c | 2
(Student's t-test); Night, g GEJ g ]
P =0.0041 (Wilcoxon rank-sum = O ——— E 0 g ol . B 0 S o
test). (D) Circadian variation ZT0 ZT12 ZT24 ZT6-12 ZT12-16 ZT6 ZT16 005‘« \g?‘o

of the NREM sleep when the

lesion and control mice were subjected to sleep deprivation (SD) for 6 hours (ZT0-6). n = 7 mice per group. *P < 0.05 and **P < 0.01 (Wilcoxon rank-sum

test or Student's t test). (E) Summary of the percentage of NREM sleep during the two selected periods. **P < 0.01 and n.s., not significant. ZT6-12, P = 0.90
(Wilcoxon rank-sum test); ZT12-16, P = 0.0017, (Student's t test). (F) Time course showing the decay in the percentage of NREM sleep in each hour after SD using the
same data in (D). Dashed lines, the exponential fit of data from individual mice; solid line, group average. (G) Fitting coefficients from the data in (F) (smaller
coefficient means a faster decline in hourly sleep percentage). P = 2.7 x 107 (Student's t test).

contribution to the sleep-wake regulation by
different wake-active neurons in the BF. The
long delay in the increase of extracellular
adenosine following neural activation may
provide a time window for the activation of
BF neural circuits, while still maintaining
a feedback inhibition (40) for stabilizing the
network.

Our results that the loss of BF VGLUT2+
neurons have a larger effect on the balance
between the duration of sleep and wakeful-
ness, but not the SWA or the recovery sleep,
are consistent with the notion that adenosine
regulation of SWA is primarily caused by its
direct modulation of neural activity in the
thalamocortical system (12, 41, 42). This result
suggests a dissociation in the regulation of dif-
ferent features of the sleep-wake cycle.

Together, our findings offer new insights
into the mechanisms by which neural activity
during wakefulness contributes to the increase
in sleep pressure (43, 44) by stimulating the
release of somnogenic factors.

Materials and Methods
Design and characterization of GRAB 44,

The cDNAs encoding various subtypes of
Ado receptor were amplified from the human
GPCR cDNA library, and the third intracel-
lular loop (ICL3) of each receptor was replaced
with the ICL3 of GRAByg. The insertion sites
on A,,R and the amino acid composition be-
tween A, R and ICL3 of GRAByy were sys-
tematically screened to obtain GRABago1.0-
GRAB 4010 Was then expressed in HEK293T

Peng et al., Science 369, eabb0556 (2020)

cells, HeLa cells, or cultured rat primary neu-
rons for further characterization of its sensitivity
and specificity, its coupling with intracellular
signaling pathways, and effects of its expres-
sion on neuronal physiology.

Animals and surgical procedures

All animal experimental procedures followed
guidelines of the National Institutes of Health
and were approved by the Animal Care and
Use Committee at Peking University, or the
Institute of Neuroscience, Chinese Academy of
Sciences. Both male and female mice (>7 weeks
at the time of surgery) were used for in vivo
experiments. AAV virus (0.2 to 0.4 pl) was
stereotaxically injected into the BF using a
glass pipette micro-injector through a craniot-
omy. For fiber photometry and optogenetic
activation experiments, optical fibers were
inserted into the BF using the same coordi-
nate for virus injections. EEG and EMG elec-
trodes were attached according to standard
procedures. All implants were secured using
dental cement. Experiments were carried out
at least 1 week after surgery.

Polysomnography recordings

The EEG and EMG signals were recorded
using TDT amplifiers with a high-pass filter
at 0.5 Hz and digitized at 1500 Hz. The brain
states were scored every 5 s semi-automatically
in MATLAB using fast Fourier transform (FFT)
spectral analysis with a frequency resolution
of 0.18 Hz, and the results were validated
manually by trained experimenters accord-
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ing to established criteria. For recording with
fiber photometry, experiments were carried
out in home cages, and each session lasted
~3 hours. For long-term recording, mice were
connected to the system using a commutator
and habituated for at least 3 days before a
3-day recording period, followed by 6-hour sleep
deprivation and recovery sleep for 30 hours.
Sleep deprivation was achieved using gentle
handling methods.

Fiber photometry recording and analysis

GRAB,3, and GCaMP fluorescence was recorded
using fiber photometry with lock-in detec-
tion. The fiber photometry rig was built using
parts from Doric Lens, and the lock-in detec-
tion was implemented in the TDT RZ2 sys-
tem using the fiber photometry “Gizmo” of the
Synapse software. The demodulated signal
was low-pass filtered at 20 Hz and stored using
a sampling frequency of 1017 Hz. To analyze
the photometry data, we first down-sampled
the raw data to 1 Hz and subtracted the back-
ground autofluorescence. We then calculated
the AF/F, using a baseline obtained by fitting
the autofluorescence-subtracted data with a
second-order exponential function. Finally,
we used a MATLAB script “BEADS” with a cut-
off frequency of 0.00035 cycles per sample
to remove the slow drift and identify fast com-
ponents. To quantify the GRABq, Signal across
different animals, the z-score transformed
AF/F, was further normalized using the stan-
dard deviation of the signal during NREM
sleep.
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Statistics

A normality test was first performed on each
dataset using the Shapiro-Wilk test. The para-
metric tests were used if the dataset was nor-
mally distributed; otherwise, nonparametric
tests were used. All the statistical tests were
two-tailed and performed in MATLAB. Data
in the fiber photometry experiments were ex-
cluded based on post-hoc verification of the
virus expression and the position of optical
fibers. In the long-term polysomnographic re-
cording experiments, one mouse was excluded
for analysis because of abnormal EEG and EMG
signals. The investigators were not blinded to
the genotypes or the experimental conditions
of the animals.

Further details of the materials and methods

can be found in the supplementary materials.
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Regulation of sleep homeostasis mediator adenosine by basal forebrain glutamatergic
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Sleep and basal forebrain activity

Different patterns of neural activity in the brain control the sleep-wake cycle. However, how this activity contributes
to sleep homeostasis remains largely unknown. Adenosine in the basal forebrain is a prominent physiological mediator of
sleep homeostasis. Using a newly developed indicator, Peng et al. monitored adenosine concentration in the mouse
basal forebrain. There was a clear correlation with wake state and REM sleep. Activity-dependent release of adenosine
could also be elicited after optogenetic stimulation of basal forebrain glutamatergic, but not cholinergic, neurons. These
findings offer new insights into how neuronal activity during wakefulness contributes to sleep pressure through the
release of sleep-inducing factors.
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