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A high-performance fluorescent sensor
spatiotemporally reveals cell-type specific
regulation of intracellular adenosine in vivo
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Adenosine (Ado), a nucleoside bridging intracellular metabolism with inter-
cellular communication, plays an essential role in regulating processes such as
sleep and seizure. While the functions of extracellular Ado (“eAdo”) are well
documented, our knowledge about the distribution and regulatory functions
of intracellular Ado (“iAdo”) is limited by a lack of methods for detecting iAdo
in vivo. Here, we develop HypnoS, a genetically encoded fluorescent sensor for
iAdo characterized by its high sensitivity, specificity, spatiotemporal resolu-
tion, and rapid response (sub-seconds). HypnoS enables real-time visualization
of iAdo dynamics in live cultures, acute brain slices, flies, and freely moving
mice. Using HypnoS for dual-color mesoscopic imaging in mice, we show that
seizure-induced iAdo waves propagated across the cortex, following calcium
signals. Additionally, two-photon imaging reveals that iAdo decays more
rapidly in astrocytes than in neurons during seizures. Moreover, by recording
iAdo dynamics in the basal forebrain during the sleep-wake cycle, we observe
that iAdo signals are present during wakefulness and rapid eye movement
(REM) sleep, regulated by equilibrative nucleoside transporters (ENT1/2).
Thus, HypnosS is a versatile and powerful tool for investigating the biological
functions of iAdo across a range of physiological and pathological states.

Adenosine (Ado) is a multifaceted molecule playing a critical function intercellular communication and modulating synaptic networks and
in numerous physiological and pathological processes. It influences neuroinflammation®’. Additionally, Ado is implicated in conditions
astrocyte activity, neuronal plasticity, motor functions, learning such as epilepsy, stroke, and neurodegeneration>*'°. Understanding
and memory, and sleep regulation'®. Beyond its role as a neuromo- how Ado is produced and released in the brain is therefore of critical
dulator, Ado serves as a metabolic sensor in the brain, facilitating importance. Recent studies suggest that the concentration of Ado in
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the extracellular space results from various biological processes,
including the production of extracellular Ado (“eAdo”, e.g., via extra-
cellular ATP degradation)”™"? and the formation of intracellular Ado
(“iAdo”), which is then released through equilibrative nucleoside
transporters (ENT1/2)". ENT2-mediated adenosine signaling has
been reported studies of 40 Hz flickering-induced sleep and of glym-
phatic regulation in the brain'®". However, discrepancies frequently
arise concerning the cellular origin of Ado, the triggers for its release,
and the release mechanisms, largely due to differences in experimental
methodologies'®. One of the current challenges in this area of research
is to more precisely identify the different sources of eAdo and eluci-
date the mechanisms governing Ado release in response to both
physiological and pathological stimuli.

Determining the relative contributions of eAdo and iAdo has been
challenging due to the lack of techniques with sufficient spatio-
temporal resolution to distinguish between their effects'®. Traditional
methods often rely on homogenized tissue samples, which obscure
spatial information and may not accurately reflect iAdo or eAdo
changes within specific cell populations’?*?. In contrast, genetically
encoded fluorescent sensors offer significant advantages, allowing
researchers to target specific cell types and monitor real-time changes
in a minimally invasive manner within living organisms***>?*, Recent
studies have utilized the GRAB4q4, sensor to monitor eAdo dynamics
during sleep-wake cycles in vivo, uncovering that glutamatergic neu-
rons contribute substantially more to the eAdo increase than other cell
types'**. However, the role of iAdo in contributing to eAdo across
different cell types remains unclear'®?*?, This underscores the need
for new tools to selectively, specifically, and in real-time monitor the
metabolism and release pathways of iAdo with cell-type specificity.

In response to this need, we developed HypnoS (Hypersensitive
intracellular adenosine Sensor), a genetically encoded green fluor-
escent sensor engineered by coupling a conformationally sensitive
circular-permutated EGFP (cpEGFP) to Plasmodium vivax adenosine
deaminase (PvADA). HypnosS is specifically designed for real-time
monitoring of iAdo dynamics in living cells and model organismes. It
enables the real-time detection of iAdo in living cells, acute brain
slices of mice, and intact brains of animal models including flies and
mice. HypnoS allows for precise spatiotemporal resolution of iAdo
dynamics with cell-type specificity, such as during chemically
induced seizures in vivo. Additionally, our application of HypnoS has
provided insights into the regulation of iAdo dynamics by ENT1/2
during sleep-wake cycles in mice. By facilitating the study of iAdo
dynamics in real-time and across various scales, HypnoS offers a
powerful tool for investigating the roles of iAdo in both physiological
and pathological states.

Results

Development of the iAdo sensor HypnoS

To develop a genetically encoded sensor for iAdo, we utilized Plas-
modium vivax adenosine deaminase (PvADA) as a sensing module, as
a prediction based on the crystal structure of PvADA indicated that
the o7 structural gate and/or the B3/a12 loop of PvADA would
undergo substantial conformational changes upon Ado binding®®
(Supplementary Fig. 1a). We planned to insert a circularly permuted
enhanced green fluorescent protein (cpEGFP) flanked with linkers®
into the a7 structural gate or into the $3/al2 loop (Fig. 1a), antici-
pating that an Ado-induced conformational change might alter
fluorescence.

To identify optimal cpEGFP insertion sites, we leveraged the
PVADA structure” and analyzed the Ca dihedral angle differences
between Ado-bound and Ado-free states (Supplementary Fig. 1b),
indicating local conformational changes®. Ten sites with significant
conformational changes were selected for cpEGFP insertion (Supple-
mentary Fig. 1c). Among these, variant 175 (cpEGFP inserted between
residues 175-176) showed a 4% response. We improved this response

through linker randomization, screening over 2500 variants, and ulti-
mately identified variant FFS-AN, which exhibited a 405% response
with an ECsg of 4.9 mM (Fig. 1b and Supplementary Fig. 1d, e).

Subsequently, to enhance the affinity of FFS-AN, mutations were
introduced into the Ado-binding pocket (L85A, G200V, L284C)*,
yielding variants AV and AVC with improved affinities (ECsq of 9.18 pM
and 1.51 pM, respectively; Supplementary Fig. 1f-i). We then performed
random mutagenesis of cpEGFP based on AVC and identified a variant
(I23W mutation of cpEGFP) with a 929% response (Fig. 1b and Sup-
plementary Fig. 2). We named this sensor HypnoS (Hypersensitive
adenosine Sensor). We also generated HypnoS-mut, an Ado-insensitive
control (Supplementary Fig. 1j, k), harboring V200G and G201K
mutations in the Ado-binding pocket, that displayed intense fluores-
cence but no response to Ado.

In vitro characterization of HypnoS and monitoring of iAdo
dynamics in mammalian cells

To characterize the properties of HypnoS in vitro, we purified the
protein and conducted a comprehensive analysis. HypnoS exhibited
excitation peaks at 398 nm and 500 nm, with emission at 513 nm
(Fig. 1c), similar to other cpEGFP-based sensors®. Upon Ado binding,
HypnoS displays a ratiometric response with increased fluorescence at
488nm and decreased fluorescence at 398 nm (Supplementary
Fig. 11, m). Absorbance spectra revealed two peaks at 398 nm and
500 nm in both Ado-bound and Ado-free states (Supplementary
Fig. 1n,0). Ado binding increases HypnoS’s extinction coefficient (EC)
by 1.5-fold (9408 vs. 6316 mM'cm™ at 500 nm) and increases its
quantum yield (QY) by 1.8-fold (0.44 vs. 0.25) (Supplementary Table 1).
Under two-photon excitation, HypnoS in HEK293T cells and neurons
displays peaks at ~-800 nm and ~930 nm, with fluorescence increases at
930 nm and decreases at 800 nm upon Ado binding (Fig. 1d and
Supplementary Fig. 3e). HypnoS showed intense, uniform fluores-
cence, with no detectable photobleaching during long-term (60 min),
continuous two-photon imaging (Supplementary Fig. 3f).

HypnoS fluorescence increased with pH from 7.0 to 8.0 when
excited at 488nm (Supplementary Fig. 1p-s), while excitation at
398 nm allowed pH-independent Ado measurements® (Supplemen-
tary Fig. 1s,t). Temperature changes between 22 °C and 37 °C did not
significantly affect HypnoS’s fluorescence response to Ado (Supple-
mentary Fig. 1u). HypnoS exhibited an affinity for Ado with an ECsq of
10.9 uM (Fig. le), suitable for detecting physiological Ado fluctuations
(estimated as 1.8 +1.4 puM)*. Stopped-flow analysis revealed fast
response kinetics, with apparent association (k,,) and dissociation
(ko) rate constants of 0.31 uM™'s™ and 1.84 s, respectively, resulting
in a ¢y, of 0.22s under 10 pM Ado and ¢y of 0.38s, enabling sub-
second reporting of Ado dynamics (Fig. 1f). The sensor demonstrated
high specificity for Ado, with no detectable response to other tested
nucleotides like inosine (Ino), AMP, ADP, and ATP (Fig. 1g). Moreover,
neither HypnoS nor HypnoS-mut exhibited ADA enzymatic
activity** (Fig. 1h).

Next, we examined the cellular localization and brightness of
HypnoS in mammalian cells. We observed that HypnoS displayed
strong cytoplasmic fluorescence in HEK293T cells and showed an
800% increase in the F488/F405 ratio upon the application of 100 pM
Ado. In contrast, HypnoS-mut showed no response (Fig. 1i). To assess
HypnoS’s ability to monitor endogenous iAdo dynamics, cells
expressing HypnoS were treated with the adenosine kinase (AdK)
inhibitor 5-lodotubercidin (5-ITu, Supplementary Fig. 3a). The appli-
cation of 5uM 5-ITu increased fluorescence of HypnoS by 30%. Still,
not HypnoS-mut (Fig. 1j). In addition, 5-ITu did not induced detectable
response of purified HyponoS sensor (Supplementary Fig. 3b, c),
excluding the possibility of 5-ITu and HypnoS interactions. To measure
the sensor affinity in cell cultures and to assess HypnoS sensor per-
formance in quantifying iAdo concentration in living cells, we adopted
a previously reported approach®¢ in which cells were permeabilized
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with digitonin to allow equilibration of iAdo with a standardized
extracellular concentration prior to monitoring fluorescence by flow
cytometry. Ado was added at a range of concentrations from 0.5 uM to
1mM in permeabilized HEK293T cells expressing HypnoS. Titration
curves (generated with flow cytometry data) indicated that the fluor-
escence ratio (F488/F405) of HypnoS increased following Ado addi-
tion in a dose-dependent manner, with apparent ECso values of
~16.4 uM (Supplementary Fig. 3d), comparable the ECs, measured
using purified HypnoS. Subsequently, the value of the fluorescence
ratio (F488/F405) for HypnoS in nonpermeabilized HEK293T cells was
interpolated into the titration curve to reveal a cytosolic iAdo con-
centration of 1.03 +0.45uM (Supplementary Fig. 3d). These results
suggest that HypnoS is a sensitive, specific, and rapid sensor for iAdo in
mammalian cells.

HypnoS reveals distinct iAdo dynamics in neurons and
astrocytes

After validating the HypnoS sensor for detecting iAdo dynamics in
HEK293T cells, we explored its performance in rat primary neuron-
glia cocultures. Using adeno-associated viruses (AAVs) under the
control of the human synapsin (hSyn) promoter or glial fibrillary
acidic protein (GfaABC1D) promoter, we selectively expressed Hyp-
noS in neurons and astrocytes, respectively (Fig. 2a and Supple-
mentary Fig. 4a). Both cell types exhibited similar fluorescence
responses (Supplementary Fig. 4a-d) and kinetics (7o, 22.0s vs
50.8s; Tofr 38.8 s vs 146.3 s, Supplementary Fig. 3g—j) to 100 pM Ado,
confirming that HypnoS’s sub-second response is sufficient for cap-
turing kinetic differences across various cell types. Crucially, field
stimuli-evoked calcium signaling remained unaltered between
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Fig. 1| Development and in vitro characterization of HypnoS. a Schematic of the
genetically-encoded iAdo sensor, HypnoS. The N-terminal peptide (RSET) with a
His tag originates from the bacterial expression vector pET28a. The X-ray crystal
structures of Ado-bound PvADA (PDB: 2PGF) and cpEGFP (PDB: 3WLD) are shown
as cartoon with Ado and chromophore of cpEGFP shown as stick and sphere,
respectively. The loop bearing the insertion site in PvADA is marked in red. b The
top panel outlines the strategy for creating iAdo sensors. The bottom panel shows
the responses of various sensor candidates to 100 pM Ado (relative to HypnoS’s
response). ¢ One-photon Excitation and emission spectra of Ado-free and Ado-
bound HypnoS in test buffer. AU, arbitrary units. d Two-photon excitation spectra
of HypnoS. Data were collected from HEK293T cells expressing HypnoS. n =30 cells
for O uM Ado and n =21 cells for 100 uM Ado, respectively. AU, arbitrary units.

e Fluorescence response of HypnoS and HypnoS-mut to Ado. The fluorescence
response (F488/F398) of HypnoS and a control sensor (HypnoS-mut) upon exci-
tation at 488 nm and 398 nm is plotted against increasing Ado concentrations
(n=3). Emission was measured at 513 nm. f Binding kinetics of HypnoS to Ado. Each
curve represents a different Ado concentration (bottom to top: 0.5, 1, 5, 10, 50, and
100 uM). g Nucleotide selectivity of HypnoS. The responses of HypnoS to various
nucleotides (n =3) are shown. Ado (adenosine), Ade (adenine), cAMP (cyclic ade-
nosine monophosphate), AMP (adenosine monophosphate), ADP (adenosine

diphosphate), ATP (adenosine triphosphate), Ino (inosine), IMP (inosine mono-
phosphate), Guo (guanosine), GMP (guanosine monophosphate), GDP (guanosine
diphosphate), GTP (guanosine triphosphate), Thd (thymidine), Urd (uridine), Cyd
(cytidine), NAD* (nicotinamide adenine dinucleotide), NADH (reduced NAD"),
NADP* (nicotinamide adenine dinucleotide phosphate), and NADPH (reduced
NADP*) were added to the sensor solution. h Adenosine deaminase enzyme activity
tests (n=3). PvADA, HypnoS, or HypnoS-mut (1 uM) were added to test buffer
containing 100 pM Ado. The change in light absorbance at 265 nm (Abs,¢s nm) Was
monitored to track Ado concentration changes. Representative images (left, scale
bar 20 pm), the time course (middle, F488/F405) and a summary of the peak AR/R,
(right) for HypnoS and HypnoS-mut fluorescence before and after Ado (100 pM, i)
or 5-lodotubercidin (5-ITu, 5 uM, j) application in HEK293T cells. The fluorescence
response (HypnoS and HypnoS-mut) is presented as a pixel-by-pixel ratio between
the images obtained with 488 nm and 405 nm excitation (F488/F405). n=75
(HypnoS) and 67 (HypnoS-mut) cells from 3 cultures in i and n =97 (HypnoS)

and 82 (HypnoS-mut) cells from 3 cultures in j. Two-tailed Student’s ¢-test: in

i P=2.6%x1072% in j P=4.1x107° between HypnoS and HypnoS-mut. All the data
are shown as mean + s.e.m. with the error bars or shaded regions indicating

the s.e.m. **P < 0.001. Source data are provided as a Source Data file.

HypnoS-expressing and non-transfected neurons (Supplementary
Fig. 4e, f), confirming that HypnoS expression does not interfere with
calcium signaling. Additionally, qPCR analysis shows that HypnoS
sensors did not alter the mRNA levels of Entl, Ent2, Ada, or Adk
(Supplementary Fig. 4g, h), suggesting that HypnoS does not inter-
fere with normal adenosine metabolism. These results demonstrate
that HypnoS can be reliably expressed and functional in both neu-
rons and astrocytes.

To evaluate the ability of HypnoS to monitor endogenous iAdo
dynamics in response to cellular stress and activity in neurons and
astrocytes, we applied neuron-glia cocultures with two distinct per-
turbations: metabolic inhibition and electrical stimulation. By blocking
glycolysis with 10 mM 2-deoxyglucose (2-DG)*, resulted in a sig-
nificant increase in iAdo levels in neurons, as reported by fluorescence
(F488/F405 ratio) of HypnoS; no such increases were detected in
control cells expressing HypnoS-mut (Fig. 2b, ¢ and Supplementary
Fig. 4i, j). This increase corresponded with a decrease in the intracel-
lular ATP: ADP ratio, as measured by PercevalHR (an ATP: ADP ratio
sensor)*’ (Fig. 2b, ¢).

Next, we investigated the relationship between neuronal activity
and iAdo by stimulating cultures with electrical pulses or application of
high extracellular K* (75 mM). Imaging HypnoS at 405nm (a pH-
insensitive channel) revealed that electrical stimuli and application of
high extracellular K* (75 mM) each evoked significant, long-lasting
iAdo elevations in somata and in neuronal processes (Fig. 2d, e and
Supplementary Fig. 4k, I). Increasing the number of stimuli (from 30 to
1200) at 10 Hz progressively elevated iAdo levels as reported by Hyp-
noS fluorescence (F405) (Fig. 2d, e). A concurrent decrease in the
ATP:ADP ratio (Fig. 2d, e) was observed as a control. These findings
suggest a direct link between neuronal energy metabolism and iAdo
dynamics'®*****°, In contrast, astrocytes exhibited minimal changes in
iAdo levels and ATP:ADP ratio in response to metabolic stress and
neuronal stimulation (Fig. 2f, g and Supplementary Fig. 5). Addition-
ally, while astrocytes showed robust calcium responses to various
stimuli (e.g., ATP or thrombin)**>, HypnoS detected no corresponding
changes in iAdo levels (Fig. 2h, i and Supplementary Fig. 5). These
results underscore the distinct iAdo metabolic processes in neurons
versus astrocytes and highlight HypnoS’s utility for cell type-specific
iAdo detection in cocultures.

Detecting iAdo dynamics ex vivo and in Drosophila in vivo
with HypnoS

To assess HypnoS’s sensitivity for detecting iAdo dynamics in brain
tissues, we expressed the sensor in hippocampal CAl neurons of

mice using AAVs. Two-photon imaging of acute brain slices
2-4 weeks post-transduction (Fig. 3a, b) revealed a dose-dependent
increase in intracellular fluorescence with single-cell resolution in
response to Ado, while no significant changes were observed in
response to inosine (Fig. 3c, d). Similar to cultured neurons, a gradual
elevation of iAdo levels was observed in neurons in acute brain slices
in response to 2-DG-induced metabolic inhibition and to electrical
stimulation (Fig. 3e-h). And a combination of these stimuli resulted
in a synergistic iAdo increase (Fig. 3g, h), consistent with previous
findings that neuronal activity drives ATP synthesis*’. In contrast,
astrocytes exhibited minimal changes in iAdo levels in response to
electrical stimulation (Fig. 3i, j), yet did respond to the application of
100 uM Ado (Supplementary Fig. 6a, b), findings similar to our
observations with cultured astrocytes. These results indicate that
distinct iAdo metabolic processes are occurring in neurons versus
astrocytes and highlight HypnoS’s utility for cell-type-specific iAdo
measurement in brain tissue.

Given that neuronal activity and energy metabolism are closely
linked in various species, including Drosophila*', we examined this
relationship in vivo. Transgenic flies expressing HypnoS in mushroom
body (MB) Kenyon cells (KCs) were generated (Fig. 4a, b). Two-photon
imaging of the MB medial lobe showed that HypnoS specifically
responded to Ado, without interference from inosine (Fig. 4c, d). In
control experiments, we did not observe a response in KCs expressing
HypnoS-mut (Supplementary Fig. 6¢, d). Inhibiting AdK increased iAdo
levels, confirming HypnoS'’s ability to report endogenous Ado changes
in Drosophila (Fig. 4e and Supplementary Fig. 6e). To monitor iAdo
dynamics during neuronal activation, we expressed the optogenetic
tool CsChrimson® in KCs (Fig. 4f, g and Supplementary Fig. 6f, g).
Upon 635 nm laser excitation, a time-locked fluorescence increase was
observed in the MB medial lobe. Increasing the stimulus frequency
(0.2, 0.5, 1, 2, 4Hz) elicited progressively stronger responses
(Fig. 4h, i), supporting the coupling between neuronal activity and
iAdo dynamics in KCs; no such increases were detected in KCs
expressing HypnoS-mut (Fig. 4i and Supplementary Fig. 6h, i). These
findings demonstrate HypnoS's effectiveness in monitoring neuronal
activity-induced iAdo increases with high specificity and sensitivity,
both ex vivo in acute mouse hippocampal slice and in vivo in
Drosophila.

Spatiotemporal dynamics of iAdo during seizures

Previous studies suggest that iAdo plays a protective role against sei-
zures in various brain regions, including the hippocampus and cortex,
with elevated levels in neurons (a 2-6-fold elevation in hippocampus*®)
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and clearance primarily regulated by astrocytes'>*”**°, To elucidate the
spatiotemporal dynamics of iAdo during seizures and its potential role
in seizure propagation and termination, we employed HypnoS in
combination with calcium imaging and electrophysiological record-
ings using a kainic acid (KA)-induced seizure model in mice®.

We co-expressed HypnoS with the red-shifted calcium sensor
mjRGECO1a'*”" by injecting AAVs into neonatal (postnatal day O
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(P0O)-P1) mice*>. Imaging the mouse dorsal cortex while performing
electroencephalography (EEG) and electromyography (EMG) record-
ings, we identified seizures induced by KA injection (Fig. 5a). Similar to
previous reports™°, we observed an increase in calcium signals during
the KA-induced seizure, followed by a spreading calcium wave of larger
magnitude that closely tracked the flattening the epileptic EEG signal.
Concurrently, we detected a spreading iAdo wave, reflected in the
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Fig. 2 | HypnosS reveals distinct iAdo dynamics in neurons and astrocytes in
cultures. a Schematic diagram illustrates the experimental protocol. DIV refers to
days in vitro. b Representative pseudocolor images of HypnoS- or PercevalHR-
expressing neurons before and after treatment with 10 mM 2-DG. c Left panel
shows example traces of the fluorescence response for both sensors. Right panel
summarizes the peak AR/R, change. The HypnoS and PercevalHR fluorescence
response is presented as a pixel-by-pixel ratio between the 488 nm excitation image
and the 405 nm excitation image (F488/F405). AR/R, denotes the change in the
fluorescence ratio excited at 488 nm and 405 nm. n =112 region of interest (ROIs)
from 3 cultures. Two-tailed Student’s t-test: for iAdo, P= 3.1 x 10" between baseline
and 2-DG, P=5.0 x 10 between baseline and Ado; for ATP/ADP, P=4.4 x107'%
between baseline and 2-DG. Scale bar: 100 um. d Representative pseudocolor
images of HypnoS- or PercevalHR-expressing neurons before and after electrical
field stimulation (10 Hz). e Left panel shows example traces of the fluorescence
response for both sensors. Right panel summarizes the peak AF/Fo and AR/Rq
change. For HypnoS, AF/F, denotes the change in fluorescence intensity excited at

405 nm. For PercevalHR, AR/R, denotes the change in the fluorescence ratio
excited at 488 nm and 405 nm. Data are from n=110 ROIs from 3 cultures. Two-
tailed Student’s t-test: for iAdo, P=1.1 x 107 between baseline and 600 pulses; for
ATP/ADP, P=3.4 x 107 between baseline and 600 pulses. Scale bar: 100 um.

f, g Same to b, ¢ except HypnoS was expressed in astrocytes. Data are from n=90
ROIs from 3 cultures. Two-tailed Student’s t-test: for iAdo, P=1.1x 10" between
baseline and 2-DG, P=2.9 x 10"%° between baseline and Ado; for ATP/ADP,
P=3.4x107 between baseline and 2-DG. Scale bar: 100 um. h Representative
pseudocolor images of cultured hippocampal astrocytes co-expressing HypnoS
(upper panel) and jRGECO1a (calcium indicator, lower panel) in response to 100 pM
ATP or 30 nM Thrombin. i Left panel shows example traces of the fluorescence
response for HypnoS and jRGECOIla. Right panel summarizes the peak AF/Fo
change for HypnoS. Data are from n =102 cells from 3 cultures. Scale bar: 100 um.
All the data are shown as mean + s.e.m. with the error bars or shaded regions
indicating the s.e.m. **P< 0.001. Source data are provided as a Source Data file.
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Fig. 3 | Ex vivo two-photon imaging of iAdo dynamics in acute mouse brain
slices using HypnoS. a Schematic illustration depicting the experimental design
for (c-h). b Representative images showing HypnoS expression in the hippo-
campus CAL Scale bar, 1 mm. Representative images (c), representative traces

(d, top), and group summary (d, bottom) of the change in HypnoS fluorescence to
indicated concentration of Ado or 100 pM inosine (Ino) in sensor-expressing brain
slices. Scale bar, 100 um (c, top) and 20 pm (c, middle and bottom). n =20, 30, 30,
30, and 30 neurons from 3 slices of 2 mice for 1 pM, 10 pM, 100 pM, 1 mM Ado, and
100 uM Ino. Two-tailed Student’s t-test: P=3.4 x 10 between Ino and Ado.
Representative images (e), representative traces (f, top), and group summary

(f, bottom) of the change in HypnoS fluorescence to 25 mM 2-DG. Scale bar, 100 um
(e, top) and 20 pm (e, middle and bottom). n = 60 neurons from 6 slices of 4 mice.
Two-tailed Student’s t-test: P=1.2 x 107® between ACSF and 2-DG. Representative

images (g), representative traces (h, left), and group summary (h, right) of fluor-
escence response of HypnoS to electrical stimulation either in artificial cere-
brospinal fluid (ACSF) or in 25 mM 2-DG. White dashed line, electrode placement.
Scale bar, 100 pm. n =5 slices from 5 mice. Paired two-tailed Student’s ¢-test:
P=0.0086 between ACSF and 2-DG. Representative images (i), representative
traces (j, left), and group summary (j, right) of fluorescence response of astrocytic
HypnosS to electrical stimuli. White dashed line, electrode placement. Scale bar,
100 pm. n =38 cells of 5 slices from 5 mice. Two-tailed Student’s t-test: P=0.22
between Basal and 20 pulses; P=0.61 between Basal and 600 pulses. Data are
shown as mean +s.e.m. in (d, f, h, j) with the error bars or shaded regions indicating
the s.e.m. *P < 0.01; **P < 0.001; ns not significant. Source data are provided as a
Source Data file.

HypnoS signals, that followed the calcium wave’s propagation
(Fig. 5b—d and Supplementary Movie 1). The waves reported by Hyp-
noS and mjRGECOIa originated from approximately the same location,
propagated at similar speeds (at -75 pm/s and -85 pm/s, respectively),

and moved from the lateral cortex towards the medial region
(Fig. Se, ). Furthermore, iAdo waves followed calcium waves with a
delay of ~20 s and exhibited slower decay kinetics (-100 s) (Fig. 5g, h),
suggesting that neuronal activity drives iAdo accumulation during
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seizures in vivo. As a control, HypnoS-mut showed little fluorescence
change during the KA-induced seizure (Fig. 5d).

Next, we investigated differences in iAdo dynamics between
neurons and astrocytes by expressing HypnoS under neuron-specific
(hSyn) or astrocyte-specific (GfaABC1D) promoters (Fig. 6a). Two-
photon imaging of HypnoS in the M1/M2 motor cortex revealed that
both neuronal and astrocytic HypnoS showed significant fluorescence
increases upon KA injection (Fig. 6b-g and Supplementary Movie 2),
while HypnoS-mut displayed no detectable responses (Supplementary
Fig. 7). Notably, Ado elevation in neurons exhibited a longer decay
time compared to astrocytes (Fig. 6h—j), implying distinct iAdo meta-
bolic pathways in neurons and astrocytes in vivo>". These results
demonstrate HypnoS’s capability to report iAdo dynamics in mice
in vivo with high sensitivity, molecule, and cell-type specificity during
seizure activity.

Monitoring iAdo dynamics in freely behaving mice during sleep-
wake cycles

To evaluate HypnosS in fiber photometry within deep brain areas of
freely moving mice’*”’, we expressed HypnoS or HypnoS-mut in the
CAl of the hippocampus and recorded fluorescence signals through an
implanted optical fiber in a KA-induced seizure model (Fig. 7a and
Supplementary Fig. 8a, b). Following KA injection, mice expressing
HypnoS showed an increase in fluorescence, that was absent in mice
expressing HypnoS-mut (Fig. 7b, d and Supplementary Fig. 9a). During
successive seizures, the iAdo amplitude during the second seizure is
lower than during the first seizure (Fig. 7c), findings consistent with the
eAdo patterns observed in a microdialysis-based study*®, where kainic
acid-induced successive eAdo elevation was significantly attenuated.
These findings all support coupling between iAdo and eAdo during

seizure*', Notably, the HypnoS signal increase coincided with sei-
zure termination as measured by EEG (Fig. 7e), supporting Ado’s role in
seizure termination®’. The signal kinetics revealed a rise time (z,,) of
~25s and a decay time (7o) of ~80s (Fig. 7f), indicating HypnoS’s
compatibility with real-time iAdo dynamics detection in freely behav-
ing mice.

To study iAdo dynamics during physiological sleep-wake cycles,
we virally expressed HypnoS or HypnoS-mut AAVs in the basal fore-
brain (BF), a region regulating sleep homeostasis via Ado signaling®® .
Using fiber photometry (fluorescence channel) alongside EEG and
EMG recordings (Fig. 8a and Supplementary Fig. 8c, d), we observed
significantly higher iAdo levels during wakefulness and rapid eye
movement (REM) sleep, compared to non-rapid eye movement
(NREM) sleep (Fig. 8b, c, e; wake vs NREM, P=0.0005; REM vs NREM,
P=0.0006). No such differences were detected in mice expressing
HypnoS-mut (Fig. 8b, d, e and Supplementary Fig. 9b). Benefiting from
the high temporal resolution of HypnoS, we captured rapid and sig-
nificant iAdo changes during sleep-wake transitions (Fig. 8e, f), with
average transition times (tso) of 22.8 s (wake to NREM), 11.5 s (NREM to
wake), 38.3s (NREM to REM,) and 19.3 s (REM to wake), suggesting a
neural activity-dependent increase in iAdo.

ENT1/2 regulated iAdo levels during sleep-wake cycles

Equilibrative transporter proteins (ENT1/2) are critical in regulating
iAdo levels and their coupling with eAdo”. Neuronal iAdo dynamics
during different sleep-wake states largely mirror neuronal activity
related eAdo dynamics recorded by a separated sensor GRABgo”**,
suggesting a tight coupling between iAdo and eAdo. However, how
iAdo is increased and contributes to eAdo remains unclear. To inves-
tigate ENT1/2’s impacts on Ado transport, we measured iAdo levels
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with HypnoS (Fig. 9a, b) both in cultures and in vivo. We observed
significant increases in iAdo levels in response to exogenous Ado; and
this increase was significantly attenuated in neurons lacking ENTI,
ENT2, or both ENT1 and ENT2 (Fig. 9c). We also found that iAdo levels
increased significantly in ENT1/2 knockout neurons compared to WT
neurons under both the glycolysis inhibition and neuronal activation
conditions (Fig. 9d, e). In contrast, no increase in eAdo was detected in
a previous study in ENT1/2 KO neurons' or upon our use of the ENT1/2
inhibitor S-(4-nitrobenzyl)-6-thioinosine (NBTI, 5pM) and dipyr-
idamole (DIPY, 10 pM) (Supplementary Fig. 10). These findings support
that iAdo contributes to eAdo trafficking via both ENT1 and ENT2 in
cultured neurons.

To examine the role of ENT1/2 in regulating iAdo dynamics in vivo,
we selectively ablated ENT1/2 in the BF by injecting an AAV virus
expressing SaCas9-sgENT1 in ENT2 knockout mice (ENTL/2 dKO)

(Supplementary Fig. 8e, )'*. We compared iAdo dynamics recorded by
HypnoS with that in the BF of wild-type mice (WT) during sleep-wake
cycles, observing that ENT1/2 dKO significantly increased iAdo during
wakefulness and REM sleep in neurons (Fig. 10a-d; Wake: P=0.0023;
REM: P=0.0020; NREM: P=0.12), while significantly decreased iAdo
during wakefulness and REM sleep in astrocytes (Fig. 10e, h; Wake:
P=0.000040; REM: P=0.00052; NREM: P=0.0078). Together, these
results demonstrate HypnoS’s ability to monitor ENT1/2-dependent
Ado transport with cell-type specificity in freely behaving mice.

Discussion

We present the development, characterization, and in vivo application
of HypnoS, a genetically encoded sensor for intracellular adenosine
(iAdo). HypnoS exhibits an impressive response (>900%), high affinity
for Ado (ECso ~11 uM), rapid kinetics (sub-second), high specificity,
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Fig. 6 | In vivo two-photon imaging resolves cell-type-specific iAdo dynamics.
a Left, schematic illustration depicting the experimental design of in vivo two-
photon imaging in the mouse motor cortex for b-j. Right, images of neuron
expressing HypnoS from -90 um to -170 pm. b Representative images of expres-
sion and responses of HypnoS after KA or saline injection. 6 ROIs are labeled, and
their traces are shown in d. f Group summary of the peak fluorescence changes of
HypnoS in response to KA or saline injection. 120 ROIs are equally selected from 3
mice. Two-tailed Student’s t-test: for maximum response, P=6.5x 10", between
saline and KA injections. c, e, g, Similar to b, d, f except for astrocyte expressing
HypnoS. 60 ROIs are equally selected from 4 mice. Two-tailed Student’s t-test: for

maximum response, P=2.1x107, between saline and KA injections.

h Representative images show neuronal (upper panels) and astrocytic (bottom
panels) HypnoS expression and responses during epileptic seizure at a single cell
level. i Representative responding traces of astrocytic and neuronal expressed
HypnoS presented in h. j Group summary of decay time (7,) of HypnoS expressed
in astrocytes and neurons. For astrocytes, n =60 ROIs from 3 mice; for neurons,
n =113 ROIs from 3 mice. Two-tailed Student’s t-test: for decay time, P=2.4 x107%,
between astrocytes and neurons. Scale bars, 25 um (b, ¢) and 20 um (h). All the data
are shown as mean + s.e.m. with the error bars or shaded regions indicating

the s.e.m. **P < 0.001. Source data are provided as a Source Data file.

and spatial resolution, all while minimally impacting cellular physiol-
ogy. This makes it highly suitable for monitoring pathologically and
physiologically relevant iAdo dynamics in vivo. We demonstrated
HypnoS’s capability to detect iAdo dynamics in response to diverse
stimuli and under various behavioral conditions across multiple animal
models. To our knowledge, this study represents the first demonstra-
tion of iAdo activity in cortical neurons and astrocytes at single-cell
resolution in living animals. Additionally, it highlights the dynamic
fluctuations of iAdo levels during seizures and sleep-wake cycles in the
mammalian brain. Due to its high sensitivity and direct measurement
capabilities, HypnoS is poised to be an invaluable tool for screening
pharmaceuticals that target iAdo metabolic pathways through high-
throughput screening assays.

Our in vivo two-photon imaging experiments revealed cell-type
specific regulation of iAdo dynamics in a seizure model (Fig. 6h-j). This
regulation correlates with higher adenosine kinase (AdK) expression in
astrocytes compared to neurons, which facilitates iAdo clearance'®*"%,
Simultaneous imaging of neuronal HypnoS and mjRGCOla allowed us
to visualize iAdo and calcium dynamics throughout the entire dorsal
cortex, revealing a robust positive correlation between the two. Elec-
trical and optogenetic stimulation experiments, conducted in vitro,
ex vivo, and in vivo, demonstrated that action potentials are sufficient
to elevate iAdo levels. This suggests that increases in iAdo induced by

neuronal activity may be mediated by calcium-dependent synthesis or
degradation. Notably, neuronal iAdo waves persist for considerably
longer (>100 s) than calcium waves, allowing for the integration and
storage of information through iAdo increases in neurons rather than
astrocytes.

A well-recognized role of Ado is its involvement in sleep home-
ostasis. Traditionally, iAdo has been conceptualized as a “retaliatory
metabolite” that is released during wakefulness to promote sleep
drive. However, the dynamics of iAdo during sleep-wake cycles have
yet to be documented. Utilizing the sensor, we recorded iAdo changes
throughout the sleep-wake cycle in the basal forebrain, revealing ele-
vated iAdo levels during both wakefulness and rapid eye movement
(REM) sleep in neurons, and show that these increases are regulated by
equilibrative nucleoside transporters ENT1/2 (Fig. 10). These results
highlight the crucial role of ENT1/2 in maintaining the balance between
iAdo and eAdo, particularly in sleep regulation. Future studies are
necessary to elucidate the precise mechanisms by which ENT1/2 is
involved in sleep-wake regulation.

Although HypnosS is already suitable for sensitively monitoring
iAdo levels in vivo in both physiological and pathological conditions, it
is conceivable that further improvements would be enabling for fur-
ther, specialized applications. For example, we could generate HypnoS
variants with improved properties through structure-guided protein
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Fig. 7 | HypnoS monitors iAdo dynamics in freely moving mice during seizures.
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engineering: perhaps a HypnoS variant with higher affinity would
enable more sensitive detection of subtle physiological changes of
iAdo at submicromolar concentration, as is thought to occur in ery-
throcytes, adipose tissue, and liver*>*>*’, In addition, iAdo is a ubi-
quitous metabolite in living cells, functioning as both a
neuromodulator—shaping communication between neurons—and a
regulator of intracellular metabolism*“®, Expanding the spectral range
of iAdo sensors to encompass red, far-red, and near-infrared options
should enable monitoring of multiple signals in living systems, likely
offering deeper insights into iAdo’s role in both physiological and
pathological conditions, which would be similar to achievements with
calcium sensors®”,

Methods

This research complies with all relevant ethical regulations approved
by Peking University and the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences.

Animals

All procedures for animal surgery and experimentation were per-
formed in accordance with and approved by the laboratory animal
care and use committees of Peking University and the Institute of
Genetics and Developmental Biology, Chinese Academy of Sciences.
Both male and female postnatal day O (PO) Sprague-Dawley rats were
used to prepare neuron-glia cocultures; wild-type C57BL/6N mice
(Beijing Vital River Laboratory) and ENT2 knockout mice"* were used in
this study. All animals were housed at 18-23 °C in 40-60% humidity
under a normal 12-h light-dark cycle with food and water available ad
libitum.

The transgenic Drosophila lines UAS-HypnoS and UAS-HypnoS-
mut were generated using Phi-C31-directed integration into attp40 or
VKOO000S5 at the Core Facility of Drosophila Resource and Technology,
Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences. The following Drosophila lines were also used in this study:
30y-Gal4™ (a gift from Yi Rao, Peking University, Beijing); and UAS-

CsChrimson-mCherry (a gift from Chuan Zhou, Institute of Zoology,
Chinese Academy of Sciences, Beijing). The flies were raised on stan-
dard cornmeal-yeast medium at 25 °C and 70% relative humidity under
a 12-h/12-h light/dark cycle. Adult female flies within 2 weeks after
eclosion were used for fluorescence imaging.

Chemicals and reagents

Adenosine and other nucleotides were purchased from Sigma and
prepared just before use. 2-DG was purchased from MCE. 5-ITu was
purchased from TargetMol Chemicals Inc. Thrombin was purchased
from Sigma. Kainic acid was purchased from Cayman. The mouse anti-
HA-tag antibody (Cat. No. M20003) was purchased from Abmart
Shanghai Co., Ltd. iFluor® 647 goat anti-mouse IgG (H +L) (Cat. No.
16837) was purchased from AAT Bioquest. All the restriction enzymes
used in plasmid cloning were purchased from NEB. Primers were
synthesized by GENEWIZ. The PvADA and PercevalHR gene fragments
were synthesized by GENEWIZ. All the PCR reactions were performed
using KOD-Plus-Neo from TOYOBO. All plasmids were confirmed by
commercial sequencing (GENEWIZ).

Plasmid construction

Plasmodium vivax Adenosine deaminase (PvADA) cDNA was synthe-
sized and cloned into the pET-28a vector using the T7 promoter and a
N-terminal 6x His tag. The gene fragment encoding cpEGFP from
GRABpai” with GG/TGAA linkers was PCR amplified and inserted into
various positions of PvADA gene using the Bsal Golden Gate Assembly
method”. For expressing HypnoS in mammalian cells, a gene fragment
encoding HypnoS was inserted between the Nhel and EcoRl restriction
sites of the pcDNA3.1 vector by T4 ligation. HypnoS-mut was cloned
into pET-28a and pcDNA3.1 vectors with the same restriction enzymes
sites as HypnoS constructs for expression in E. coli and mammalian
cells, respectively. The gene fragment encoding PercevalHR was syn-
thesized according to the published sequence® and cloned into the
pAAV vectors to make pAAV-EFS-DIO-PercevalHR and pAAV-
GfaABCID-PervevalHR. cDNAs of HypnoS and HypnoS-mut were
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Fig. 8 | HypnoS monitors iAdo dynamics in freely moving mice during sleep-
wake cycles. a Schematic diagram depicting the strategy for in vivo fiber photo-
metry recording during the sleep-wake cycles. b EEG power spectrogram, EMG
(scale, 1 mV), HypnoS (top, green) and HypnoS-mut (bottom, gray) signals (scale, 5
z-score) during the sleep-wake cycles. In this and subsequent figures, the wake state
is shaded in blue, REM sleep is shaded in pink, and NREM sleep is unshaded.
Summary of the average HypnoS (c; n = 7 sessions from 5 mice) and HypnoS-mut (d;
n =7 sessions from 5 mice) fluorescence responses measured in the indicated sleep-
wake states. Each symbol represents data from one recording. Paired two-tailed
Student’s t-test: for HypnoS, P= 0.00046 between wake and NREM and P=0.00057
between REM and NREM; for HypnoS-mut, P= 0.066 between wake and NREM and
P=0.16 between REM and NREM. e Time course and average signals measured for

the HypnoS (green) or HypnoS-mut (gray) during the indicated transitions between
sleep-wake states. The vertical dashed lines at time O represent the transition time.
Unpaired two-tailed multiple t-test is performed between HypnoS and HypnoS-mut
trace with shaded regions indicating P < 0.05. The exact P values are provided in the
Source Data file. Paired two-tailed Student’s ¢-test is performed between different
brain states: REM->wake P=0.075; NREM->wake P=0.00041; wake>NREM
P=0.00055; NREM>REM P=0.0017. n =7 sessions from 5 mice for each panel.

f Summary of tso measured for the change in HypnoS fluorescence. n =7 sessions
from 5 mice. Data are shown as mean + s.e.m. in e, f with the error bars or shaded
regions indicating the s.e.m. **P < 0.001; ns not significant. Source data are pro-
vided as a Source Data file.

subcloned into pAAV vectors to make pAAV-hSyn-HypnoS, pAAV-
hSyn-HypnoS-mut, pAAV-GfaABC1D-HypnoS, and pAAV-GfaABCI1D-
HypnoS-mut. All the resulting plasmids products were confirmed by
commercial sequencing (GENEWIZ).

Protein expression and purification

Protein expression of various PvADA constructs was carried out
according to a previously published method®. In brief, pET-28a vec-
tors carrying ORF were transformed into E. coli strain BL21(DE3).
Transformed cells were grown in TB media containing 50 pg/mL
kanamycin to an OD600 of 2-3. IPTG was then added to a final con-
centration of 1 mM to induce protein expression. Cells were grown at
18 °C for an additional 36-48 h before harvested by centrifugation at
4°C for 10 min. The harvested cells were resuspended in binding
buffer (50 mM HEPES/NaOH, pH 7.3, 300 mM NacCl, 5% glycerol, 10 mM
imidazole), lysed by sonication, and clarified by centrifugation. The
supernatant was loaded onto a HisTrap HP column (GE Healthcare),
washed with 10 column volumes binding buffer and eluted with a lin-
ear gradient of imidazole (10-500 mM) of 10 column volumes. The
protein preparations were subsequently pooled and desalted in test
buffer (50 mM HEPES/NaOH, pH 7.3, 100 mM NaCl, 1mM DTT). All
purification steps were performed at 4 °C or on ice. Protein purity was
verified as >95% by SDS-PAGE. Protein quantification was performed
using Nanodrop A280 test in three times and diluted to a concentra-
tion of 1 uM in test buffer for subsequently use immediately.

Linker library construction and screening

A library of PVADA-cpEGFP constructs with different N-terminal and
C-terminal linkers was generated according to a published method™,
with modifications. Briefly, the gene fragment for cpEGFP was PCR
amplified with degenerate primers containing 1-3 NNC codons for
the linker sequence and inserted into PvADA gene using the Bsal
Golden Gate Assembly method. DNA libraries were assembled into
pET-28a vector, and products were transformed to E. coli strain DH5a
cells and grown in solid medium plate at 37 °C for 12 h and colonies
were washed and collected. Then, plasmids were extracted using a
miniprep kit according to the manufacturer’s instructions. The
extracted plasmids libraries were transformed to E. coli strain
BL21(DE3) cells and grown in solid medium plate at 37°C for 12h,
followed by cultured at 18 °C for 1 day. Colonies showed high fluor-
escence intensity were picked and cultured in deep well plates in TB
media containing 50 pg/mL kanamycin at 37 °C for 12 h. IPTG was
then added to a final concentration of 1mM to induce protein
expression. Colonies were then transferred to 18°C, 1000 rpm
shaking for 48 h. Cultures were then pelleted by centrifugation and
finally were resuspended in 200 pL test buffer (50 mM HEPES/NaOH,
pH 7.3, 100 mM NaCl, 1mM DTT), then repeated freezing and thaw-
ing 3 times. Cell debris was pelleted by centrifugation, and the
supernatant (protein containing solution) was transferred to a clean
96-well plate. 30 uL protein containing solution was added into
optically clear 384-well plates and mixed with 100 uM Ado or the
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Fig. 9 | HypnoS revealed ENT1/2 mediate Ado transportation in cultures.

a Schematic illustration depicting the experimental design for c-e. b Schematic
drawing depicting the transmembrane transport of Ado via ENT1/2. Representative
pseudocolor images (c, left), traces (c, middle) and group summary (c, right) of
HypnoS AF/Fg in response to 100 uM Ado in cultured hippocampal neurons from
wild-type (WT) mice, ENT1 knockout (ENT1 KO) mice, ENT2 knockout (ENT2 KO)
mice and ENT1/2 double knockout (ENT2 KO & sgENT1 KO, dKO) mice. AF/F,
denotes the change in fluorescence ratio excited at 488 nm and 405 nm. n=150,
130, 148, and 150 cells from 3 cultures for WT, ENT1 KO, ENT2 KO, and ENT1/2 KO,
respectively. Two-tailed Student’s t-test: P=0.0000026 between ENT1 KO and
ENT2 KO; P=2.2x107*° between WT and ENT1/2 dKO. Scale bar, 100 um. Repre-
sentative pseudocolor images (d, left), traces (d, middle) and group summary

(d, right) of HypnoS AF/Fy in response to 10 mM 2-DG in cultured hippocampal
neurons from WT mice, ENT1 KO mice, ENT2 KO mice and ENT1/2 dKO mice. AF/Fo

denotes the change in fluorescence response excited at 405 nm. n=150, 110, 148,
and 150 cells from 3 cultures for WT, ENT1 KO, ENT2 KO, and ENT1/2 dKO,
respectively. Two-tailed Student’s ¢-test: P=2.1x10"* between ENT1 KO and ENT2
KO; P=2.8 x10™'% between WT and ENT1/2 dKO. Representative pseudocolor
images (e, left), traces (e, middle) and group summary (e, right, 600 pulses) of
HypnoS AF/Fy in response to 10 Hz, indicated number of pulses in cultured hip-
pocampal neurons from WT mice, ENT1 KO mice, ENT2 KO mice and ENT1/2 dKO
mice. AF/Fy denotes the change in fluorescence response excited at 405 nm.
n=150,117, 148, and 144 cells from 3 cultures for WT, ENT1KO, ENT2 KO, and ENT1/
2 KO, respectively. Two-tailed Student’s t-test: P=4.0 x 10 between ENT1 KO and
ENT2 KO; P=3.3x10™* between WT and ENT1/2 dKO. All scale bars, 100 um. Data
are shown as mean + s.e.m. in c—e with the error bars or shaded regions indicating
the s.e.m. **P < 0.001. Source data are provided as a Source Data file.

same volumes of test buffer as control wells. Plates were read on
Synergy H1 microplate reader (BioTek). Emission signals at 513 nm
with excited by 398 nm and 488 nm respectively of each well was
then recorded after 5 min of shaking.

In vitro characterization of HypnoS

Fluorescence spectra were measured on Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies). Purified HypnoS was
diluted in test buffer to a concentration of 1M and added to fluor-
escent cuvettes. Excitation spectra was scanned from 380 nm to
512 nm with emission wavelength of 513 nm, and emission spectra was
scanned from 501 nm to 600 nm with excitation wavelength of 500 nm
at room temperature both before and 1 min after the addition of Ado
or other ligands dissolved in test buffer. UV-Vis absorbance spectra
were measure on Cary Series UV-Vis Spectrophotometer (Agilent
Technologies). Purified HypnoS was diluted in test buffer to a con-
centration of 1 M and added to cuvettes. Stock solution of Ado was
added to sensor proteins and diluted more than 50 times into indi-
cated concentrations to maintain solution volumes unchanged. Spec-
tra was scanned from 550 nm to 300 nm at room temperature. Plate
reader assays were performed on Synergy H1 microplate reader (Bio-
Tek). Purified sensor protein was diluted in test buffer at pH 7.3 (or at
various pH values, for pH sensitivity assays) to a concentration of 1 pM.
100 pL of diluted sensor was added to each well of a black 96-well
plate, to which 100 pL of 2 times concentration of nucleotides dis-
solved in the same buffer was added in three duplicates. Emission
signals at 513 nm with excited by 398 nm and 488 nm respectively of
each well was then recorded after 5min of shaking unless
otherwise noted.

The association rate constant (kon) and dissociation rate constant
(ko) between HypnoS and Ado were determined using an SX20
Stopped-Flow accessory (Applied Photophysics Ltd). Briefly, 2 uM of
protein solution was mixed 1:1 with Ado of different concentrations (1,
2,10, 20, 100, and 200 pM), and the fluorescence excited at 488 nm
and 405 nm were measured with a 520/30 nm filter. The data were
fitted using the following single-exponential  function’:
R(t) = Ro + Aops X eXp(—kops X t), where R(t) is the value of fluorescence
ratio (F488/F405) increase at time ¢, Ry is the final value of fluorescence
ratio increase, Aoy is the amplitude of the exponentially decreasing
part and ks is the observed first-order rate constant. The ko, and ko
were fitted using the following equation: kops = kon % [AdO] + kofr, Where
[Ado] is the concentrations of Ado used. The association and dis-
sociation half-time ¢,, and ¢, were calculated as In2/(k,, x [Ado]) and
In2/kosr, respectively.

To get the excitation wavelength-dependent brightness under
two-photon excitation, HEK293T cells expressing HypnoS were exci-
ted with wavelengths from 700 to 1100 nm with a 10 nm step size on a
Leica -TCS SP8 DIVE two-photon microscope equipped with a MaiTai
DeepZ laser and a 25x%0.95 NA water immersion objective. Images
were captured using LAS X software. The fluorescence were collected
and the intensities were then ploted to different excitation
wavelengths.

Cell culture, DNA transfection, and virus infection

HEK293T cells were acquired from ATCC and maintained in DMEM
medium (Gibco) supplemented with 10% FBS, 1% penicillin and strep-
tomycin (Gibco) in an incubator at 37 °C with 5% CO,. Plasmid trans-
fections of cultured cells were performed using Hieff TransTM
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Fig. 10 | HypnoS revealed ENT1/2 mediate Ado transportation during sleep-
wake cycles. a Schematic diagram depicting the strategy for fiber photometry
recording of HypnoS fluorescence in neurons in the BF of wild-type (WT) or ENT1/2
double knockout (dKO) mice during the sleep-wake cycle. b EEG power spectro-
gram, EMG (scale, 2 mV), and HypnoS recordings (scale, 20 z-score) in WT (bottom)
or ENT1/2 dKO (top) mice. In this and subsequent figures, the wake state is shaded
in blue, REM sleep is shaded in pink, and NREM sleep is unshaded. ¢ Time course for
the HypnoS sensor measured in neurons in WT (green; n = 10 sessions from 8 mice)
or ENT1/2 dKO (bule; n =7 sessions from 4 mice) mice during the indicated tran-
sitions between sleep-wake states. The vertical dashed lines at time O represent the
transition time. d Summary of the average HypnoS fluorescence responses mea-
sured in neurons in WT (green; n =10 sessions from 8 mice) and ENT1/2 dKO (blue;
n =7 sessions from 4 mice) mice in the indicated sleep-wake states. Each symbol

Time from transition (s)

represents data from one recording. Two-tailed Student’s t-test: for wake,
P=0.0023; for NREM, P=0.1204; for REM, P=0.0020 between WT and ENT1/2
dKO mice. e-h Similar to a-d except for astrocyte expressing HypnoS. g Time
course for the HypnoS sensor measured in astrocytes in WT (green; n =8 sessions
from 3 mice) or ENT1/2 dKO (blue; n =8 sessions from 4 mice) mice during the
indicated transitions between sleep-wake states. h Summary of the average HypnoS
fluorescence responses measured in astrocytes in WT (green; n = 7 sessions from 3
mice) and ENT1/2 dKO (blue; n =8 sessions from 4 mice) mice in the indicated
sleep-wake states. Each symbol represents data from one recording. Two-tailed
Student’s t-test: for wake, P=0.000040; for REM, P=0.00052; for NREM,
P=0.0078 between WT and ENT1/2 dKO mice. Data are shown as mean +s.e.m. in
(c, d, g, h) with the error bars or shaded regions indicating the s.e.m. **P < 0.01;
***P < 0.001; ns not significant. Source data are provided as a Source Data file.

Liposomal Transfection Reagent (Yeasen) according to the manu-
facturer’s instructions.

Primary neuron-glia cocultures were prepared and cultured as
described previously®. In brief, rat primary neuron-glia cocultures
were prepared from O-day-old (PO) rat pups (male and female,
randomly selected) purchased from Beijing Vital River Laboratory
(Beijing, China). Hippocampal cells were dissociated from the
dissected brains in 0.25% Trypsin-EDTA (Gibco) and plated on 12-

mm glass coverslips coated with poly-D-lysine (Sigma-Aldrich) in
neurobasal medium (Gibco) containing 2% B-27 supplement
(Gibco), 1% GlutaMAX (Gibco), and 1% penicillin-streptomycin
(Gibco). Based on glial cell density, after ~4 days in culture (DIV4)
cytosine B-D-arabinofuranoside (Sigma) was added to the hippo-
campal cultures in a 50% growth media exchange, with a final
concentration of 2 uM. Primary neuron-glia cocultures were cul-
tured at 37°C in 5% COa,.
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Confocal imaging of cultured cells

Before imaging, the culture medium was replaced with Tyrode’s
solution contained (in mM): 150 NaCl, 4 KCI, 2 MgCl,, 2 CaCl,,10
HEPES, and 10 glucose (pH 7.3-7.4). HEK293T cells expressing HypnoS
and HypnoS-mut were plated on 35 mm glass-bottomed dishes. Ima-
ging was performed using a Zeiss LSM880 laser scanning confocal
microscope equipped with a PFS, motorized XY stage, and a stage
incubator set at 37 °C. A Plan Apochromat 20x/0.45 NA objective was
utilized. HypnoS and HypnoS-mut were imaged by continuous exci-
tation at 405 nm and 488 nm, respectively, with emission ranges from
502 nm to 544 nm. Images were acquired in a 512 x 512 format with
8-bit depth and a gain range of 650 to 800. The raw data in 8-bit CZI
format were exported to ImageJ (https://fiji.sc) for further analysis.
Primary neuron-glia cocultures grown on 12-mm coverslips were
imaged using a Ti-E Al confocal microscope (Nikon) equipped with a
10%/0.45 NA objective, a 20%/0.75 NA objective, a 40x/1.35 NA oil-
immersion objective, a 405-nm laser, a 488-nm laser, and a 561-nm
laser; fluorescence excited at 405 nm and 488 nm (HypnoS, HypnoS-
mut and PercevalHR) were recorded using a 525/50-nm emission filter,
and red fluorescence (JRGECOla) were recorded using a 595/50-nm
emission filter.

The following compounds were applied by either bath application
or a custom-made perfusion system: Ado, ATP, Ino, 5-ITu, 2-DG, and
thrombin. Between experiments, the recording chamber was cleaned
thoroughly using Tyrode’s solution and 75% ethanol. For field stimu-
lation of cultured neurons, parallel platinum electrodes positioned
1-cm apart were controlled using a Grass S88 stimulator (Grass
Instruments), and 1-ms pulses were applied at 80V. Except where
indicated otherwise, all experiments were performed at room
temperature.

Flow cytometry

Total RNA was isolated from each sample by the acid phenol-
guanidinium-chloroform method using the TRIleasy Total RNA
Extraction reagent (Yeasen, China) according to the manufacturer’s
instructions. The cDNA was synthesized from total RNA (2000 ng)
using Hifair AdvanceFast One-step RT-gRNA Digestion SuperMix
(Yeasen, China) according to the manufacturer’s instruction. The cDNA
was mixed with RNase-free water, HiEff UNICON Universal Blue qPCR
SYBR Green Master Mix (Yeasen, China), and forward and reverse
primers at a final concentration of 0.5 uM each. The primer used for
RT-qPCR are listed’®: ADA (5’- GAA GGC AAA GGA GGG CGT GGT CTA
-3’ and 5- GAT GTC CAC AGC CTC ACG CAC AAC -3'); ADK (5- GTG
CTA TTT GGA ATG GGG AAT -3’ and 5’- CAA CCA CTG AGC CAC TTT
CAT -3'); ENT1 (5- CTT GGA ATT CAG GGT CAG AA -3’ and 5’- ATC AGG
TCA CAC GAC ACC AA -3'); ENT2 (5’- CAT GGA AAC TGA GGG GAA GA
-3’and 5- GTT CCA AAG GCC TCA CAG AG -3'); Beta-actin (5’- TGA GAG
GGA AAT CGT GCG TGA C-3’ and 5- GAA GGA AGG CTG GAA AAG AG-
3’). The relative mRNA amount of the target gene was normalized to
that of a reference gene (Beta-actin).

RNA isolation and quantitative real-time PCR

Data acquisition was performed using a Cytoflow LX flow cytometer,
utilizing the 488 channel (excitation: 488 nm, emission: 525/40 nm)
and the 405 channel (excitation: 405 nm, emission: 525/40 nm) for the
biosensor. To ensure data quality, cells were gated to exclude debris,
and a standard doublet-exclusion method was applied. A total of
10,000 cells per sample were evaluated. Data analysis and visualization
were conducted using CytExpert 2.5 software. Ratiometric fluores-
cence values (R405/488) were calculated for each individual cell using
the derived function obtained from CytExpert 2.5.

Preparation and fluorescence imaging of acute brain slices
Wild type adult C57BL/6 N mice (6-12 weeks old) were anesthetized via
intraperitoneal injection of Avertin (500 mg/kg body weight) and

secured in a stereotaxic frame. Using a Nanoliter 2000 microinjector
(WPI), AAV vectors were delivered into the hippocampal CAl region at
stereotaxic coordinates AP -1.8 mm from Bregma; ML +1.2 mm; DV
-1.25mm from the dura.

Two to four weeks post injection, mice were re anesthetized with
Avertin (500 mg/kg, i.p.) and transcardially perfused with ice cold,
oxygenated slicing buffer composed of (in mM): 110 choline chloride,
2.5KCl, 0.5 CaCl,, 7 MgCl,, 1.3 NaH,PO,, 25 NaHCO3, 20 glucose, 1.3 Na
ascorbate, and 0.6 Na pyruvate. Brains were rapidly excised and sub-
merged in the same ice cold, oxygenated buffer, then sectioned into
200 um slices using a Leica VT1200 vibratome. Slices were incubated
for at least 40 min at 34 °C in oxygenated artificial cerebrospinal fluid
(ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl,, 1.3 MgCl,, 1.3
NaH,PO,4, 1.3 Na ascorbate, 0.6 Na pyruvate, 20 glucose, and 25
NaHCO:;.

For imaging, slices were transferred to a perfusion chamber on an
Olympus FVI00OMPE two photon microscope equipped with a 20x
water immersion objective and a mode locked Mai Tai Ti:Sapphire
laser (Spectra Physics). HypnoS fluorescence was elicited by excitation
at 920 nm, and emission was collected through a 495-540 nm band
pass filter. A bipolar stimulation electrode (WE30031.0A3, MicroP-
robes for Life Science) was positioned in the CAl stratum radiatum
under fluorescent guidance for electrical stimulation. Frame acquisi-
tion (320 x 320 pixels) and stimulus timing were synchronized via a
custom Arduino control script, with images captured at 1.3 frames
per second.

Two-photon imaging in Drosophila

Female Drosophila within 2 weeks of eclosion, were used for imaging
experiments. The fly was mounted on a customized chamber by tape,
such that the antennae and abdomen were exposed to the air. The
cuticle between the compound eyes, as well as the air sacs and fat
bodies, were removed to expose the brain, which was then bathed in
saline (AHLS) containing (in mM) 108 NaCl, 5 KCl, 5 HEPES, 5 trehalose,
5 sucrose, 26 NaHCO3, 1 NaH,PO,, 2 CaCl, and 2 MgCl,. The same
Olympus two-photon microscope used for brain slice imaging was also
used here. A 920-nm laser was used for excitation. A 495-540-nm filter
was used for HypnoS imaging, and a 575-630-nm filter was used for
mCherry imaging. For Ado and Ino application, a patch of the
blood-brain barrier of the fly was carefully removed with tweezers
before imaging, and saline containing Ado or Ino was delivered to the
brain to a 100 pM final concentration. For 5-ITu application, a patch of
the blood-brain barrier of the fly was carefully removed with tweezers
before imaging, and saline containing 5-1Tu was delivered to the brain
to a 5 uM final concentration. For optogenetic stimulation, the 635-nm
laser was used to deliver pulses (10-ms pulses at 0.2, 0.4, 1, 2, and 4 Hz)
through optical fibers placed near the fly’s brain. Flies were fed with
cornmeal containing 10 uM B-carotene (Sigma-Aldrich) 1d before
optogenetics experiments. The sampling rates of imaging were set at
2 Hz during Ado, Ino, and 5-ITu application. The sampling rates of
imaging were set at 4 Hz during optogenetic stimulation. Arduino was
used to synchronize stimulation delivery and imaging with a custom
program.

Two-photon imaging in mice

AAV2/9-hSyn-HypnoS, AAV2/9-hSyn-HypnoS-mut, AAV5-GfaABCID-
HypnoS, and AAV5-GfaABCID-HypnoS-mut viruses were packaged by
Vigene Biosciences (Jinan, China). Wild-type female C57BL/6 N mice,
aged 6 to 8 weeks, were anesthetized with an injection of 2.5% Avertin
and maintained under anesthesia with 1.5% isoflurane. The skin and
skull covering the motor cortex were retracted, and 300 nL of the
respective AAVs were injected into the motor cortex (AP. 1.0 mm from
Bregma; ML +1.5 mm; DV -0.5 mm from the dura). A 3 mm diameter
round coverslip was used to replace the removed skull, and a metal
recording chamber was securely attached. Three weeks post-virus
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injection, awake mice were habituated for ~15min in the treadmill-
adapted imaging apparatus to minimize stress effects from head
restraint. The motor cortex, at a depth of 100-200 pm below the pial
surface, was imaged using Prairie View 5.5.64.100 software on a Bruker
Ultima Investigator two-photon microscope equipped with the
Spectra-Physics Insight X3 laser and a 16x/0.8 NA water immersion
objective. A 920 nm laser line was used for exciting HypnoS or HypnoS-
mut, and a 490-560 nm filter was employed for fluorescence collec-
tion. The sampling rate was set to 1Hz.

For image analysis, motion artifacts were first corrected using the
EZcalcium’”” motion correction algorithm. Subsequently, the fluores-
cence intensities of regions of interest (ROIs) encompassing neuronal/
astrocytic somata were extracted using ImageJ software. The
background-subtracted fluorescence intensity was then used to cal-
culate the relative fluorescence change (AF/Fo).

Mesoscopic in vivo imaging

To achieve expression of the genetically encoded sensor throughout
the cortex, the AAVs were introduced through the transverse sinus
following established protocols™. Neonatal C57BL/6 N pups (postnatal
days 0-1) were gently removed from their dam and placed on a heated
pad. Hypothermic anesthesia was induced by laying the pup on an ice-
cooled metal platform for 2-3 min, after which two small incisions
were made directly above each transverse sinus. Using a pulled glass
micropipette, a 1:1 mixture of AAV2/9-hSyn-HypnoS and AAV2/9-hSyn-
GAP43-jRGECO1a (for dual-color imaging; total volume 6 pL) or AAV2/
9-hSyn-HypnoS-mut (for single-color experiments; total volume 4 pL,
2 uL per hemisphere) was slowly infused at 1.2 uL min™. The pipette
remained in situ for at least 30 s post-injection to minimize backflow.
Incisions were then closed with Vetbond tissue adhesive (3 M Animal
Care Products), and pups were allowed to recover on a warmed surface
before being gently rubbed with nesting material and returned to their
home cage.

Approximately 8 weeks after neonatal AAV administration, mice
underwent aseptic surgery for implantation of a chronic cranial win-
dow and EEG/EMG electrodes. Anesthesia was induced by intraper-
itoneal injection of 2,2,2-tribromoethanol (500 mg/kg, Sigma-Aldrich)
and maintained with 1% isoflurane via nose cone. Animals were secured
in a stereotaxic frame, and 2% lidocaine hydrochloride was infiltrated
subcutaneously beneath the scalp. Erythromycin ophthalmic ointment
protected the corneas throughout the procedure. After reflection of
the scalp and removal of most of the skull above the dorsal cortex and
the overlying muscle, a craniotomy was made over the dorsal cortex.
The exposed dura was covered with a custom-cut, flat coverslip (D-
shape, ~8 mm x 8 mm) to establish a stable optical window. EEG and
EMG electrodes were then implanted as described above and affixed
with dental cement. Post-operatively, mice were allowed at least 7 days
for recovery prior to imaging sessions.

Mesoscopic fluorescence recordings were acquired with a
bespoke dual-color macroscope comprising a x2/0.5 NA objective
(Olympus MVPLAPO2XC), two x1/0.25 NA tube lenses (Olympus
MVPLAPOI1X), and paired sCMOS detectors (Andor Zyla 4.2 Plus;
2048 x 2048 pixels, 16 bit)”®”°, Excitation at 405nm, 488 nm, and
561nm was provided by a multi-line, fiber-coupled laser system
(Chang-chun New Industries Optoelectronics RGB-405/488/561/
642 nm, 220 mW). Emission fluorescence was separated by a 567 nm
cut-on long-pass dichroic (Thorlabs DMLP567L) and directed through
either a 525/36 nm or 609/34 nm band-pass emission filter (Chroma)
onto the respective cameras.

Laser firing and frame acquisition were orchestrated by an Ardu-
ino Uno running custom firmware, with image capture managed via
Micro-Manager 2.0 software (NIH). For single-channel (green)
recordings, the 488 nm line was interleaved with brief 405 nm pulses;
for dual-color experiments, 488 nm and 561nm beams were co-
activated and similarly interleaved with 405 nm. Images were acquired

using Micro-Manager 2.0, and data were binned 4x on-sensor to yield
512 x 512 pixel frames, acquired at 1Hz with 40 ms exposure per
channel.

During imaging sessions, mice were head-fixed but permitted to
ambulate on a custom treadmill*°. In seizure paradigms, an infrared
video camera was positioned above the animal to capture behavioral
correlates. Following ~60 min of baseline recording, kainic acid
(10 mg/kg, i.p.) was administered to elicit seizures. All data streams-
including mesoscopic imaging, EEG/EMG signals, optical stimulation
triggers, and infrared video-were time-aligned via a Power1401 data
acquisition interface (Cambridge Electronic Design).

Fiber-photometry recording of intracellular Ado dynamics
during the sleep-wake cycle

Adult wild-type C57BL/6N mice or ENT2 KO mice were anesthetized
with isoflurane and placed on a stereotaxic frame for AAV injection
(300 nL per site). In Fig. 8, AAV2/9-hSyn-HypnoS or AAV2/9-hSyn-
HypnoS-mut was injected into the BF using the following coordinates:
AP O mm from Bregma; ML +1.35 mm; DV -5.1 mm from the dura. In
Fig. 10a-d, AAV2/9-hSyn-HypnoS was injected into the BF of both wild-
type and ENT2 KO mice, and AAV2/9-CMV-SaCas9-sgENT1 was injected
into the BF of ENT2 KO mice. An optical fiber cannula (200 um, 0.37
NA, Inper) was implanted 0.05 mm above the virus injection site in BF
to record sensor signals.

To record the animal’s sleep-wake state, we attached and fixed
custom-made EEG and EMG electrodes to the skull through a micro-
connector. EEG electrodes were implanted into craniotomy holes
situated over the frontal cortex and visual cortex, and EMG wires were
placed bilaterally in the neck musculature. The microconnector was
attached to the skull using glue and a thick layer of dental cement.
After surgery, the mice were allowed to recover for at least 2 weeks.

The fiber-photometry system (Inper) was used to record the
fluorescence signals in freely moving mice during the sleep-wake
cycle. InFigs. 8 and 10a 10-Hz 470/10-nm filtered light (20-30 uW) was
used to excite HypnoS. A 10-Hz 410/10-nm filtered light (20-30 uW)
served as a control channel and a 520/20-nm bandpass filter was used
to collect the fluorescence signals.

Photometry data were analyzed using a custom MATLAB pro-
gram. The fluorescence intensity of HypnoS excited by 410 nm and
470 nm was recorded as F410 and F47o, respectively. The AR/Ry was
calculated under the above conditions using the formula:
AR/RO = A(F470/F410)/(F470/F410). To calculate the AR/RO during
sleep-wake cycles, baseline values were measured during a period of
NREM sleep in which no apparent fluctuations were observed. To
better quantify the fluorescence changes across multiple animals, the
AF/Fq was further normalized using the s.d. of the baseline signals to
get the z-score, with the formula: z-score = AR/Ro/s.d.paseline-

Fiber-photometry recording of intracellular Ado dynamics
during seizure

Adult wild-type C57BL/6 N mice were anesthetized with isoflurane
and placed on a stereotaxic frame for AAV injection (300 nL per site).
In Fig. 7, AAV2/9-hSyn-HypnoS or AAV2/9-hSyn-HypnoS-mut was
injected into the hippocampal CAl region using the following coor-
dinates: AP -1.8 mm from Bregma; ML +1.2 mm; DV -1.25 mm from
the dura. An optical fiber cannula (200 um, 0.37 NA, Inper) was
implanted 0.05mm above the virus injection site in BF to record
sensor signals.

To record the animal’'s seizure state, we attached and fixed
custom-made EEG and EMG electrodes to the skull through a micro-
connector. EEG electrodes were implanted into craniotomy holes
situated over the frontal cortex and visual cortex, and EMG wires were
placed bilaterally in the neck musculature. The microconnector was
attached to the skull using glue and a thick layer of dental cement.
After surgery, the mice were allowed to recover for at least 2 weeks.
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The same fiber-photometry system (Inper/RWD) was used to
record the fluorescence signals in freely moving mice during seizure.
In Fig. 7a 10-Hz 470/10-nm filtered light (20-30 uW) was used to excite
HypnoS. A 10-Hz 410/10-nm filtered light (20-30 uW) served as a
control channel and a 520/20-nm bandpass filter was used to collect
the fluorescence signals.

The fluorescence intensity of HypnoS sensors excited by 410 nm
and 470 nm was recorded as F4;0 and F,4o, respectively. The AR/Rq was
calculated under the above conditions using the formula:
AR/Ro = A(R470/R410)/(R470/R410). Baseline values were determined
before the application of saline or KA.

Polysomnographic recording and analysis

The sleep-wake state of each animal was determined using the EEG and
EMG recordings. The EEG and EMG signals were amplified (NL104A,
Digitimer), filtered (NL125/6, Digitimer) at 0.5-100Hz (EEG) and
30-500Hz (EMG), and then digitized using a Powerl401 digitizer
(Cambridge Electronic Design). The Spike2 software program (Cam-
bridge Electronic Design) was used for recording, with a sampling rate
of 1000 Hz. The sleep-wake state was classified semi-automatically in
4-s epochs using AccuSleep® and then validated manually using a
custom-made MATLAB GUI. The wake state was defined as desynchro-
nized EEG activity combined with high EMG activity. NREM sleep was
defined as synchronized EEG activity with high-amplitude delta activity
(0.5-4 Hz) and low EMG activity. REM sleep was defined as high-power
theta frequencies (6-9 Hz) combined with low EMG activity.

Quantification and statistical analysis

Where appropriate, cells or animals were randomly assigned to either
the control or experimental group. Imaging data were processed using
ImageJ (1.52p) software (NIH) and custom-written MATLAB (R2020b)
programs. Data were plotted using GraphPad Prism 8.4.3 (Dotmatics)
or Adobe lllustrator CC. Except where indicated, all summary data are
reported as the mean+s.e.m. The SNR was calculated as the peak
response divided by the s.d. of the baseline fluorescence fluctuation.
All data were assumed to be distributed normally, and equal variances
were formally tested. Differences were analyzed using the two-tailed
Student’s t-test; *P<0.05, *P<0.01, **P<0.001, and n.s., not sig-
nificant (P> 0.05).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

PDB files used in this study are: 3WLD, 2AMX and 2PGF (https://www.
rcsb.org/structure/3WLD, https://www.rcsb.org/structure/2AMX and
https://www.rcsb.org/structure/2PGF). Source data are provided with
this paper.

Code availability

The code used for mesoscopic imaging data analysis in this study is
provided and is available at https://github.com/damiers/wave_analysis.
The custom Arduino code for stimulation and two-photon imaging in
Drosophila, and the custom MATLAB codes for fiber photometry data
analysis in mice can be made available upon request. Requests will be
fulfilled within 2 weeks.
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