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Abstract

Astrocytes participate in information processing by releasing neuroactive substances

termed gliotransmitters, including ATP. Individual astrocytes come into contact with

thousands of synapses with their ramified structure, but the spatiotemporal dynamics

of ATP gliotransmission remains unclear, especially in physiological brain tissue. Using

a genetically encoded fluorescent sensor, GRABATP1.0, we discovered that extracellu-

lar ATP increased locally and transiently in absence of stimuli in neuron–glia

co-cultures, cortical slices, and the anesthetized mouse brain. Spontaneous

ATP release events were tetrodotoxin-insensitive but suppressed by gliotoxin,

fluorocitrate, and typically spread over 50–250 μm2 area at concentrations capable

of activating purinergic receptors. Besides, most ATP events did not coincide with

Ca2+ transients, and intracellular Ca2+ buffering with BAPTA-AM did not affect ATP

event frequency. Clustering analysis revealed that these events followed multiple

distinct kinetics, and blockade of exocytosis only decreased a minor group of slow

events. Overall, astrocytes spontaneously release ATP through multiple mechanisms,

mainly in non-vesicular and Ca2+-independent manners, thus potentially regulating

hundreds of synapses all together.
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1 | INTRODUCTION

Astrocytes, the most abundant glial cells in the central nervous

system, directly modulate synaptic activity and neuronal network

dynamics by releasing neuroactive substances termed gliotransmit-

ters (Araque et al., 2014; Halassa & Haydon, 2010). Gliotransmission

is postulated as a feedback response to neuronal activity

(Henneberger et al., 2010; Panatier et al., 2011; Perea &

Araque, 2007). Astrocytes can discriminate inputs from different

synaptic terminals (Perea, 2005) and utilize different gliotransmitters

depending on the neuron firing frequency (Covelo & Araque, 2018).

These notions suggest that they can interpret surrounding neuronal

activity and provide relevant feedback control. Thus, astrocytes are

now regarded as partners of neurons in information processing,

whereas they were classically considered to play only supportive

roles in the brain.

ATP is one of the major gliotransmitters and is considered

essential for brain function because impaired astrocytic ATP release

leads to deficiency in synaptic plasticity (Jun et al., 2018),

depressive-like behavior (Cao et al., 2013; Jun et al., 2018; Wang

et al., 2021), and sleep loss in rodents (Halassa et al., 2009). Not only

is ATP released from astrocytes in response to neuronal inputs, but

Koizumi et al. found tetrodotoxin-insensitive ATP release in neuron–

glia co-culture (Koizumi et al., 2003). Tonic ATP release was

reported in brain slice preparations (Chever et al., 2014; Chi

et al., 2022; Kamatsuka et al., 2014), but it was unclear whether
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astrocytes release ATP spontaneously or in response to the basal

neuronal firing. Investigating basal ATP release activity will provide a

further perspective on how astrocytes are involved in neuron net-

work function.

Intracellular Ca2+ elevation in astrocytes has been implicated in

ATP gliotransmission and can be triggered by various inputs including

neurotransmitters, neuromodulators, changes in temperature, pH, and

pressure, or even without stimulation (Guerra-Gomes et al., 2018;

Semyanov, 2019; Shigetomi et al., 2016). Several groups have demon-

strated that optogenetically or chemogenetically evoked Ca2+

increase in astrocytes leads to ATP release (Iwai et al., 2021; Mederos

et al., 2019; Shen et al., 2017; Wang et al., 2021). Furthermore, spa-

tiotemporally complex spontaneous Ca2+ elevations in astrocytes

have been revealed (Agarwal et al., 2017; Bindocci et al., 2017;

Haustein et al., 2014; Rungta et al., 2016; Takata & Hirase, 2008; Wu

et al., 2019), with varied areas ranging from sub-micrometer order

touching a single synapse (Arizono et al., 2020) to ones covering tens

to thousands of synapses (Semyanov, 2019). Although the Ca2+-

dependent gliotransmission has been the subject of debate (Agulhon

et al., 2012; Bazargani & Attwell, 2016; Fiacco & McCarthy, 2018;

Savtchouk & Volterra, 2018), the above lines of evidence have

prompted speculation that astrocytes locally regulate multiple synap-

tic activities by releasing ATP following spontaneous Ca2+ elevations

(Halassa et al., 2007; Semyanov, 2019).

However, even the basic properties of ATP release, such as its

spatial and temporal dynamics, remain unknown in physiological con-

ditions due to limitations of detection methods. Non-optical

approaches using the “sniffer cell” method, which sense extracellular

ligands with artificially expressed receptors specific for target mole-

cules combined with the patch-clamp technique or Ca2+ imaging, and

microelectrode biosensors lack spatial information to reveal the

dynamics of extracellular ATP at sub-cellular resolution (Wu &

Li, 2020). Since they cannot identify individual release events, the

temporal kinetics of ATP release also remains elusive. To overcome

these technical difficulties, optical sensors have been developed.

However, they were not adequate to detect endogenous ATP release

in the brain tissue until recently (Conley et al., 2017; Lobas

et al., 2019; Wu & Li, 2020). These limitations hampered clarification

of the spatiotemporal properties of ATP release and their relation-

ships with spontaneous Ca2+ activities.

We previously developed a highly sensitive genetically encoded

extracellular ATP fluorescent sensor, GRABATP1.0, and successfully

detected individual spontaneous ATP release events in neuron–glia

culture and inflammation-induced ATP release in vivo (Li et al., 2022;

Wu et al., 2022). In this study, we monitored extracellular ATP under

physiological conditions in vitro, in acute brain slices, and in the

mouse brain using GRABATP1.0. Furthermore, we investigated the spa-

tiotemporal dynamics of spontaneous ATP release and its relationship

with intracellular Ca2+ events in cortical astrocytes. Our results

strongly suggest that astrocytes spontaneously and locally

release ATP through multiple mechanisms, mainly in non-vesicular

and Ca2+-independent manners.

2 | MATERIALS AND METHODS

2.1 | Experimental design

All procedures were approved by the Committee on the Ethics of

Animal Experiments of Waseda University and the Animal Care and

Use Committees at Peking University. Wild-type ICR mice were main-

tained in Waseda University in accordance with the guidelines out-

lined by the Institutional Animal Care and Use Committee of Waseda

University, and both male and female mice were used for

experiments.

2.2 | DNA plasmid construction

Plasmid vectors based on the integration-coupled on (iOn) gene expres-

sion switch system conditioning transgene expression to piggyBac-

mediated transposition (Kumamoto et al., 2020) were employed for

stable expression of fluorescent sensors in astrocytes. To construct the
iOnCAG∞GRABATP1.0 plasmid, the GRABATP1.0 coding sequence was

amplified by PCR (primers: 50; GTGGCCACTCGAGGATCCACCATGG

AGAGAGACAC, 30; GCACTAAAGTCGGATCAGAGGGGCGCTAGCTT

ACA) and cloned into iOnCAG∞MCS at the XhoI site by SLiCE cloning

(Motohashi, 2015). iOnCAG∞REX-GECO1 was constructed by replacing

the sequence between the BamHI and NheI sites of iOnCAG∞GRABATP1.0

with the BamHI-XbaI fragment of pCMV-REX-GECO1. For the construc-

tion of iOnCAG∞Lck-REX-GECO1, the Lck domain digested from

pCMV-Lck-MaLionR with NheI and BamHI was inserted into the AvrII

and BamHI sites of iOnCAG∞REX-GECO1.

2.3 | In utero electroporation

Pregnant ICR mice were purchased from Japan SLC Inc. (Hamamatsu,

Japan), and in utero electroporation (IUE) was performed as previously

described (Li et al., 2020) with the following modifications. Mice at

gestation day 15 were deeply anesthetized with either a mixture of

medetomidine (0.3 mg/kg body weight), midazolam (4 mg/kg) and

butorphanol (5 mg/kg) or with sodium pentobarbital (50 mg/kg) by

intraperitoneal administration. Approximately 1 μL of plasmid solution

containing 2.0 μg/μL of the iOn-switch vectors, 0.5 μg/μL of pCAG-

hyPBase and 0.01% Fast Green solution (Sigma-Aldrich, Tokyo, Japan)

was injected into a lateral ventricle of each embryo.

2.4 | Immunohistochemistry

GRABATP1.0-expressing mice (4–8 weeks old), which had undergone

IUE, were anesthetized with isoflurane (DS Pharma Animal Health

Co. Ltd., Osaka, Japan) and transcardially perfused with phosphate-

buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS

(Nacalai Tesque, Kyoto, Japan). Brain samples were post-fixed in 4%
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PFA at 4�C overnight and coronally sectioned at 150 μm thickness

using a vibratome-type tissue slicer (DTK-1000, Dosaka-EM, Kyoto,

Japan). The brain slices were then immersed in 0.3% Triton X-100 in

PBS for 5 min at room temperature. After three time rinses with PBS,

the slices were blocked with TNB blocking buffer [0.1 M Tris–HCl,

0.15 M NaCl, 0.5% TSA blocking reagent (PerkinElmer, Boston, MA,

USA)] and incubated with a primary antibody (1:500 in TNB, goat

polyclonal anti-GFAP antibody, ab53554, abcam, Cambridge,

United Kingdom) and a secondary antibody (1:200 in TNB, Alexa

647 donkey anti-goat IgG, 705-609-147, Jackson ImmunoResearch

Laboratories, Inc., West Grove, PA, U.S.A.). The cortical regions were

observed using confocal microscopy (FV1000, Olympus, Tokyo,

Japan). The mean fluorescence intensity was calculated using Image J

(Schneider et al., 2012), and transfected and non-transfected hemi-

spheres were compared.

2.5 | Cell culture

Rat primary neuron–glia co-cultures were prepared and cultured as

described previously (Wu et al., 2022). In brief, co-cultures were pre-

pared from 0-day-old (P0) wild-type Sprague-Dawley rat pups (male

and female, randomly selected) purchased from Charles River Labora-

tories (Beijing, China). Hippocampal cells were dissociated from the

dissected brains in 0.25% Trypsin-EDTA (Gibco, Waltham, MA, U.S.A.)

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 approximately

4 days in culture (DIV 4) cytosine β-D-arabinofuranoside (Sigma-

Aldrich) was added to the hippocampal cultures in a 50% growth

media exchange, at a final concentration of 2 μM. Primary neuron–glia

co-cultures were cultured at 37�C in 5% CO2. To express GRABATP1.0

in neurons, adeno-associated viruses (AAV2/9-hSyn-GRABATP1.0)

were added to neuron–glia co-cultures at DIV 5–9, and DIV ≥13 cells

were used for imaging. Before imaging, the culture medium was

replaced with Tyrode's solution containing: 150 mM NaCl, 4 mM KCl,

2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10 mM glucose

(pH 7.3–7.4). Cells grown on 12-mm coverslips were imaged using a

Ti-E A1 confocal microscope (Nikon, Tokyo, Japan) equipped with a

10x/0.45 NA objective, a 20x/0.75 NA objective, a 40x/1.35 NA

oil-immersion objective, a 488-nm laser, and a 561-nm laser; green

fluorescence (GRABATP1.0 sensors) and red fluorescence (Calbryte

590, AAT Bioquest) were recorded using a 525/50-nm, and

595/50-nm emission filter, respectively.

2.6 | Cranial window surgery

To minimize inflammatory responses, a thin skull surgery with opti-

cal clearing methods was employed to prepare a cranial window

for in vivo imaging (Zhao et al., 2018). Mice were anesthetized

with the anesthetic agents indicated above, and a metallic head

plate (19 mm long, 12 mm wide, and 1 mm thick) with a hole

(5 mm in diameter) was attached to the skull with dental cement

(GC Corporation, Tokyo, Japan). The skull was thinned with a den-

tal drill and then treated with 10% (W/V) Na2EDTA (pH 7.0) for

30–40 min to decalcify the skull. The dip in the skull was filled

with 80% glycerol, covered with a circular cover glass (4 mm in

diameter, 0.12 mm in thickness, Matsunami, Osaka, Japan), and

sealed with cyanoacrylate glue (Aron Alpha, Toagosei Co., Ltd,

Tokyo, Japan).

2.7 | Acute slice preparation

Acute cortical slices were prepared from 4 to 8 weeks old mice

which had undergone IUE. The brain was removed quickly and

placed in an ice-cold cutting solution containing: 120 mM Choline-

Cl, 3 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 8 mM MgCl2

and 20 mM D-glucose. Then, the brain was coronally sectioned at

350 μm thickness with a vibratome-type tissue slicer (Pro7,

Dosaka-EM) and incubated for 1 h at 28�C for recovery in artificial

cerebrospinal fluid (ACSF) containing: 124 mM NaCl, 2.5 mM KCl,

1.25 mM NaH2PO4, 26 mM NaHCO3, 2 mM MgCl2, 2 mM CaCl2,

20 mM D-glucose, and continuously bobbled with 95% O2/5%

CO2. All acute slice experiments were performed within 6 h after

slice recovery to avoid the effects of inflammatory responses (Chai

et al., 2017).

2.8 | Pharmacological treatments in acute slice
experiments

Tetrodotoxin (TTX; 1 μM; 1 mM stock in 12.5 mM citrate; Latoxan

Laboratory, Portes lès Valence, France), DL-Ba Fluorocitrate (FC;

100 μM; 5 mM stock in distilled water with NaSO4 precipitation of

barium as described in Paulsen et al., 1987; Sigma-Aldrich, St. Louis,

MO, USA), bafilomycin A1 [2 μM; 10 mM stock in Dimethyl sulfox-

ide (DMSO); L C Laboratories, Woburn, MA, USA], Carbenoxolone

(CBX; 100 μM; 100 mM stock in distilled water; Sigma-Aldrich), and

4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-

inden-5-yl)oxy]-butanoic acid (DCPIB; 10 μM; 10 mM stock in

DMSO; Cayman Chemical, Ann Arbor, MI, U.S.A) were each bath

applied through superfusion of ACSF during recording sessions. FC

and bafilomycin A1 were also pre-incubated for at least 2 h prior to

recording. For intracellular Ca2+ buffering, slices were pre-

incubated in ACSF containing BAPTA-AM (100 μM; 100 mM stock

in DMSO; Nacalai Tesque) or its solvent, 0.1% DMSO (Sigma-

Aldrich) and 0.02% Pluronic F-127 (Affymetrix, Maumee, OH, USA),

as a control for 1 hour at 33–34�C prior to recording. For calibra-

tion of GRABATP1.0 response in acute slice, ATP was bath-applied at

0.2, 0.5, 1, 5, 10, and 100 μM (Sigma-Aldrich), and astrocytes

located at the surface of slices were monitored to avoid the rapid

degradation of extracellular ATP by ectonucleotidases deep in

the slice.
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2.9 | Two-photon imaging

Imaging was performed with an in-house two-photon laser scanning

microscope controlled by TI Workbench software (Inoue, 2018).

GRABATP1.0 and Lck-REX-GECO1 (Wu et al., 2014) were excited at

920 nm in acute slice experiments and at 860 nm in in vivo

imaging using a titanium-sapphire pulse laser (Mai Tai DeepSee,

Spectra-Physics, Tokyo, Japan) through a 20� objective

(XLUMPLFLN20xW, Olympus) in acute slice experiments and

through a 25� objective lens (XLPLN25xWMP2, Olympus) in

in vivo imaging. The emissions were separated by a 580-nm beam

splitter, passed through a 495–540 or 573–648-nm band pass filter,

and detected with GaAsP-type photomultiplier tubes (H7422PA-40,

Hamamatsu Photonics, Hamamatsu, Japan). The boundary of each

fluorescent indicator-expressing astrocyte was easily identified

when no adjacent cells expressed fluorescent probes. When two

adjoining astrocytes were fluorescent, boundary of the two cells

was discernible in many cases by taking image stacks from different

focal depths, where expression levels of fluorescent probes appar-

ently differed each other or the boundary was obvious by tracing

the round edges of the two astrocytic territories. When the bound-

ary of adjoining fluorescent astrocytes was not clear, further time-

lapse imaging was not performed. Time-lapse image sequences in

subregions adjusted for single astrocytes were acquired at 1 Hz

with a 0.8 � 0.8 μm per pixel resolution, and line-scan images were

acquired at 100 Hz. Astrocytes located 30–100 μm below the slice

surface were monitored in acute slice experiments; in vivo, we

imaged astrocytes located less than 140 μm from the brain surface.

Each time-lapse recording session was taken for 30 min in each cell,

except for the calibration of GRABATP1.0 response and for the

experiment with altered extracellular K+ concentrations (20 min

each for the three K+ concentrations). In some cells in experiments

where superfusate was not changed during the time course, record-

ing sessions were repeated once.

2.10 | Event detection and overlap analysis in ATP
and Ca2+ imaging

Background of time-lapse images was determined and subtracted

in each image frame by taking the average of >200 pixels of no

fluorescence of expressed sensors. Background-subtracted images

were temporally smoothed with a three-frame-width moving aver-

age filter to reduce noise before event detection analysis in TI

Workbench. Additionally, motion artifacts in some data were cor-

rected by ImageJ plug-in StackReg (Thévenaz et al., 1998) imple-

mented in TI Workbench. Processed image data were further

analyzed with the Astrocyte Quantitative Analysis (AQuA) soft-

ware (Wang et al., 2019) running in the MATLAB environment for

event detection and event feature extraction of ATP and Ca2+

events with its masking and segmentation functions. Events of

temporally less than three frames exceeding half peak height or

spatially narrower than 32 pixels area for ATP events and 25 pixels

area for Ca2+ events were ignored in event detection. The overlap

between the ATP and Ca2+ events was determined by the follow-

ing criteria (see also Figure S3): detected areas for ATP and Ca2+

events shared pixels; and event durations, defined as full width at

30% maximum, of both ATP and Ca2+ events overlapped with

each other. The sequence of the ATP and Ca2+ events was then

evaluated by the time point at 50% rise, and event pairs that

showed a lag of one frame or less were defined as simultaneous

events.

2.11 | Classification of ATP release events

To classify ATP release events according to the waveform of fluores-

cence trace, hierarchical clustering was conducted (see also Figure S5)

in Python using NumPy, SciPy, and pandas libraries (Harris

et al., 2020; McKinney, 2010; Virtanen et al., 2020). First, ATP events

observed in acute slices, which were not treated with drugs, were col-

lected. Each trace within time points from �40 to 120 frames relative

to the 30% rise frame was extracted and scaled with z-score normali-

zation to calculate the shape-based distance. Then, hierarchical clus-

tering was performed based on the shape-based distance using the

Ward's linkage method (Ward, 1963). The obtained clusters were used

as training samples, and ATP release events observed in pharmacolog-

ical experiments were classified using the nearest neighbor classifica-

tion algorithm (Fixt & Hodges, 1951). To display the distribution of

ATP event waveforms in 2D (Figure 5g, j), the principal component

analysis (PCA) from scikit-learn library (Pedregosa et al., 2011) or the

uniform manifold approximation and projection (UMAP) method

(McInnes et al., 2018) was applied.

2.12 | Statistical analysis

Statistics were performed using Python 3.7 and R (RStudio

1.2.5042) and are described in the corresponding figure legends.

All tests were two-tailed, and a p-value lower than .05 was consid-

ered significant. Data following normal distribution were repre-

sented as means ± SD with bar plots, and paired t-tests were

applied. When normal distribution cannot be assumed, results were

represented as the median and interquartile range (IQR) [25th and

75th percentile] with box plots. Mann–Whitney U test and the

Wilcoxon signed-rank test were used for a two-group comparison

of unpaired and paired data, respectively. In more than three-

group comparisons, Steel-Dwass test and Friedman test were used

for unpaired and paired data, respectively. The correlation coeffi-

cients were calculated using Kendall's correlation test, a nonpara-

metric method resistant to equal ranking. For evaluating the effect

of inhibitors on the frequency of ATP release events assigned to

each cluster, p-values were calculated from the Poisson distribu-

tion, and Bonferroni correction was used for the drug-free versus

DMSO vs BafA1 comparison. For assessing the significance of

overlapping pattern incidence and Ca2+ activity before and after
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ATP release events, the chance level was calculated by randomly

shuffling the event onsets.

3 | RESULTS

3.1 | Spontaneous ATP release in neuron-glia co-
culture is independent of neuron activity

We have previously reported that ATP release is detected without

external stimulations in rat primary neuron–glia co-culture expressing

GRABATP1.0 (Wu et al., 2022). To test whether neuronal activity par-

ticipates in this spontaneous ATP signaling, we first blocked neuron

firing with tetrodotoxin (TTX). The frequency and amplitude of spon-

taneous ATP release events were not significantly altered by the TTX

treatment, while the responses were abolished by application of the

P2Y1 receptor antagonist MRS-2500, as expected from the fact that

the sensor originated from the human P2Y1 receptor (Figure 1a–d).

When the neuronal activity was enhanced by electrical stimulation

and high K+ treatment, robust Ca2+ elevation in neurons was induced,

while no increased GRABATP1.0 response was detected. The applica-

tion of 100 nM ATP was sufficient to evoke a robust GRABATP1.0

response (Figure 1e–g). Altogether, these results demonstrated that

neuronal activity was not responsible for the spontaneous ATP

release observed in rat primary neuron–glia co-culture.

3.2 | Cortical astrocytes spontaneously and locally
release ATP

To monitor extracellular ATP dynamics in murine brain tissue, astro-

cytes expressing GRABATP1.0 were prepared by means of in utero

electroporation with an improved transposon vector based on the

iOn-switch (Kumamoto et al., 2020) (Figure 2a). This approach

achieved sparse expression of the ATP sensor in cerebral cortex and

enabled us to distinguish individual astrocytes by morphology

(Figure 2b). Neither glial scar formation nor upregulation of glial fibril-

lary acidic protein (GFAP) expression was observed (Figure S1), sug-

gesting no detectable inflammatory activation of astrocytes.

We then monitored GRABATP1.0 fluorescence in single astrocytes

in anesthetized mice using two-photon microscopy. During the

30-min recording sessions, overall 12 transient increases in extracellular

ATP were observed in 8 out of 30 cells from 6 mice within restricted

subcellular regions (Figure 2c–e; frequency: 2.2 � 10�4 Hz/cell; area:

124.16 [37.28, 381.6] μm2; full width at half maximum (FWHM):

6 [5, 14] s; peak ΔF/F0: 51.4% [41.7%, 65.8%]; median [interquartile
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Calbryte 590 (top) and GRABATP1.0 (bottom) showing raw fluorescence, ΔF/F0 on field electrical stimulation (100 pulses at 30 Hz), high K+

stimulation and 100 nM ATP application, from left to right. (f) Time course traces showing the mean fluorescence response (ΔF/F0) in the field of
view of Calbryte 590 (red) and GRABATP1.0 (green) to the stimulations. (g) Peak amplitudes of GRABATP1.0 fluorescence responses recorded from
3 coverslips. Scale bars: 100 μm (a) and 30 μm (e). Student's t-test, ***p < .001; n.s., not significant.
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ranges (IQRs)]). Such transient and localized ATP events were also

found in acute brain slices without stimulation (28 events in 14 cells

in 14 slices from 4 mice; frequency: 1.1 � 10�3 Hz/cell; area: 111.68

[49.92, 263.68] μm2; FWHM: 23 [11, 62.5] s; peak ΔF/F0: 160.5%

[116.6%, 227.2%], see the control group in Figure 3a–c, f–h). To iden-

tify the source of spontaneous ATP release in slices, the activities of

neurons and of astrocytes were suppressed by TTX and an astrocyte-

specific gliotoxin, FC, respectively. ATP release events were insensi-

tive to TTX concerning their frequency, area, duration, and peak

amplitude (Figure 3c–h), consistent with the results in neuron–glia co-

cultures. By contrast, the frequency of ATP release was suppressed

by FC (Figure 3i, j), indicating that the spontaneous ATP release in the

brain slice was dependent upon the astrocyte activity. These results

indicate that cortical astrocytes release ATP independently of neuro-

nal activity.

To estimate the concentration of locally released ATP, the

GRABATP1.0 response in slice was calibrated by bath-application of

ATP (Figure 3k, l). With this calibration result and the peak ampli-

tudes of ATP release events (Figure 3g), the peak concentration of

typical ATP release appeared to range between 0.5 and 5 μM, which

meets the concentration range for activation of purinergic receptors

(Khakh & North, 2012; Vitiello et al., 2012), indicating that sponta-

neous ATP release may affect multiple synapses within the local

areas all at once.

3.3 | The majority of spontaneous ATP release do
not coincide with Ca2+ elevation in astrocytes

To examine the relationship between spontaneous ATP release and

Ca2+ activity in astrocytes, we monitored extracellular ATP and intra-

cellular Ca2+ dynamics simultaneously by expressing GRABATP1.0 and

a membrane-anchored red Ca2+ sensor, Lck-REX-GECO1 (Wu

et al., 2014), in astrocytes in acute brain slices (Figure 4a). We

detected 165 ATP- and 4,760 Ca2+- events from 56 cells in 53 slices

from 18 mice (1.3 � 10�3 and 39 � 10�3 Hz/cell, respectively; 12 of

the 56 cells were recorded twice). Of note, the frequency of Ca2+

transients did not increase over time during the 30-min recording ses-

sion (Figure S2), ruling out the possibility of photo-damage caused by

two-photon excitation (Schmidt & Oheim, 2020). The rise time, fall

time, FWHM of duration, and area of ATP events were relatively more

broadly distributed than those of Ca2+ events (Figure 4b–e). In

F IGURE 2 Local and transient ATP release in vivo. (a) Schematic drawing of in utero electroporation and plasmids for expressing GRABATP1.0

with the iOn-switch PiggyBac transposon system. (b) Images of cortical slices prepared from P40 mice electroporated at E15.5 showing
GRABATP1.0 fluorescence expressed in a small number of astrocytes. High-magnification images (right) were taken from the same slice with
different focal planes. (c) A thinned-skull cranial window. (d) Focal spontaneous ATP release events in astrocyte arbors in vivo. GRABATP1.0

fluorescence images of two astrocytes (left). ATP increase areas detected by AQuA software (Wang et al., 2019) are shown in green, and
astrocyte borders are indicated by dashed lines. ΔF/F0 images of GRABATP1.0 before (middle) and during (right) the spontaneous ATP events.
(e) Time course traces of GRABATP1.0 signals (ΔF/F0) showing ATP release events. Traces marked as #1 and #2 correspond to the events shown in
(d), and the others were obtained in different cells. Scale bars: 100 μm (b, left), 20 μm (b, right, and d), and 1 mm (c).
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contrast, the peak amplitude and subcellular location of ATP and Ca2+

events were distributed similarly (Figure 4f, g). Unexpectedly, more

than half of the spontaneous ATP release events did not coincide with

Ca2+ elevation (Figure 4k). ATP release events devoid of Ca2+ events

were also detected through line-scanning at a 100 Hz sampling rate

(Figure S4). Among the spatially overlapping patterns, ATP events fol-

lowed by Ca2+ elevation (Figure 4h) were most frequently observed,

and the incidences of ATP events following or coinciding with Ca2+

elevation were low (Figure 4i, j). The occurrence of ATP events pre-

ceding or following Ca2+ events was not statistically significant,

although that of the coinciding events was above chance-level

(p < .001; Figure 4k). Besides, Ca2+ events occurred with significantly

higher frequency only during the 30-s period just after the ATP

release events (Figure 4l). The frequency of Ca2+ events per cell did

not correlate with that of spontaneous ATP events (Figure 4m). These

results suggest that most of the spontaneous ATP release occurred in

F IGURE 3 Astrocytes spontaneously release ATP in acute slices. (a) A cortical astrocyte in an acute slice expressing GRABATP1.0 (left)
overlayed with focal spontaneous ATP release events (green) observed in control (middle) and in 1 μM TTX (right) conditions. Scale bar: 20 μm.
(b) Time course changes in GRABATP1.0 signal (ΔF/F0) of spontaneous ATP release events detected in control (top, n = 28 events in 14 slices from
4 mice) and in TTX (bottom, n = 38 events in 14 slices from 4 mice) conditions. Events are aligned by the initial rise timing (30% of the peak
amplitude). (c) Frequency of spontaneous ATP release events (n = 14 cells each). (d–h) Rise time (d), fall time (e), full width at half maximum
(FWHM) of duration (f), peak amplitude of ΔF/F0 (g), and area (h) of spontaneous ATP release events in control and TTX groups. (i) Time course
changes in GRABATP1.0 signal (ΔF/F0) of spontaneous ATP release events detected in control (n = 32 events in 16 cells from 4 mice) and

fluorocitrate (FC, 100 μM; n = 13 events in 15 cells from 4 mice) conditions. (j) Frequency of spontaneous ATP release events in the control and
FC groups. (k) ΔF/F0 changes of GRABATP1.0 expressed in an astrocyte in acute slice responding to bath-application of 100, 10, 5, 1, 0.5, and
0.2 μM ATP. (l) Calibration of the response of GRABATP1.0 expressed in astrocytes in acute slice (mean ± S.D, n = 5 cells). Wilcoxon signed-rank
test (c) and Mann–Whitney U test (d–h and j) were used. Box plots show the median, 25th, and 75th percentile.
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F IGURE 4 Legend on next page.
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a Ca2+-independent manner. To further test this notion, acute slices

were incubated in 100 μM BAPTA-AM, a cell membrane-permeable

intracellular Ca2+ chelator, for 1 h just before recording. While the

frequency, peak ΔF/F0, area, and duration of Ca2+ events were drasti-

cally reduced by the BAPTA-AM treatment (n = 144 Ca2+ events in

14 cells from 3 mice) compared to those in the control condition

(n = 1,001 Ca2+ events in 14 cells from 3 mice; Figure 4n–q),

no significant difference was observed in the frequency of ATP events

(Figure 4r). Altogether, these results demonstrate that astrocytes

spontaneously release ATP in a Ca2+-independent manner.

3.4 | ATP release events can be classified into five
clusters based on the waveform

Vesicular release and release through several channels have been pro-

posed as candidate mechanisms for ATP release from astrocytes (Illes

et al., 2019). Because spontaneous ATP release events appeared to

vary kinetically (Figures 3b and 4b–d), we presumed that their wave-

forms might reflect distinct ATP release mechanisms. To classify ATP

events according to their waveforms, hierarchical clustering was con-

ducted using a shape-based distance (SBD) algorithm based on nor-

malized cross-correlation (Paparrizos & Gravano, 2015) (Figure S5).

Two classes and five subdivided clusters were determined, and ATP

events in the primary class (class 2) had sharper waveforms than the

other class (Figure 5a, b). Additionally, non-linear dimensionality

reduction by the uniform manifold approximation and projection

(UMAP) algorithm (McInnes et al., 2018) clearly showed gaps among

the clusters determined by hierarchical clustering, except for clusters

iii (brown) and v (purple; Figure 5j). Altogether, these analyses

revealed that the spontaneous ATP release from astrocytes comprises

multiple groups presenting distinct kinetics.

We then examined the relationship between ATP and Ca2+

events in each cluster. We found that only the ATP events in cluster

ii tended to accompany Ca2+ events before and just after the ATP

events (Figure 5c), which was buried in the overall analysis

(Figure 4l). This implies that ATP event types classified by the wave-

form reflect different mechanisms that lead to different ATP

kinetics. No apparent difference was found in peak amplitude and

area of ATP events among the clusters (Figure 5d, e), suggesting that

the amount of released ATP may be irrelevant to the distinct effects

of ATP clusters on the Ca2+ events. Also, preference for the subcel-

lular location of ATP release was not observed among the clusters

(Figure 5f).

3.5 | A minority of ATP events characterized by
slow kinetics correspond to vesicle release

To verify the possibility that the difference in the waveform of

ATP events reflects distinct release mechanisms, ATP events

observed in the presence of inhibitors against vesicular release

(2 μM bafilomycin A1, BafA1, >2 h pre-incubation and bath-

application, n = 46 events from 22 cells) and its control (0.1%

DMSO, n = 49 events from 23 cells), hemichannels (100 μM carbe-

noxolone, CBX, n = 48 events from 22 cells), and volume-regulated

anion channels (10 μM DCPIB, n = 52 events from 22 cells) were

similarly classified using the nearest neighbor classification algo-

rithms with the SBD measure. Hemichannels were reported to par-

ticipate in ATP release in the resting state of hippocampal slices

(Chever et al., 2014). Notably, the frequency of ATP events belong-

ing to class 1 decreased under BafA1 treatment, but not in the

DMSO-treated control groups (Figure 5g, h). Also, the BafA1 treat-

ment abolished ATP events assigned to cluster i (Figure S6). These

results suggest that the class 1 ATP release events characterized

by a slow time course are driven by vesicular release. In contrast,

treatment with CBX showed no apparent changes in any of the

classes or clusters, suggesting that the contribution of connexin and

pannexin hemichannels is minimal in cortical slices (Figures 5g, h,

and S6). In the DCPIB group, shifts in the frequency of ATP events

assigned to class 1 and 2 were insignificant, however, the frequency

of cluster v events decreased and that of cluster iii events

F IGURE 4 Simultaneous imaging of spontaneous ATP release and Ca2+ activity in astrocytes in acute slices. (a) X–T binary maps showing
overlays (maximal values on the y-axis) of spontaneous ATP release events (bottom left), spontaneous Ca2+ events (bottom middle), and the both
(bottom right) detected from an astrocyte expressing GRABATP1.0 (top left) and Lck-REX-GECO1 (top middle). ATP events occurred with (close
arrowhead; X–Y images of the both events (A) are overlaid in the top right image) or without (open arrowhead) accompanying Ca2+ events at the
same time. (b–g) Cumulative frequency curves showing the distribution of rise time (b), fall time (c), FWHM of duration (d), area (e), peak amplitude
in ΔF/F0 (f), and distance between the gravity center of event area and the gravity center of astrocyte area normalized by the cell radius (g) of
spontaneous Ca2+ transients (magenta, n = 4,760 events) and ATP release events (green, n = 165 events). The numbers of events out of the
abscissa range are 2, 2, 2, 8, 0, and 0 in the ATP events and 24, 1, 1, 19, 2, and 3 in the Ca2+ events in (b–g), respectively. (h–j) Three representative
data showing overlapping ATP release and Ca2+ events (top, an ATP event preceding a Ca2+ event; middle, an ATP event following a Ca2+ event;
bottom, simultaneous events) in sequential images (left) and time course traces of ΔF/F0 (right). (k) Incidences of spontaneous ATP release events

classified by temporal overlapping patterns with Ca2+ events. Chance levels (***p < .001; n.s., not significant) were estimated by shuffling the onset
time of Ca2+ events (10,000 iterations). (l) The proportion of ATP release events in which Ca2+ events were observed in 30-s time windows. The
onset of ATP release events corresponds to time 0. Chance levels (dashed lines, 95%) were estimated by shuffling the onset time of Ca2+ events
(10,000 iterations). (m) Correlation between the frequency of spontaneous ATP release events and that of Ca2+ transients (Kendall's rank
correlation, n = 55 cells). (n–r) Cumulative frequency curves showing frequency (n), peak amplitude of ΔF/F0 (o), area (p), and FWHM of duration
(q) of Ca2+ events and frequency of ATP events (r) after treatment with BAPTA-AM (100 μM; n = 46 events in 14 cells from 3 mice) or control
(0.1% DMSO and 0.02% Pluronic F-127; n = 39 events in 14 cells from 3 mice). Mann–Whitney U test. Scale bars: 20 μm.
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increased (Figures 5g, h, and S6), implying that class 2 may include

DCPIB-sensitive mechanisms. Note that the ATP release events that

simultaneously occurred with Ca2+ events mostly belonged to class 2

(Figure 5i; 12 out of 13 simultaneous events), implying that they

correspond to channels permeable to both ATP and Ca2+, or rely on

Ca2+-dependent ATP channel opening, though their occurrence was

low (12 out of 129 ATP events in class 2). Such simultaneous events

were also detected under CBX (5 out of 48 total ATP events), all of

F IGURE 5 Legend on next page.
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which were assigned to class 2, and the frequency among total ATP

events (10.4%) was even larger than that in the normal condition

without CBX (7.9%, Figure 4k).

Since cortical astrocytes exhibit heterogeneity in resting mem-

brane potential (Morel et al., 2019) and some ATP release mechanisms

are sensitive to membrane potential (Taruno, 2018), we investigated

the effect of depolarization and hyperpolarization in astrocytes by

switching the perfusate from regular K+ (2.5 mM) ACSF to low K+

(0.5 mM) then to high K+ (10 mM) ACSF (Figure S7). Little changes

were observed in the ATP event frequency among the K+ conditions

when each ATP event class or cluster was compared or overall ATP

events were compared, indicating that shifts in extracellular K+ con-

centration of the above range were less likely to determine the fre-

quency of certain types of ATP release.

4 | DISCUSSION

In this study, we monitored spontaneous extracellular ATP dynamics

using GRABATP1.0 in neuron–glia co-culture, acute brain slices, and live

brain. With the high sensitivity and spatiotemporal resolution of the

sensor, ATP release events were spatiotemporally detected without

stimuli in the three preparations. We then investigated the mecha-

nisms of the spontaneous ATP release in acute slice and obtained

three major findings: first, astrocytes release ATP independently of

nearby neuronal activities; second, dual-color imaging revealed that

ATP release events rarely coincide with a spontaneous Ca2+ transient

and are resistant to Ca2+ buffering with BAPTA-AM; and finally, clus-

tering analysis suggested that the spontaneous ATP release events

involve multiple mechanisms with non-vesicular release being the

major one, and that long-lasting ATP release is driven by exocytosis.

4.1 | Astrocyte actively drives purinergic signaling

Tonic extracellular purinergic signaling deriving from astrocytes in

unstimulated brain slices has been reported (Chever et al., 2014;

Kamatsuka et al., 2014), but whether astrocytes release ATP in a

spontaneous fashion or as a consequence of basal neuronal activity

has not been elucidated. To clarify this, we utilized FC, a metabolic

inhibitor widely used as gliotoxin, which is selectively taken up by

astrocytes. Though a study reports an acute reduction of excitatory

synaptic transmissions in slice incubated with 200 μM FC for 30 min

(Bonansco et al., 2011), others reported negligible effects on neuronal

properties including membrane potential, input resistance, and

amplitude of excitatory transmission with the same dose of FC

incubation for several hours (Berg-Johnsen et al., 1993; Stone

et al., 1990). In the present study, we showed that spontaneous ATP

release in slice was TTX-insensitive but significantly suppressed by FC

(100 μM, incubation for more than 2 h), demonstrating that astrocytes

release ATP independently of neuron activity, and thus further

prompting the notion that astrocytes can provoke active communica-

tions via gliotransmission spontaneously in addition to their classical

role as passive elements of neuronal processing.

4.2 | Spatial properties of ATP release from
astrocytes

Despite the morphological hallmarks where individual astrocytes

interact with tens of thousands of synapses within their arbor terri-

tories, the spatiotemporal properties of gliotransmitter release have

not been determined due to the limitations of detection methods. Our

extracellular ATP imaging approach using GRABATP1.0 revealed that

spontaneous ATP release events typically spread over 50–250 μm2 at

a concentration of 0.5–5 μM in the slice. Considering the synapse

density in the murine cortex (�0.7 synapses/μm3; (Halassa

et al., 2007; Kikuchi et al., 2020)) and EC50 of purinergic receptors

(i.e., P2X1: 0.07; P2X2: 1.2; P2X3: 0.5; P2X4: 10; P2Y1: 8 μM;

(Khakh & North, 2012; Vitiello et al., 2012)), our results indicate that

individual ATP release events can potentially affect hundreds of

nearby synapses all together even in a single focal plane. Halassa et al.

speculated that gliotransmission groups adjacent synapses into func-

tional ensembles because Ca2+ elevation that triggers gliotransmitter

release is confined to subcellular regions in astrocytes (Halassa

et al., 2007). The present results on ATP show that most of the

F IGURE 5 Clustering analysis of spontaneous ATP release events based on waveform. (a) Spontaneous ATP release events were classified
into two classes and five sub-divided clusters by hierarchical clustering based on the waveform. (b) Gray lines indicate traces normalized by the
peak amplitude of ΔF/F0, and colored lines represent the barycenter of traces belonging to the cluster. (c) The proportion of ATP release events
in which Ca2+ events were observed in 30-s time windows. The onset of ATP release events corresponds to time 0. Chance levels (dashed lines,
95%) were estimated by shuffling the onset time of Ca2+ events (10,000 iterations). (d–f) The peak amplitude of ΔF/F0 (d), area (e), and distance
between the gravity center of event area to the gravity center of cell area normalized by the cell radius of ATP release events in each cluster

(median, and 25th and 75th percentile; Mann–Whitney U test). (g) Distribution of ATP release event waveforms in 2D by reducing the
dimensions with the principal component analysis. The first and second principal components (pc1 and pc2) indicate 52.1% and 18.3% of
explained variance, respectively. Colors correspond to those of the clusters in (a). (h) Effects of inhibitors on the ATP release event frequency in
the two classes (control: n = 55 cells from 18 mice; DMSO: n = 23 cells from 6 mice; Bafilomycin A1 (BafA1, 2 μM): n = 22 cells from 7 mice;
Carbenoxolone (CBX, 100 μM): n = 22 cells from 5 mice; DCPIB (10 μM): n = 22 cells from 3 mice; statistics: Poisson distribution). (i) ATP release
events occurring simultaneously with Ca2+ transients (13 events) are colored magenta, and others gray in the same scatter plot shown in
(g) (Control). (j) Distribution of the ATP release event waveforms displayed by reducing the dimensionality using the uniform manifold
approximation and projection (UMAP) method. *p < .05; n.s., not significant.
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release events of this particular gliotransmitter do not accompany

Ca2+ events but that their spread is indeed localized. Thus, the con-

clusion by Halassa et al. that adjacent synapses form functional

groups by local gliotransmission sounds valid. It should be noted,

however, that GRABATP1.0 captures both ATP and its degradation

product, ADP (Wu et al., 2022). Therefore, the spatial and temporal

spread of ATP, not ADP, could be smaller than that estimated in this

study.

4.3 | ATP-induced Ca2+ response in astrocytes

It is reported that extracellularly released ATP induces astrocytic Ca2+

propagation in culture (Guthrie et al., 1999; Koizumi et al., 2003) and

in pathological conditions in vivo (Delekate et al., 2014). It evokes an

astrocytic Ca2+ response in an autocrine fashion in the brain slice

(Shen et al., 2017). Our result showing that the frequency of Ca2+

activity slightly increased just after ATP release (Figure 4l) may reflect

such ATP-induced Ca2+ response, though only in a quarter of the

entire ATP release events observed, suggesting that spontaneously

released ATP has little impact on astrocytic Ca2+ dynamics in the

physiological slice condition. Our clustering analysis suggests that the

spontaneous ATP gliotransmission involves multiple types of release

machinery, and cluster ii only showed an enhancement of Ca2+ activ-

ity after ATP release (Figure 5c), which led us to presume that distinct

ATP release mechanisms govern different downstream effects and

also cooperatively engage in basal purinergic signaling.

4.4 | Mechanisms of spontaneous ATP release
from astrocytes

Our pharmacological results suggest that ATP release events of rela-

tively slow kinetics (class 1) are driven by vesicular ATP release. The

slower decay phase of class 1 events could be explained by slower

ATP diffusion, slower ATP degradation by ectonucleotidase, and

long-lasting ATP release. Since it is hard to imagine that the condi-

tions of ATP diffusion and degradation differ much in the extracellu-

lar space, long-lasting ATP release sounds reasonable. The

asynchronous vesicle fusion mechanism, which does not accompany

an active zone-like structure or a pool of vesicles (Aten et al., 2022),

fits with such a release pattern. Studies directly monitoring vesicular

ATP release in astrocyte culture reported several minutes lags

between evoked Ca2+ elevation and resultant exocytosis. Of note,

the occurrence of Ca2+ events in cluster ii of class 1 was high during

the 30-s period 3 min before the ATP events (Figure 5b), which may

indicate that cluster ii is driven by Ca2+-triggered exocytosis. Then,

given that most of the Ca2+ events were not accompanied by ATP

release (Figure 4a), a yet-known triggering mechanism for such asyn-

chronous vesicular ATP release other than the Ca2+ signal can be

presumed. Alternatively, specific spatiotemporal patterns and/or

strength of the Ca2+ signal could be effective. Besides, cluster i in

class 1 is probably attributed to Ca2+-independent exocytosis, which

is also reported in the study of astrocyte culture (Li et al., 2015).

Thus, the mechanisms evoking vesicular ATP release from astrocytes

remain an open question.

On the assumption that the class 2 ATP release identified in this

study represents channel-mediated ATP release, we can infer that this

mechanism predominates over exocytosis (class 1; Figure 5a) in the

basal purinergic signaling. It has been postulated that channel-

mediated ATP release engages under pathological conditions (Giaume

et al., 2013; Sahlender et al., 2014). However, accumulating evidence

suggests that these mechanisms are also involved in basal ATP glio-

transmission (Chever et al., 2014; Chi et al., 2022; Jun et al., 2018;

Prochnow et al., 2012; Stehberg et al., 2012). While connexin hemi-

channels (Chever et al., 2014), pannexin 1 (Prochnow et al., 2012;

Suadicani et al., 2012), calcium homeostasis modulator 2 (Jun

et al., 2018), volume-regulated anion channels (Fujii et al., 2017), and

maxi-anion channels (Liu et al., 2008) have been identified as ATP

release channels in astrocytes, results in this study with CBX

(Figure 5h) indicate that connexin hemichannels and pannexin 1 are

less plausible candidates for the spontaneous ATP release events in

the cortex. By contrast, DCPIB, a volume-regulated anion channel

blocker, affected the appearance frequencies of the ATP event clus-

ters iii and v (Figures 5g and S6), implying that class 2 may include

DCPIB-sensitive mechanisms. We assume that the primary ATP

release channel in the cortex is one of the anion-selective channels

because of the very low incidence of synchronous Ca2+ and ATP

events. To date, however, the molecular identity of these anion chan-

nels has not been fully elucidated, and there are no specific blockers

validated in brain slice, especially for maxi-anion channels. Further

studies on ATP release channels are needed to understand the molec-

ular mechanisms underlying the spontaneous ATP release from

astrocytes.

Our results showing that intracellular Ca2+ elevation is less

likely responsible for the spontaneous ATP release events except for

those in cluster ii, indicate that Ca2+-independent processes may

play crucial roles in the basal purinergic signaling. Various environ-

mental changes such as decrease and increase in extracellular Ca2+

and K+ concentrations, respectively, cell swelling, low oxygen, and

mechanical transduction have been demonstrated to open ATP

release channels (Taruno, 2018), while it is not clear whether actual

changes in those parameters are sufficient to affect ATP release

channels under physiological conditions. At least, concentrations of

extracellular K+ in the range of 0.5–10 mM, corresponding to mem-

brane potential shifts ranging from �20 to +23 mV (Figure S7), did

not appear to affect spontaneous ATP release from astrocytes.

Besides, intracellular Ca2+ events could still be candidates for ATP

release: faint nanoscale Ca2+ events in the astrocyte structure only

detectable by STED microscopy (Arizono et al., 2020), fast Ca2+

events (FWHM <1.5 s, Bindocci et al., 2017), or out-of-focus Ca2+

events might have been missed in this study. Thus, future studies

employing advanced optical techniques including super-resolution

microscopy and volumetric multi-photon imaging might help

uncover the mechanisms underlying the spontaneous ATP release

from astrocytes in space and time.
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4.5 | Physiological significance of spontaneous
ATP release

To date, few reports have been published on the physiological signif-

icance of the spontaneous ATP release from astrocytes. Pioneering

studies on spontaneous ATP release in neuron–glia co-culture

reported that extracellular ATP suppresses the excitatory neuron

activity through presynaptic P2Y receptors, and 0.3–3 μM of extra-

cellularly applied ATP was sufficient to attenuate synaptic release

(Koizumi et al., 2003; Zhang et al., 2003). As for evoked-ATP release,

ATP upregulates the activity of CCK-positive interneuron via pre-

synaptic P2Y1 receptor while downregulating pyramidal neuron

activity mediated by its metabolite adenosine (Tan et al., 2017), and

it attenuates inhibitory postsynaptic currents via postsynaptic P2X2

and P2X4 receptors (Lalo et al., 2014) in the slice. In these evoked-

ATP release studies, an increase in extracellular ATP was estimated

at about 1 μM; therefore, we expect that the spontaneous ATP

release observed in this study potentially leads to similar effects on

neurons. Moreover, it is also plausible that the spontaneously

released ATP modulates not only the neuron activity but also the

microglial surveillance or the blood flow control, which are associ-

ated with purinergic signaling (Császár et al., 2022; Haynes

et al., 2006). Besides, as the loss of ATP release from astrocytes is

related to psychiatric symptoms (Cao et al., 2013; Jun et al., 2018;

Wang et al., 2021) and pathological conditions promote hyperactive

extracellular ATP signaling (Delekate et al., 2014; Illes et al., 2019;

Wu et al., 2022), future studies revealing how the spontaneous puri-

nergic signaling of astrocytes is altered in pathological conditions

will provide further insights into the roles of astrocytes both in phys-

iological and pathophysiological conditions.

4.6 | Significance

The results presented in this study indicate that astrocytes spontane-

ously release ATP through multiple mechanisms, mainly in non-

vesicular and Ca2+-independent manners, which potentially coordi-

nate hundreds of synapses at once. Our study, thus, provides three

insights into astrocyte-neuron interaction mediated by gliotransmitter

release: first, contrary to the classical regard for astrocytes as a pas-

sive element in the brain, astrocytes can provoke active communica-

tions independently of neuronal activity; second, our findings further

strengthen the concept that neighboring synapses form functional

islands regulated by purinergic signaling deriving from astrocytes;

third, although Ca2+ activity is considered vital for astrocyte function,

Ca2+-independent processes may also play crucial roles in the glio-

transmitter release.

4.7 | Limitations of the study

The present study has disclosed the spontaneous and localized

release of ATP from astrocytes in culture and brain tissue, where we

explored the mechanisms of this release, especially in slice prepara-

tion. Anesthetized mice, where neuronal inputs are depressed, also

exhibit transient ATP release, however, its detailed mechanisms

need to be thoroughly examined in vivo. Besides, while our work

sheds light on spontaneously derived-ATP signaling in the cortex,

further studies exploring other gliotransmitter dynamics in various

brain regions are awaited to fully understand astrocyte-mediated

active communications.
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Fuenzalida, M. (2011). Glutamate released spontaneously from astro-

cytes sets the threshold for synaptic plasticity: Setting neurotransmit-

ter release probability by astrocytes. European Journal of Neuroscience,

33, 1483–1492.
Cao, X., Li, L.-P., Wang, Q., Wu, Q., Hu, H.-H., Zhang, M., Fang, Y.-Y.,

Zhang, J., Li, S.-J., Xiong, W.-C., Yan, H.-C., Gao, Y.-B., Liu, J.-H.,

Li, X.-W., Sun, L.-R., Zeng, Y.-N., Zhu, X.-H., & Gao, T.-M. (2013).

Astrocyte-derived ATP modulates depressive-like behaviors. Nature

Medicine, 19, 773–777.
Chai, H., Diaz-Castro, B., Shigetomi, E., Monte, E., Octeau, J. C., Yu, X.,

Cohn, W., Rajendran, P. S., Vondriska, T. M., Whitelegge, J. P.,

Coppola, G., & Khakh, B. S. (2017). Neural circuit-specialized astro-

cytes: Transcriptomic, proteomic, morphological, and functional evi-

dence. Neuron, 95, 531–549.e9.
Chever, O., Lee, C.-Y., & Rouach, N. (2014). Astroglial Connexin43 Hemi-

channels tune basal excitatory synaptic transmission. The Journal of

Neuroscience, 34, 11228–11232.
Chi, S., Cui, Y., Wang, H., Jiang, J., Zhang, T., Sun, S., Zhou, Z., Zhong, Y., &

Xiao, B. (2022). Astrocytic Piezo1-mediated mechanotransduction

determines adult neurogenesis and cognitive functions. Neuron, 110,

2984–2999.e8.
Conley, J. M., Radhakrishnan, S., Valentino, S. A., & Tantama, M. (2017).

Imaging extracellular ATP with a genetically-encoded, ratiometric fluo-

rescent sensor. PLoS One, 12, e0187481.

Covelo, A., & Araque, A. (2018). Neuronal activity determines distinct glio-

transmitter release from a single astrocyte. eLife, 7, e32237.

Császár, E., Lénárt, N., Cserép, C., Környei, Z., Fekete, R., P�osfai, B.,

Balázsfi, D., Hangya, B., Schwarcz, A. D., Szabadits, E., Szöll}osi, D.,

Szigeti, K., Máthé, D., West, B. L., Sviatk�o, K., Brás, A. R., Mariani, J.-C.,

Kliewer, A., Lenkei, Z., … Dénes, Á. (2022). Microglia modulate blood
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