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Fine processes of astrocytes enwrap synapses and are well positioned to sense neuronal information via synaptic transmission. In rodents,
astrocyte processes sense synaptic transmission via Gq-protein coupled receptors (GqPCR), including the P2Y1 receptor (P2Y1R), to generate
Ca 2� signals. Astrocytes display numerous spontaneous microdomain Ca 2� signals; however, it is not clear whether such signals are due
to local synaptic transmission and/or in what timeframe astrocytes sense local synaptic transmission. To ask whether GqPCRs mediate
microdomain Ca 2� signals, we engineered mice (both sexes) to specifically overexpress P2Y1Rs in astrocytes, and we visualized Ca 2�

signals via a genetically encoded Ca 2� indicator, GCaMP6f, in astrocytes from adult mice. Astrocytes overexpressing P2Y1Rs showed
significantly larger Ca 2� signals in response to exogenously applied ligand and to repetitive electrical stimulation of axons compared
with controls. However, we found no evidence of increased microdomain Ca 2� signals. Instead, Ca 2� waves appeared and propagated to
occupy areas that were up to 80-fold larger than microdomain Ca 2� signals. These Ca 2� waves accounted for only 2% of total Ca 2�

events, but they were 1.9-fold larger and 2.9-fold longer in duration than microdomain Ca 2� signals at processes. Ca 2� waves did not
require action potentials for their generation and occurred in a probenecid-sensitive manner, indicating that the endogenous ligand for
P2Y1R is elevated independently of synaptic transmission. Our data suggest that spontaneous microdomain Ca 2� signals occur inde-
pendently of P2Y1R activation and that astrocytes may not encode neuronal information in response to synaptic transmission at a point
source of neurotransmitter release.
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Introduction
Astrocytes are abundant cells in the brain and play many impor-
tant roles in regulating neuronal functions, such as synapse for-

mation, synaptic transmission, synaptic plasticity, and synapse
remodeling (Sofroniew and Vinters, 2010; Araque et al., 2014;
Volterra et al., 2014). Astrocytes express a plethora of Gq-protein
coupled receptors (GqPCRs) for neurotransmitters, which are
thought to be important for receiving information from neurons
(Agulhon et al., 2008). Accumulating evidence indicates that in-
creases in neuronal activities trigger Ca 2� signals in astrocytes
through GqPCRs, both in vitro and in vivo (Agulhon et al., 2008;
Takata et al., 2011; Navarrete et al., 2012; Ding et al., 2013; Pauk-
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Significance Statement

Astrocytes are thought to enwrap synapses with their processes to receive neuronal information via Gq-protein coupled receptors
(GqPCRs). Astrocyte processes display numerous microdomain Ca 2� signals that occur spontaneously. To determine whether
GqPCRs play a role in microdomain Ca 2� signals and the timeframe in which astrocytes sense neuronal information, we engi-
neered mice whose astrocytes specifically overexpress the P2Y1 receptor, a major GqPCR in astrocytes. We found that overexpres-
sion of P2Y1 receptors in astrocytes did not increase microdomain Ca 2� signals in astrocyte processes but caused Ca 2� wavelike
signals. Our data indicate that spontaneous microdomain Ca 2� signals do not require activation of P2Y1 receptors.
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ert et al., 2014; Srinivasan et al., 2015; Monai et al., 2016). It has
been proposed that Ca 2� elevation in astrocytes regulates syn-
apses by regulating neurotransmitter uptake, ion uptake, and
gliotransmitter release (Araque et al., 2014).

Astrocyte processes are proposed to be integral parts of neuronal
circuits. Their processes enwrap synapses and are important for the
regulation of synaptic transmission through transmitter uptake and
gliotransmitter release (Araque et al., 2014). Ca2� imaging of astro-
cytes indicates that they produce microdomain Ca2� signals, which
are elicited by activation of GqPCRs. Astrocyte processes are able to
respond to synaptic information at the point source of neurotrans-
mitter release via GqPCRs, which contributes to the regulation of
basal synaptic transmission through Ca2�-dependent gliotransmis-
sion (Di Castro et al., 2011; Panatier et al., 2011).

Recent Ca 2� imaging in rodent astrocytes revealed numerous
microdomain Ca 2� signals that occur spontaneously both in
vitro and in vivo (Di Castro et al., 2011; Gee et al., 2014; Haustein
et al., 2014; Kanemaru et al., 2014; Rungta et al., 2016; Agarwal et
al., 2017). However, these Ca 2� microdomains are insensitive to
GqPCR antagonists. They are also reduced but still observed in
Itpr2� / � mice, in which astrocytes lack a major pathway for
Ca 2� signals via GqPCRs (Haustein et al., 2014; Kanemaru et al.,
2014; Srinivasan et al., 2015; Rungta et al., 2016; Agarwal et al.,
2017). It is, therefore, not clear whether, when, and how astro-
cytes encode neuronal information to cause Ca 2� signals. To
understand how synapses are regulated by astrocyte processes, it
is important to determine how astrocytes encode local neuronal
information, whether astrocytes regulate local synaptic transmis-
sion and whether astrocytes regulate synapses bidirectionally
through local control (Araque et al., 2014).

To investigate whether microdomain Ca 2� signals are medi-
ated by GqPCRs in astrocyte processes, we focused on astrocytes
in the molecular layer (ML) of the DG because structural evi-
dence indicates that most synapses (�90%) are ensheathed by
astrocyte processes (Bosch et al., 2016) and activation of P2Y1
receptor (P2Y1R), a metabotropic receptor for extracellular ATP,
leads to microdomain Ca 2� signals at astrocyte processes in the
ML of the DG (Santello et al., 2011). Expression of P2Y1R is not
specific to astrocytes. Neurons also express P2Y1Rs in the hip-
pocampus (Bowser and Khakh, 2004; Kawamura et al., 2004). To
directly test whether P2Y1Rs contribute to microdomain Ca 2�

signals in astrocytes, we engineered mice whose astrocytes specif-
ically overexpress P2Y1Rs. We then monitored microdomain
Ca 2� signals in astrocytes using GCaMP6f, a genetically encoded
Ca 2� indicator (GECI) (Chen et al., 2013; Haustein et al., 2014).
We found that overexpression of P2Y1Rs enhanced responses to
exogenous and endogenous ligands. However, we did not find
evidence for microdomain Ca 2� signals being increased or
enhanced by overexpression of P2Y1Rs. Instead, the increased
number of P2Y1Rs led to action potential-independent Ca 2�

wavelike signals, which encompassed significantly larger areas.
These Ca 2� waves were far fewer but larger and lasted longer than
microdomain Ca 2� signals. Our data indicate that spontaneous
microdomain Ca 2� signals occur independently of P2Y1R acti-
vation and that astrocytes may encode neuronal information
when synapses are highly active but not in response to synaptic
transmission at a point source of neurotransmitter release.

Materials and Methods
Animals. All procedures were performed in accordance with the Guiding
principles for the care and use of animals in the field of physiologic sciences
published by the Physiologic Society of Japan and with the previous
approval of the Animal Care Committee of Yamanashi University (Chuo,

Yamanashi, Japan; Approval #A23-9). To express P2Y1R specifically in
astrocytes, we took a transgenic approach using the Tet-OFF system
(Tanaka et al., 2010; Shinozaki et al., 2017). Two lines of transgenic line
were crossed: Mlc1-tTA and P2ry1 tetO. Double transgenic mice are re-
ferred to as P2Y1OE. Mlc1 is specifically expressed in astrocytes. P2Y1R
expression is induced under the control of the Mlc1 promoter. Mice were
housed on a 12 h light (6:00 A.M.)/dark (6:00 P.M.) cycle with ad libitum
access to water and rodent chow. Both male and female mice were used.
Genotyping PCR was performed using DNA purified from tail biopsies.
The PCR primers used were as follows: P2ry1 tetO forward, 5�-GTAGG
CGTGTACGGTGGAG-3�; P2ry1 tetO reverse, 5�-TGCAGTTGAGGCG
ACAGTAC-3�; Mlc1-tTA forward, 5�-AAATTCAGGAAGCTGTGTGCC
TGC-3�; and Mlc1-tTA reverse, 5�-CGGAGTTGATCACCTTGGAC
TTGT-3�.

ISH. A 675 bp DNA fragment corresponding to the nucleotide posi-
tions 1100 –1774 of mouse P2ry1 (NM_008772.5) was subcloned into
pGEMT-Easy vector (Promega) and was used for generation of sense or
antisense RNA probes. RNA probes were synthesized using a DIG RNA
labeling kit (Roche Diagnostics). Hybridization was performed using the
ISH reagent kit (Genostaff; catalog #SRK-1) according to the manufac-
turer’s instructions. The mouse brain tissues were fixed with Tissue Fix-
ative (Genostaff; STF-01), embedded in paraffin using tissue processor
CT-Pro20 (Genostaff), and sectioned at 6 �m. The sections were depar-
affined with xylene and rehydrated through an ethanol series and PBS.
The sections were fixed 10% neutral buffered formalin (10% formalin in
PBS) for 15 min at room temperature (RT) and then washed with PBS.
The sections were treated with 4 �g/ml ProteinaseK in PBS for 10 min at
37°C, washed with PBS, refixed with 10% neutral buffered formalin for
15 min at RT, again washed with PBS, and placed in 0.2 N HCl for 10 min
at RT. After washing with PBS, the sections were placed in 1� G-WASH
(Genostaff), equal to 1� SSC. Hybridization was performed with probes
at concentrations of 300 ng/ml in G-Hybo (Genostaff) for 16 h at 60°C.
After hybridization, the sections were washed in 1� G-WASH for 10 min
at 60°C, 50% formamide in 1� G-WASH for 10 min at 60°C. Then the
sections were washed twice with 1� G-WASH for 10 min at 60°C, twice
0.1� G-WASH for 10 min at 60°C, and twice with TBST (0.1% Tween 20
in TBS) at RT. After treatment with 1� G-Block (Genostaff) for 15 min
at RT, the sections were incubated with anti-DIG AP conjugate (Roche
Diagnostics) diluted 1:2000 with �50G-Block (Genostaff) in TBST for
1 h at RT. The sections were washed twice with TBST and then incubated
in 100 mM NaCl, 50 mM MgCl2, 0.1% Tween 20, 100 mM Tris-HCl, pH
9.5. Coloring reactions were performed with NBT/BCIP solution
(Sigma-Aldrich) overnight and then washed with PBS. The sections were
counterstained with Kernechtrot stain solution (Muto Pure Chemicals)
and mounted with G-Mount (Genostaff). For immunohistochemistry,
tissue sections were deparaffined with xylene and rehydrated through an
ethanol series and PBS. Antigen retrieval was performed by heat treat-
ment by microwave for 20 min with citrate buffer, pH 6.0. Endogenous
peroxidase was blocked with 0.3% H2O2 in methanol for 30 min, fol-
lowed by incubation with Protein Block (Genostaff) and avidin/biotin
blocking kit (Vector Laboratories). The sections were incubated with
anti-GFAP rabbit polyclonal antibody (Dako; RRID:AB_10013382) at
4°C overnight. They were incubated with biotin-conjugated goat anti-
rabbit IgG (Dako; RRID:AB_2313609) for 30 min at RT followed by the
addition of peroxidase-conjugated streptavidin (Nichirei Biosciences)
for 5 min. Peroxidase activity was visualized by diaminobenzidine. The
sections were counterstained with Mayer’s Hematoxylin (Muto Pure
Chemicals), dehydrated, and then mounted with Malinol (Muto Pure
Chemicals).

Immunohistochemistry. Brains were fixed with 4% PFA through car-
diac perfusion. After postfixation in 4% PFA for 12–14 h, brains were
subsequently submerged in 30% sucrose in PBS. Frozen 20 �m sections
were cut with a cryostat (Leica Microsystems). Slices were washed with
PBS three times and treated with 0.5% Triton X-100/10% normal growth
serum for 1 h. After three washes with PBS, sections were incubated with
chicken anti-GFP antibody (1:1000, Thermo Fisher Scientific; RRID:
AB_2534023) and rat anti-GFAP antibody (1:2000, Thermo Fisher Sci-
entific; RRID:AB_2532994) for 2 d. Sections were then washed three
times with PBS and treated with fluorescent secondary antibodies (anti-
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chicken IgY Alexa-488, 1:500, Thermo Fisher Scientific; RRID:AB_2534096;
and anti-rat IgG Alexa-568, 1:500, Thermo Fisher Scientific; RRID:
AB_2534125) for 2 h. After washing with PBS three times, sections were
mounted on slides. Images were captured using a Fluoview 1200 (Olym-
pus) equipped with a 40� silicon oil-immersion lens (N.A. 1.25).

Microinjections of AAV 2/5. Male and female transgenic mice were used
in all experiments in accordance with the guidelines of the University of
Yamanashi. Mice 6 –9 weeks of age were anesthetized with isoflurane
(induction at 5%, maintenance at 1.5%–3.0% v/v). All surgical proce-
dures were conducted under general anesthesia using continuous isoflu-
rane (1.5%–3.0%). Depth of anesthesia was monitored continuously and
adjusted when necessary to ensure that animals were always anesthetized.
Following induction of anesthesia, the mice were fitted into a stereotaxic
frame with their heads secured by blunt ear bars and their noses placed
into an anesthesia and ventilation system. The mice were administered
0.1 ml carprofen (Rimadyl, 5 mg/ml) subcutaneously before surgery for
pain relief. The surgical incision site was cleaned three times with 10%
povidone iodine and 70% ethanol. Skin was treated with 2% Xylocaine
Jelly for pain relief. Skin incisions were made, followed by periosteum
removal after applying 1% lidocaine (Xylocaine, 10 mg/ml). Cranioto-
mies of �2 mm in diameter were made above the left parietal cortex
using a small (0.4 mm) steel burr (Minitor) powered by a high-speed drill
(Minimo, Minitor). ACSF was composed of the following (in mM): 125
NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, pH 7.2, �310 mOsm,
applied onto the skull to reduce heating caused by drilling. Unilateral
viral injections were performed using beveled glass pipettes (1B100-4,
WPI; 35°, outer diameter, �28 �m) driven by a syringe pump (UMP-
3�micro4, WPI). The 500–600 nl of AAV2/5 GfaABC1D cyto-GCaMP6f
(1.8 � 10 13 GC/ml, Penn Vector Core, Philadelphia) was injected uni-
laterally into the left hippocampus (2 mm posterior to bregma, 1 mm
lateral to midline, 2 mm from the pial surface) at a speed of 0.2 �l/min.
The glass pipettes were left in place for at least 10 min following each
injection to minimize back flow of viral solution. Surgical wounds were
closed with single external 5– 0 nylon sutures (Akiyama Medical). Fol-
lowing surgery, animals were allowed to recover in cages placed partially
on a low-voltage heating pad. Carprofen was administered once per day
for up to 3 d after surgery. In addition, enrofloxacin (Baytril, 85 mg per 1l
water) was dispensed in the drinking water to prevent infections until the
mice were used. Hippocampal slices (300 �m) were cut and imaged
16 –27 d after surgery.

Preparation of brain slices and Ca2� imaging. To minimize damage
during the brain slicing procedure, we followed the protocol of Ting et al.
(2014). Briefly, mice of either sex were anesthetized with pentobarbital
(50 mg/kg, i.p.) or isoflurane (�2% v/v). Cold-cutting ACSF was com-
posed of the following (in mM): 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30
NaHCO3, 20 HEPES, 25 D-glucose, 5 sodium ascorbate, 2 thiourea, 3
sodium pyruvate, 10 MgCl2, and 0.5 CaCl2, saturated with 95% O2-5%
CO2, was perfused transcardially. Coronal slices of hippocampus (300
�m) were cut on a vibrating microtome (Pro7, Dosaka) in cutting ACSF.
Slices were incubated at 34°C for 10 min in recovery ACSF composed of
the following (in mM): 93 NMDG, 93 HCl, 2.5 KCl, 1.2 NaH2PO4, 30
NaHCO3, 20 HEPES, 25 D-glucose, 5 sodium ascorbate, 2 thiourea, 3
sodium pyruvate, 10 MgCl2, and 0.5 CaCl2, saturated with 95% O2-5%
CO2, and subsequently stored in ACSF comprised of the following (in
mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 24 NaHCO3, 5 HEPES, 12.5
D-glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 2 MgCl2,
and 2 CaCl2, saturated with 95% O2 and 5% CO2 at room temperature.
After 1 h of recovery, slices and submerged in ACSF at �32C°. Slices were
imaged using a Fluoview FVMPE-RS two-photon laser scanning micro-
scope (Olympus) equipped with Maitai HP DS-OL (Spectra-Physics).
We used the laser at 920 nm (�8% power) and a 510 nm high pass
emission filter. Astrocytes were selected from the ML of the dentate gyrus
and were typically 50 �m from the slice surface. Images were gathered
with a 25� water-immersion lens with a numerical aperture of 1.05
(Olympus). For electrical filed stimulation (EFS) experiments, a concen-
tric bipolar stimulus electrode (IMB-160820, Intermedical, interpolar
distance, 10 �m) was placed on the perforant path of the dentate gyrus.
EFS (pulse duration, 100 �s) was delivered by a stimulus Isolator (Iso-
Flex, A.M.P.I.,) and controlled by a stimulator (Master9, A.M.P.I.).

Data analysis. Slow drifts in astrocyte position (�2–5 �m) in the time
lapse images were corrected with the TurboReg Plugin in NIH ImageJ
(Thévenaz et al., 1998). We performed Ca 2� imaging experiments in a
single optical plane. Ca 2� transients were measured by plotting the in-
tensity of regions of interest (ROIs) over time, after the intensity of the
background had been subtracted. ROIs were selected from somatic re-
gions or process regions by visual examination of the time lapse image.
Using these ROIs, raw fluorescence intensity values (F) were taken from
the original videos and converted to � F/F (dF/F) in Originlab. A signal
was declared a Ca 2� transient if it exceeded the baseline by five times that
of the baseline SD. Experiments for Figures 4 and 5 were performed with
3� zoom. The pixel unit was 0.3315 �m/pixel. For picking up areas
displaying Ca 2� signals, images were filtered using a median filter (ra-
dius, 2 pixels) to reduce noise. dF images were generated by subtraction
of a median image from original F images. F exceeding �40 arbitrary
units (a.u.), which corresponded to 0.1 dF/F, was defined as a Ca 2�

signal. Areas �1 �m were selected using the Fiji “Analyze particles”
function. To define the initial sites of Ca 2� waves, we analyzed the cen-
troids of the events. When the centroid of Ca 2� event was close enough
(�2 �m) to either of readily distinguished structures, we defined them as
events derived from such structures. We defined the rest of them as Ca 2�

events from fine processes. In some cases, the initial events were too large
to define the initial sites reliably. When the area of the initial events
exceeded 300 �m 2, we defined them as “unidentified” events; �70% of
initial events were 	300 �m 2.

Data were analyzed using Originlab 8, 9, or 2016 (Origin Laboratory)
and ImageJ (National Institutes of Health).

Chemicals. All reagents were from Thermo Fisher Scientific, Sigma-
Aldrich, Tocris Bioscience, Abcam, Nacarai-Tesque, or Wako Chemicals.

Experimental design and statistical analysis. No statistical methods were
used to predetermine sample size, but our sample sizes were consistent
with those used in similar studies. FOVs that included morphologically
unhealthy cells were excluded. Mice were randomly assigned to experi-
ments. Data collection and analysis were not performed blind to experi-
mental conditions. One mouse for each genotype was used for ISH in
Figure 1A, B. Four mice were used for immunohistochemistry of GFAP
and GFP in Figure 1C, D. Three mice were used for MRS 2365-evoked
Ca 2� signals in Figure 2A–C. Three mice were used for EFS-evoked Ca 2�

signals in Figure 2F. Two mice were used for EFS-evoked Ca 2� signals in
Figure 2G. Three control mice and six P2Y1OE mice were used for mi-
crodomain Ca 2� signals in Figures 3 and 4. Two P2Y1OE mice were used
for MRS 2179 treatment in Figure 5. Three (CPA) to four (TTX, carben-
oxolone [CBX], probenecid [PB]) mice were used for pharmacological
analysis of Ca 2� waves in Figure 6. The number of acute slices used were
described in Results. Statistical comparisons were made using the Mann–
Whitney test, unpaired Student’s t test, or paired Student’s t test after
analyzing the raw data to check whether they were normally distributed.
The Kolmogorov–Smirnov test was used to compare the distributions of
two groups. Data are shown as the mean 
 SEM. Statistical tests were
performed in InStat version 3.06 (GraphPad Software) or Origin 2016.

Results
Overexpression of P2Y1R specifically in astrocytes
We used the Tet-off system to overexpress P2ry1 specifically into
astrocytes. As such, we crossed the Mlc1-tTA-line, which is an
astrocytic driver line (Tanaka et al., 2010) with the P2ry1 tetO line.
To confirm overexpression of P2ry1, we performed ISH and
found strong signals in P2Y1R overexpression (P2Y1OE) mouse
astrocytes (Fig. 1A). P2ry1 mRNA signals were observed through-
out the hippocampus. Strong signals were observed in the stria-
tum radiatum in CA1 regions, and in the ML of the DG where
many astrocytes are found. The strong ISH signals were colocal-
ized with GFAP immunohistochemical signals (Fig. 1B), suggest-
ing that astrocytes overexpressed P2ry1.
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Functional upregulation of P2Y1R-mediated Ca 2� signals in
astrocytes overexpressing P2Y1Rs
We asked whether P2ry1 overexpression leads to expression of
functional P2Y1R proteins. To confirm expression of functional
P2Y1Rs, we performed Ca2� imaging to observe P2Y1R-mediated
Ca 2� signals in acute brain slices. We mainly focused on the ML
of the DG because P2Y1R-mediated Ca 2� signals are well char-
acterized in this region (Jourdain et al., 2007; Di Castro et al.,
2011; Santello et al., 2011), and astrocyte processes have been
shown to closely ensheath synapses (Bosch et al., 2016). We in-
jected AAV2/5 gfaABC1D cyto-GCaMP6f (Haustein et al., 2014)
into the DG. GCaMP6f fluorescence was observed in the ML and
hilus but not in the GCL. Immunohistochemical analysis showed
that GCaMP6f expression was observed in the entire ML of the

DG, and almost all GCaMP6f-expressing cells were GFAP-
positive astrocytes (Fig. 1C,D; Control, 99 
 1%; P2Y1OE, 100 

0%) which is consistent with previous studies (Haustein et al.,
2014; Srinivasan et al., 2015). To see whether P2Y1R-mediated
Ca 2� signals were augmented, MRS 2365 (1 �M for 1 min), a
P2Y1R selective agonist, was applied to the bathing medium.
Ca 2� elevation was observed in both control and P2Y1OE slices
(Fig. 2A). More astrocytes responded to MRS 2365 in P2Y1OE
compared with control slices (Fig. 2B; Control, 47 
 7%, n � 13
slices; P2Y1OE, 94 
 2%, n � 13 slices, U � 0, p � 0.000013,
Mann–Whitney test). The dF/F of signals was also larger in
P2Y1OE compared with control slices (Fig. 2C; Control, 3.0 

0.4, n � 53 from 13 slices; P2Y1OE, 6.6 
 05, n � 102 from 13
slices, U � 1325, p � 2 � 10 �6, Mann–Whitney test). These

Figure 1. Astrocyte-specific overexpression of P2ry1 and astrocyte-specific expression of GCaMP6f. A, ISH of P2ry1. Bottom images, Dark signals represent P2ry1 mRNA. These signals colocalize
with GFAP immunostaining, suggesting astrocyte-specific overexpression of P2ry1 (B). C, Astrocyte-specific GCaMP6f expression. Immunohistochemistry for GFAP and GFP (for GCaMP6f). D, Sum-
mary of immunohistochemistry. Almost all GFP-positive cells (i.e., GCaMP6f-expressing cells) were GFAP-positive astrocytes.
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data suggest upregulation of functional P2Y1Rs in astrocytes
of P2Y1OE mice. The overall time course of Ca 2� elevation
was similar between soma and processes, suggesting that
P2Y1Rs are expressed in all astrocyte territories (data not
shown).

In P30-P40 mice, astrocytes in the ML of the DG respond to
synaptic transmission to elevate Ca 2� in astrocyte processes (Di
Castro et al., 2011). We asked whether overexpression of P2Y1Rs
in astrocytes causes greater Ca 2� signals in response to synaptic

transmission. To elicit synaptic transmis-
sion, we performed EFS of the perforant
path at 40 Hz (0.1 mA; Fig. 2D). Astro-
cytes showed larger EFS-evoked Ca 2� sig-
nals in P2Y1OE compared with control
slices (Fig. 2E,F; Control, 1.9 
 0.4, n �
58 astrocytes from 5 slices; P2Y1OE, 5.9 

0.6, n � 56 astrocytes from 5 slices, U �
690, p � 1 � 10�6, Mann–Whitney test).
The distance over which astrocytes dis-
played evoked Ca 2� signals was signifi-
cantly greater in P2Y1OE compared with
control slices (Fig. 2D; Control, 171 
 26
�m, n � 14 astrocytes; P2Y1OE, 274 
 16
�m, n � 42 astrocytes, t(54) � 3.28, p �
0.000182, unpaired t test). The duration
(T50) of EFS evoked responses was �4 s in
P2Y1OE and control slices (Fig. 2E; Con-
trol, 4.2 
 0.5 s, n � 13 astrocytes;
P2Y1OE, 3.6 
 0.3 s, n � 42 astrocytes,
t(53) � 0.83, p � 0.40817, two-sample t
test), suggesting that intracellular mecha-
nisms downstream of P2Y1Rs were equiva-
lent. EFS-evoked Ca2� signals were almost
abolished by MRS 2179 (30 �M), a P2Y1R-
specific antagonist, in both control and
P2Y1OE slices (Fig. 2E,F; Before MRS
2179 for Control, 1.9 
 0.4, During MRS
2179 for Control, 0.4 
 0.2, n � 58 astro-
cytes, t(57) � 3.48, p � 0.00096, paired t
test; Before MRS 2179 for P2Y1OE, 5.9 

0.6, During MRS 2179 for control, 0.09 

0.08, n � 56 astrocytes, t(57) � 9.73, p �
1 � 10�11, paired t test). EFS-evoked
Ca 2� signals were also abolished by TTX
(1 �M) in both control and P2Y1OE slices,
indicating that a neuronal activity-
dependent mechanism caused these sig-
nals (Fig. 2G; Before TTX for control,
0.73 
 0.33, TTX for control, 0.05 
 0.04,
n � 45 astrocytes from 3 slices,
t(44) � 2.08, p � 0.04356, paired t test;
Before TTX for P2Y1OE, 4.2 
 0.6, TTX
for P2Y1OE, 0.26 
 0.11, n � 49 astro-
cytes from 4 slices, t(48) � 6.47, p � 5 �
10�7, paired t test). These data show that
evoked Ca 2� signals by endogenous ATP
were also much larger in P2Y1OE astro-
cytes. Overall, EFS-evoked Ca 2� signals
suggest that P2Y1OE astrocytes express
more functional P2Y1Rs than controls,
which enable astrocytes to respond to en-
dogenous ligands, once ATP is released
via synaptic transmission.

Occurrence of spontaneous microdomain Ca 2� signals in
processes were equivalent between control and P2Y1OE mice
Astrocytes display spatiotemporally distinct Ca 2� signals, which
have been reported both in vitro and in vivo through different
mechanisms (Bazargani and Attwell, 2016; Shigetomi et al.,
2016). Recent data from slice preparations and anesthetized ani-
mals show that the vast majority of Ca 2� signals occur locally
(Shigetomi et al., 2013; Gee et al., 2014; Haustein et al., 2014;

Figure 2. Functional assay for overexpression of P2Y1 receptor in astrocytes. A, P2Y1 receptor agonist, MRS 2365 (1 �M),
induced Ca 2� signals in astrocytes. MRS 2365 was applied for 1 min as indicated by bars. P2Y1OE astrocytes showed larger signals.
B, Summary of response to MRS 2365. The �94% of P2Y1OE astrocytes showed Ca 2� responses to MRS 2365. C, Summary of peak
dF/F of MRS 2365-induced Ca 2� signals. D, EFS (40 Hz, 5 s, 0.1 mA)-evoked Ca 2� signals. Images represent fluorescence just after
stimulation. More astrocytes lit up in P2Y1OE slices. E, Representative traces of intensity versus time profile of GCaM6f signals. EFS
was applied at the points indicated by arrowheads. MRS 2179 (30 �M), a P2Y1 receptor antagonist, almost completely abolished
the EFS-evoked Ca 2� signals. F, Summary of the effect of MRS 2179 on peak dF/F. G, Summary of peak dF/F of EFS-evoked Ca 2�

signals. Ca 2� signals in P2Y1OE astrocyte were significantly larger compared with control. TTX inhibited EFS-evoked Ca 2� signals.
*p 	 0.05, ***p 	 0.001, #p 	 0.001.
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Kanemaru et al., 2014; Wu et al., 2014;
Jiang et al., 2016; Rungta et al., 2016; Sto-
bart, 2018). We focused on the ML of the
DG, because �90% of synapses are en-
sheathed by astrocyte processes in the ML
(Bosch et al., 2016) and local application
of a P2Y1 agonist causes microdomain
(�4 �m) Ca 2� signals at astrocyte pro-
cesses, and P2Y1 activation via endoge-
nous ligand mediates such microdomain
Ca 2� signals in young mice (Di Castro et
al., 2011). We therefore tested whether as-
trocytes overexpressing P2Y1Rs show
more microdomain (i.e., local) Ca 2� sig-
nals or spatially expanded Ca 2� signals.
We took images at one frame per second
for 5 min at high magnification, which
captured two or three astrocytes. In both
Control and P2Y1OE slices, we observed
numerous local Ca 2� signals that were
similar in size to microdomain Ca 2� sig-
nals (Movies 1, 2). First, we drew ROIs at
processes and looked at the Ca 2� dynam-
ics (Fig. 3A). The frequency of Ca 2� sig-
nals was not significantly different
between control and P2Y1OE mice (Fig.
3C; Control, 6.9 
 0.53 events per 5 min,
n � 79 ROIs; P2Y1OE, 7.9 
 0.56 events
per 5 min, n � 99 ROIs, t(176) � 1.17, p �
0.24420, unpaired t test). There was no
significant difference in dF/F (Fig. 3D;
Control, 0.58 
 0.02, n � 549 events;
P2Y1OE, 0.57 
 0.01, n � 725 events,
t(1272) � 0.559, p � 0.5762, unpaired t
test). The T50 of microdomain Ca 2� sig-
nals was slightly shorter in P2Y1OE mice
(Fig. 3E; Control, 2.2 
 0.06 s, n � 549
events; P2Y1OE, 1.9 
 0.05 s, n � 725
events, t(1272) � 4.22, p � 0.000027, un-
paired t test). Although the kinetics of mi-
crodomain Ca2� events were significantly
shorter by �10%, the overall number of mi-
crodomain Ca2� signals were equivalent.

ROI-based analysis is very useful for
the quantification of Ca 2� signals in as-
trocytes (Shigetomi et al., 2013; Sriniva-
san et al., 2015). However, there is huge
spatial variation of signals. Even at the
same location, the area showing microdo-
main Ca 2� signals varied with time (Fig.
3F; Movies 1, 2). Conventional methods
based on ROIs do not provide informa-
tion on spatial dynamics of microdomain
Ca 2� signals. To quantify spatial informa-
tion, we simply picked up all fluorescence
increases above the threshold (see Materi-
als and Methods) and analyzed the area of
Ca 2� signals that were �1 �m 2. In this
way, we were able to analyze Ca 2� signals
without bias. Typical FOV areas were
25931.69 �m 2. The number of areas dis-
playing Ca 2� signals in P2Y1OE and con-
trol astrocytes was equivalent (Control

Movie 1. Representative video of Ca 2� signals in astrocytes from control mice. Most signals occurred
locally.

Movie 2. Representative video of Ca 2� signals in astrocytes from P2Y1OE mice. Many signals occurred
locally. Occasionally, Ca 2� waves were seen.
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9650 
 1780 areas from 10 FOVs from 5 slices; P2Y1OE, 9810 

1490 areas from 13 FOVs from 9 slices, t(21) � 0.0705, p � 0.9445,
unpaired t test). The size of the vast majority (70%– 80%) of
Ca 2� signals was 	4 �m 2 (Fig. 4C). However, the size distribu-
tion was different (Fig. 4B,C). When we plotted the areas versus
dF/F, large events in terms of area appeared in P2Y1OE astrocytes
that were not observed in controls (Fig. 4B). The cumulative distri-
bution of areas was significantly different between control and
P2Y1OE astrocytes (Fig. 4C; Control, n � 10 FOVs; P2Y1OE, n � 13

FOVs, D � 0.22826, p � 0.000019, Kolmogorov–Smirnov test). The
two distribution curves crossed �43 �m2 (Fig. 4C). Because of the
difference in Ca2� signals in terms of area, we simply calculated the
number of microdomain Ca2� events. The number of areas 	3
�m2 in astrocytes were equivalent (Fig. 4F; Control, 4490 
 803
areas from 10 FOVs; P2Y1OE, 5040 
 720 areas from 13 FOVs,
t(21) � 0.5079, p � 0.61683, unpaired t test). Similar results were
obtained for areas 	12 �m2 (Fig. 4F; Control, 8000 
 1480 areas;
P2Y1OE, 8650 
 1310 areas, t(21) � 0.3291, p � 0.74537, unpaired t

Figure 3. Microdomain Ca 2� signals in astrocytes. A, Representative F images of astrocytes expressing GCaMP6f. B, Traces were taken from the ROIs as indicated in A. Many Ca 2� signals were
observed both in control and P2Y1OE astrocytes. C, Summary of event frequency of Ca 2� signals. D, Summary of peak dF/F of spontaneous Ca 2� signals. E, Summary of duration of T50 of
spontaneous Ca 2� signal. No obvious difference was observed in P2Y1OE astrocytes compared with controls. F, Sequential dF images of part of an FOV. Top left, The number indicates the time of
images taken. Right, The result of “particle analysis” of microdomain Ca 2� signals. The area and the position of Ca 2� signals were variable, suggesting that the conventional ROI method to analyze
Ca 2� signals was not appropriate for spontaneous microdomain Ca 2� signals occurring locally.
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test) and 43 �m2 (Fig. 4F; Control, 9330 
 1740 areas; P2Y1OE,
9570 
 1470 areas, t(21) � 0.10574, p � 0.91679, unpaired t test).
Large (�43 �m2) signal areas were also equivalent (Fig. 4G; Control,
288
73 areas; P2Y1OE, 243
32 areas, t(21) �0.6115, p�0.54743,
unpaired t test). Overall, these data suggest that the number of mi-

crodomain Ca2� events was not increased by overexpression of
P2Y1R in astrocytes.

Microdomain Ca 2� signals in P2Y1OE astrocytes were not
reduced by P2Y1R blockade
We did not observe an increase in the number of microdomain
Ca 2� signals by overexpression of P2Y1Rs. However, it is possible
that microdomain Ca 2� signals are indeed P2Y1R-dependent
but that the total number of microdomain Ca 2� signals did not
change because of a compensatory mechanism. However, this
was not the case because MRS 2179 (30 �M), a P2Y1R-specific
antagonist, did not affect the number of microdomain Ca 2� sig-
nals (Fig. 5). The number of areas 	3 �m 2 were equivalent (Con-
trol, 4870 
 1020 areas; P2Y1OE, 4100 
 1240 areas, n � 7 FOVs,
t(6) � 1.023, p � 0.34557, paired t test) and similar results were
obtained for 	12 �m 2 (Control, 8690 
 1750 areas; P2Y1OE,
7150 
 2360 areas, n � 7 FOVs, t(6) � 1.564, p � 0.18331, paired
t test) and 	 43 �m 2 areas (Control, 9700 
 2030 areas; P2Y1OE,
7940 
 2720 areas, n � 7 FOVs, t(6) � 1.515, p � 0.18049, paired
t test). These data indicate that small-size local events are P2Y1R-
independent, indicating that microdomain Ca 2� events do not
occur through the activation of P2Y1Rs in acute brain slices of
mice.

Ca 2� waves in P2Y1OE astrocytes
Overexpression of P2Y1Rs in astrocytes enlarged Ca 2� signals
without affecting the number of Ca 2� signals observed, indicat-
ing that global rather than local signals are mediated by the acti-
vation of P2Y1Rs. This indicates that ATP is released onto
astrocytes without any stimulus. MRS 2179 selectively inhibited
the events �43 �m 2 (Control, 267 
 54 areas; P2Y1OE, 101 
 62
areas, n � 7 FOVs, t(6) � 4.668, p � 0.00344, paired t test; Fig. 5E).
Ca 2� signals that spread to areas of �700 �m 2 were only ob-
served in P2Y1OE astrocytes after imaging for 5 min (Figs. 4 –6)
and such wide-spreading Ca 2� signals were completely abolished
in the presence of MRS 2179 (Fig. 5A). These events were fully
recovered after washout of MRS 2179 for 5 min (data not shown),
suggesting that the activation of P2Y1Rs by endogenous ligands
caused these large Ca 2� events. Ca 2� spreading events were 1.9-
fold larger than microdomain Ca 2� signals (Fig. 4B; 	43 �m 2,
1.7 
 0.1; � 700 �m 2, 3.3 
 0.3, n � 12 FOVs, t(11) � 7.918, p �
0.000007, paired t test). The duration of the Ca 2� signals was
2.9-fold longer than that of microdomain Ca2� signals (microdo-
main Ca2� signal, 1.9 
 0.1 s; Ca2� wave, 5.5 
 0.8 s, t(778) � 12.56,
p � 4 � 10�33, unpaired t test). A total of 19 
 2% of Ca 2� waves
started in main branches. A total of 36 
 4% of Ca 2� waves
started in fine processes. A total of 9 
 3% of Ca 2� waves started
in endfeet. Only 2 
 2% of Ca 2� waves started in soma. The
initial sites of the remaining Ca 2� waves (33 
 4%) were difficult
to be determined due to the fairly large area of initial events. The
majority of the Ca2� signals whose initial sites were identified started
in processes and spread throughout the astrocytes. Ca 2� spreading
events accounted for only 2% of total Ca 2� signal events (Fig. 4B)
but spread to areas of up to �3600 �m 2, which is 80-fold larger
than the majority (98%) of events. In many cases, Ca 2� signals
spread into neighboring astrocyte territories (Fig. 4A; Movie 2).
These signals traveled at 17 
 3 �m/s initially and then slowed to
4.1 
 0.6 �m at 30 �m from the initiation site (Fig. 6B,C),
indicating that diffusion of the ligand determined how far the
Ca 2� signal spread. Consistent with this, the dF/F peak decreased
with distance from the initial Ca 2� signal site (Fig. 6B). Based on
the characteristics of the Ca 2� signals, we named them “Ca 2�

waves.”

Figure 4. Equivalent numbers of Ca 2� signals were observed in control and P2Y1OE astro-
cytes. A, Representative images of dF. White lines in the images indicate the outlines of astro-
cytes. Objects below the images are representative Ca 2� signals. Perimeters were drawn. The
numbers beside the objects indicate the area showing Ca 2� signals. There are multiple Ca 2�

signals found in the same FOV. The largest object in P2Y1OE represents Ca 2� waves. Blue lines
indicate the outlines of astrocytes. B, Relationship between the area and dF/F of spontaneous
Ca 2� signals. P2Y1OE astrocytes showed larger Ca 2� signals (�700 �m 2) in terms of area
not observed in control. Such events were called “Ca 2� waves.” C, Cumulative probability plot
of the area. Two lines crossed at 43 �m 2. Traces for signals �43 �m 2 are shown in the
right-hand graph. D, Summary of the number of Ca 2� signals in each frame. No difference in
the number of Ca 2� signals was observed between control and P2Y1OE astrocytes. E, Cumula-
tive probability of dF/F. The distribution of dF/F was significantly affected by overexpression of
P2Y1 receptors (D � 0.25147, p � 0.00251, Kolmogorov–Smirnov test). F, Summary of the
number of areas in each FOV. There was no significant difference between control and P2Y1OE
astrocytes. G, Summary of the number of large (�43 �m 2) areas in each FOV.
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Pharmacological properties of Ca 2� waves in
P2Y1OE astrocytes
Next, we asked how Ca 2� waves occur. We imaged larger FOVs
to image many astrocytes simultaneously and focused only on
areas of �700 �m 2. The average number of areas of �700 �m 2

that occurred in 5 min in an area of 10,000 �m 2 was 145 
 15
(n � 24 FOVs, 11–312 waves). There were preferential sites where
Ca 2� waves started (Fig. 6D). Generally, Ca 2� waves propagated
radially. There was no obvious orientation in which Ca 2� waves
preferentially propagated. Application of TTX (1 �M for 10 min)
to inhibit action potentials did not affect the event number (Fig.
6D–F; Control, 112 
 27 waves; TTX, 114 
 34 waves, n � 7
slices, t(6) � 0.1332, p � 0.89841, paired t test), suggesting that
Ca 2� waves do not result from action-potential-dependent neu-
rotransmitter release. In the CNS, both neurons and glial cells are
able to release ATP. Various pathways for ATP release have been
proposed, such as exocytosis, and release through ion channels
and transporters (Fields and Burnstock, 2006; Koizumi, 2010).
Channel-mediated pathways are well characterized; therefore, we
analyzed them pharmacologically. To inhibit the connexin/pan-

nexin channel-mediated pathway, we applied CBX (100 �M for
10 min). CBX decreased the number of events slightly but not
significantly (Fig. 6G; Control, 151 
 21 waves; CBX, 110 
 22
waves, n � 8 slices, t(7) � 2.176, p � 0.06604, paired t test).
Probenecid (PB) inhibits the pannexin channel and the organic
anion transporter (Silverman et al., 2009). PB (5 mM for 10 min)
significantly reduced the event number (Fig. 6H; Control, 177 

36 waves; PB, 26 
 11 waves, n � 5 slices, t(4) � 5.346, p � 0.0059,
paired t test). Although PB reduced the occurrence of Ca 2�

waves, high concentrations (5 mM) were required, indicating that
pannexin may not contribute to ATP release for the Ca 2� waves.
Brilliant blue G did not affect the frequency of Ca 2� waves (data
not shown), indicating that the P2X7 receptor is unlikely to con-
tribute to Ca 2� wave generation. Cyclopiazonic acid (CPA, 20
�M, 10 min) completely abolished the events (Fig. 6I; Control,
154 
 50 waves, CPA, 0 
 0 wave, n � 4 slices, U � 16, p �
0.02107, Mann–Whitney test), suggesting that Ca 2� release from
intracellular Ca 2� stores is the main intracellular mechanism for
Ca 2� waves. This is consistent with the idea that Gq-protein
coupled P2Y1R mediated the Ca 2� waves. Overall, our data in-

Figure 5. MRS 2179 selectively reduced Ca 2� waves observed in P2Y1OE astrocytes. A, The relationship between the area and dF/F. Dashed circles represent Ca 2� waves. Such Ca 2� waves
disappeared in the presence of MRS 2179 (30 �M, right). B, Cumulative probability plot of the area displaying Ca 2� signals. MRS 2179 affected the distribution of areas (D � 0.3097, p � 1.8 �
10 �17, Kolmogorov–Smirnov test). C, Cumulative probability of dF/F. MRS 2179 (30 �M) did not affect the dF/F (D � 0.12024, p � 0.76967, Kolmogorov–Smirnov test). D, Summary of the areas
with or without MRS 2179. E, Summary of the area of large (�43 �m 2) Ca 2� events. MRS 2179 significantly reduced the number of large Ca 2� events.
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dicate that Ca 2� waves result from ATP
release through a PB-sensitive pathway.

Discussion
Astrocyte processes produce numerous
microdomain Ca 2� signals that occur
spontaneously. It has been suggested that
local synaptic transmission elicits micro-
domain-like local Ca 2� signals in astro-
cytes via GqPCR activation (Jourdain et
al., 2007; Di Castro et al., 2011; Panatier et
al., 2011); however, it is not clear whether
microdomain Ca 2� signals that sponta-
neously occur at astrocyte processes are
due to local synaptic transmission because
spontaneous Ca 2� signals are insensitive
to GqPCR antagonists (Nett et al., 2002;
Haustein et al., 2014). To ask whether
microdomain Ca2� signals are due to
GqPCR activation, we manipulated gene
expression of a major GqPCR, the P2Y1R,
specifically in astrocytes. By monitoring
Ca2� signals in astrocytes using a GECI, we
found larger responses to exogenously ap-
plied ligand and repetitive electrical stimu-
lation of axons in astrocytes overexpressing
P2Y1Rs (Fig. 2). However, no obvious
changes in the number and dF/F of mi-
crodomain Ca2� signals were observed,
although GECI identified numerous mi-
crodomain Ca2� signals in astrocytes (Figs.
3–5). Instead, we observed spatially wide-
spread Ca2� signals, Ca2� waves, which ac-
counted for only 2% of total Ca2� events
but that were significantly larger and longer
than microdomain Ca2� signals at pro-
cesses. Our data indicate that the P2Y1R
plays a role in Ca2� signals in the DG but
does not contribute to spontaneously
occurring microdomain Ca 2� signals in
astrocytes.

Monitoring extracellular ATP via
astrocyte-specific overexpression of
functional P2Y1Rs
Extracellular ATP acts as a neuromodula-
tor and is released through multiple path-
ways from multiple cell types in the CNS (Fields and Burnstock,
2006). However, the spatiotemporal release of ATP is poorly
understood because of a lack of methodology to monitor its spa-
tiotemporal dynamics. In this study, by monitoring Ca 2� signals
in entire astrocyte territories from transgenic mice that specifi-
cally overexpress P2Y1Rs (Tanaka et al., 2010), we successfully
detected the endogenous ligand for the P2Y1R, most likely ATP.
Both exogenous and endogenous ligands induced significantly
larger (twofold to threefold) Ca 2� signals in P2Y1OE astrocytes
compared with control astrocytes. P2Y1R-agonist evoked re-
sponses initially started at processes in �85% of astrocytes, indi-
cating the expression of functional P2Y1Rs at astrocyte processes. In
addition, Ca2� waves observed in P2Y1OE astrocytes initially started
in processes in most of cases. Although our ISH data do not show
subcellular localization of P2Y1Rs in P2Y1OE astrocytes, our
functional analysis showed that the centroid of Ca 2� waves

initiated at both fine processes (�36%) and main branches
(19%). If P2Y1Rs are increased only in main branches in
P2Y1OE, this may cause more frequent local Ca 2� signals in
the main branches, but our data do not support this. Thus, we
think that P2Y1Rs would be expressed evenly in plasma mem-
brane of astrocytes, including on the membrane of astrocyte
processes to detect locally released ATP, but we must await
further studies to clarify its subcellular localization.

Evoked Ca 2� signals by perforant path stimulation were
blocked by TTX. Therefore, these signals were due to action-
potential-dependent release of ATP most likely from the axon
termini. Because �88% of responses were reduced by MRS 2179,
a P2Y1R specific antagonist, the P2Y1R is the major GqPCR re-
ceptor in adult DG astrocytes to receive neuronal information,
which is consistent with a previous observation (Jourdain et al.,
2007).

Figure 6. Ca 2� waves occurred via a PB-sensitive pathway. A, Montage of sequential images of Ca 2� waves. B, Left, Repre-
sentative traces of intensity versus time profiles of Ca 2� waves. Right, Normalized traces of the left traces. Dotted line indicates
50% of the peak. C, Velocity of Ca 2� waves. The velocity declined away from the initial site (0 �m): 10 �m, 17 
 2.6 �m/s; 20
�m, 7.7 
 1.1 �m/s; 30 �m, 4.1 
 0.6 �m/s. Comparison between 10 and 20 �m; t(19) � 3.697, p � 0.00153. Comparison
between 10 and 30 �m; t(19) � 5.616, p � 0.00002. D, Ca 2� waves were observed both before and in the presence of TTX (1
�M). Arrows indicate Ca 2� waves. Such events generally occurred at similar locations. Right, Overlay of the perimeter of
each Ca 2� wave observed in 5 min. E, Representative trace of the number of Ca 2� waves. TTX was applied during the
period indicated by a bar. F, Summary of the effect of TTX on Ca 2� waves. G, Summary of the effect of CBX (100 �M) on
Ca 2� waves. H, Summary of the effect of PB (5 mM) on Ca 2� waves. I, Summary of the effect of CPA (20 �M) on Ca 2�

waves. **p 	 0.01. ***p 	 0.0001.
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Microdomain Ca 2� signals observed in P2Y1OE astrocytes
Using AAV-mediated introduction of GECI into astrocytes, we
observed numerous Ca 2� signals at astrocyte processes, which
are difficult to visualize by conventional bulk loading of organic
Ca 2� indicator (Reeves et al., 2011). The expression level of
GFAP after introduction of GCaMP6f was comparable between
control and P2Y1OE astrocytes (Fig. 1C,D), suggesting that im-
aging conditions were similar for control and P2Y1OE cells, al-
though there is a concern that overexpression of GECI may affect
astrocyte physiology (Ortinski et al., 2010).

The P2Y1R mediates local Ca 2� signals at astrocyte processes
in the ML of the DG (Di Castro et al., 2011; Santello et al., 2011).
The P2Y1R is also known to be expressed in neurons; therefore,
we took a transgenic approach to manipulate P2ry1 expression
specifically in astrocytes. We then asked whether astrocytes over-
expressing P2Y1Rs show increased numbers of microdomain
Ca 2� signals in astrocytes in the ML of the DG. However, we did
not find an increase in either the dF/F or the number of microdo-
main Ca 2� signals in P2Y1OE astrocytes. The simplest explana-
tion for this result is that P2Y1Rs may not contribute to the vast
majority of microdomain Ca 2� signals in our preparations. Al-
though our functional evidence indicates that P2Y1Rs are local-
ized evenly in astrocytes, as mentioned above, P2Y1Rs may not
exist at the point source of ATP release. It is possible that other
GqPCRs exist and contribute to IP3 receptor-mediated microdo-
main Ca 2� signals in processes where P2Y1Rs are not located.
Differences in methods used to measure microdomain Ca 2� sig-
nals may lead to different results (i.e., pipette loading of Fluo-4 vs
AAV-mediated GECI). However, comparison between pipette load-
ing of Fluo-4 and virally expressed GCaMP3 indicates that both
methods produce similar microdomain Ca2� signals (Rungta et al.,
2016).

Our data on microdomain Ca 2� signals at astrocyte processes
in the DG are consistent with a recent observation of Ca 2� signals
at astrocyte processes of mice not being mediated by GqPCRs
(Haustein et al., 2014; Jiang et al., 2016; Rungta et al., 2016).
Recently, Agarwal et al. (2017) showed that Ca 2� efflux through
permeability transition pores in mitochondria is responsible for
microdomain Ca 2� signals in mice in vivo. This mitochondrial
Ca 2� release seems to be independent of synaptic transmission.
Induction of GqPCR-mediated Ca 2� signals at astrocyte pro-
cesses probably requires repetitive stimuli (Haustein et al., 2014;
Tang et al., 2015; Jiang et al., 2016; Stobart, 2018). We performed
2D imaging; therefore, we may have missed spontaneous mi-
crodomain Ca 2� signals elicited by minimal neuronal activities.
These may be apparent using 3D imaging techniques (Bindocci et
al., 2017).

Ca 2� waves in P2Y1OE astrocytes
The P2Y1R-mediated Ca 2� waves observed in P2Y1OE mice in-
dicates that the combination of P2Y1R overexpression and Ca 2�

imaging by GECI successfully enabled the release of endogenous
ligand for P2Y1R onto astrocytes to be monitored. We found that
Ca 2� waves occurred through a PB-sensitive mechanism, indi-
cating that the ABC transporter or anion channels contribute to
the release of ATP for Ca 2� waves (Koizumi, 2010). However, we
do not exclude the possibility that vesicular release of ATP con-
tributes to Ca 2� waves. Subtle release of ATP may trigger more
release of ATP to lead to Ca 2� waves (Anderson et al., 2004). ATP
can be released from various cell types through various mecha-
nisms; therefore, it is difficult to elucidate the source of ATP
without knowing the exact mechanism underlying ATP release.

Ca 2� waves in P2Y1OE astrocytes resembled glial Ca 2� waves

observed in the cerebellum in vivo (Hoogland et al., 2009; Nim-
merjahn et al., 2009; Mathiesen et al., 2013), in the retina in situ
(Kurth-Nelson et al., 2009), and in the cortex of Alzheimer dis-
ease model mice in vivo (Delekate et al., 2014) because these glial
waves spread at a similar rate and occur through P2 receptor
activation independently of action potentials. Mathiesen et al.
(2013) show that ATP-evoked glial Ca 2� waves reduce tissue
oxygen tension in the cerebellum, suggesting that glial waves
increase oxygen consumption. Reduced oxygen tension could be
caused by increased neuronal activities or reduced oxygen supply
from the blood. Such Ca 2� waves may contribute to neuronal
functions because P2Y1R-mediated signals contribute to glio-
transmitter release to enhance excitatory and inhibitory synaptic
transmission (Bowser and Khakh, 2004; Pascual et al., 2012;
Álvarez-Ferradas et al., 2015; Tan et al., 2017) and neurotrans-
mitter uptake (Jacob et al., 2014). Experiments using two-color
imaging of both astrocytes and neurons may elucidate whether
and how Ca 2� waves regulate neuronal activities (Brancaccio et
al., 2017).

Pathophysiological significance of astrocyte-specific
P2Y1R overexpression
The P2Y1R can be upregulated in astrocytes in pathophysiologi-
cal states (Kuboyama et al., 2011; Delekate et al., 2014) and
contributes to Ca 2� signals, for example, in Alzheimer disease
(Delekate et al., 2014) and epilepsy (Álvarez-Ferradas et al.,
2015). Our data indicate that increased expression of P2Y1Rs in
astrocytes contributes to Ca 2� waves but not to microdomain
Ca 2� signals. It seems that the augmentation of P2Y1R-mediated
signals in astrocytes in pathophysiological sates contributes to
global changes in the neuronal network or vascular regulation
rather than the local regulation of synaptic transmission (Araque
et al., 2014). A single astrocyte is able to modulate �100,000
synapses in its territory (Bushong et al., 2002) and Ca 2� waves
propagate to large areas; therefore, P2Y1R-mediated Ca 2� waves
may activate many synapses simultaneously, which may cause
aberrant activities in neuronal networks, as observed in Alzhei-
mer disease models and epilepsy (Koizumi, 2010; Rassendren and
Audinat, 2016). In pathophysiological states, the expression of
many genes is altered in addition to the P2Y1R (Burda and So-
froniew, 2014). Our transgenic mice may help to understand the
specific role of P2Y1R-mediated Ca 2� signals in neuronal net-
work excitability. Our findings on Ca 2� signals in astrocytes
overexpressing one GqPCR may also have important implica-
tions for the function and role of Ca 2� signals in astrocytes,
especially in pathophysiological states (Delekate et al., 2014; Kim
et al., 2016).
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