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SUMMARY
Adult brain activities are generally believed to be dominated by chemical and electrical transduction mech-
anisms. However, the importance of mechanotransduction mediated by mechano-gated ion channels in
brain functions is less appreciated. Here, we show that the mechano-gated Piezo1 channel is expressed
in the exploratory processes of astrocytes and utilizes its mechanosensitivity to mediate mechanically
evoked Ca2+ responses and ATP release, establishing Piezo1-mediatedmechano-chemo transduction in as-
trocytes. Piezo1 deletion in astrocytes causes a striking reduction of hippocampal volume and brain weight
and severely impaired (but ATP-rescuable) adult neurogenesis in vivo, and it abolishes ATP-dependent
potentiation of neural stem cell (NSC) proliferation in vitro. Piezo1-deficientmice show impaired hippocampal
long-term potentiation (LTP) and learning and memory behaviors. By contrast, overexpression of Piezo1 in
astrocytes sufficiently enhances mechanotransduction, LTP, and learning and memory performance.
Thus, astrocytes utilize Piezo1-mediated mechanotransduction mechanisms to robustly regulate adult neu-
rogenesis and cognitive functions, conceptually highlighting the importance ofmechanotransduction in brain
structure and function.
INTRODUCTION

Adult brain activities such as hippocampal neurogenesis and

cognitive behaviors are generally believed to be dominated by

chemical and electrical transduction mechanisms mediated by

chemical receptors, ligand-gated and voltage-gated ion chan-

nels, respectively. By contrast, the involvement and importance

of mechanotransduction mediated by mechano-gated ion chan-

nels in the central nervous system are relatively less appreciated.

For instance, adult hippocampal neurogenesis is restricted in the

specialized neurogenic niche of the subgranular zone (SGZ) of

the hippocampal dentate gyrus (DG), where the maintenance,

proliferation, and fate choices of neural stem cells (NSCs) are

orchestrated by diverse cell types and local chemical and me-

chanical cues (Bond et al., 2015; Gonçalves et al., 2016). It has

been well established that NSCs utilize diverse classes of
signaling receptors to respond to a wide variety of chemical

cues generated either by NSCs themselves or by other niche-

constituting cell types such as astrocytes (Vicidomini et al.,

2020). On the other hand, the cell types and molecular receptors

that respond to the unique mechanical environment, composed

of niche-residing cells, blood vessels, and extracellular matrix,

remain substantially less understood (Vicidomini et al., 2020).

Astrocytes are morphologically complex cells that exist

throughout the brain and mediate developmental, physiological,

and pathological processes. For instance, astrocytes are amajor

type of hippocampal niche cells and promote proliferation

and neuronal fate commitment of in vitro co-cultured NSCs,

which might depend on secreted neurogenic factors (Song

et al., 2002). However, the key niche cues that instruct hippo-

campal astrocytes to promote neurogenesis remain unclear. As-

trocytes possess the characteristic morphology of abundant fine
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Figure 1. Expression of Piezo1 proteins in astrocytes

(A) Western blotting of Piezo1 from astrocyte lysates derived from the indicated mice.

(B) Immunostaining images of primarily cultured astrocytes derived from either the P1-tdTomato or wild-type (WT) mice. Scale bars, 50 mm.

(legend continued on next page)
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processes that might allow them not only to explore the niche

space but also to form direct interactions with other niche-

constituting components, including NSCs themselves, blood

vessels, and synapses of neurons (Vicidomini et al., 2020).

Furthermore, astrocytes display spontaneously occurred, highly

localized, and heterogeneous Ca2+ transients in their exploratory

processes (Bindocci et al., 2017; Shigetomi et al., 2013a; Shige-

tomi et al., 2010), which are independent of neuronal spiking,

metabotropic glutamate receptor activity, inositol trisphosphate

(IP3) receptors, voltage-gated Ca2+ channels, TRPA1 channels,

and store-operated Ca2+ release-activated Ca2+ (CRAC) chan-

nels (Rungta et al., 2016; Shigetomi et al., 2013b; Srinivasan

et al., 2015; Toth et al., 2019). These observations indicate that

non-uniformly distributed signals other than normally uniformly

distributed chemical and electrical signals might be more rele-

vant to activate the yet unidentified Ca2+-permeable ion chan-

nels responsible for the spontaneous Ca2+ transients. In addition

to responding to chemical signals, astrocytes show mechano-

sensitive cationic currents, Ca2+ responses, and ATP release

upon mechanical stimulation (Bowman et al., 1992; Charles

et al., 1991; Guthrie et al., 1999; Koizumi et al., 2003; Xiong

et al., 2018), but the responsible mechano-gated cation channel

remained unknown.

The groundbreaking discovery and establishment of the bona

fide mechano-gated Piezo channel family, including Piezo1 and

Piezo2 in mammals (Coste et al., 2010; Coste et al., 2012; Ge

et al., 2015), have tremendously advanced our understanding

of the physiological importance and molecular principles of

mammalian mechanotransduction mechanisms (Douguet and

Honoré, 2019). Given that no endogenous chemicals or physical

stimuli other than mechanical force have been firmly established

to activate Piezo1 or Piezo2, Piezos are considered as fully

specialized mechanosensors for mediating versatile mechano-

transduction in a wide variety of cell types (Jiang et al., 2021).

Therefore, we hypothesize here that astrocytes might utilize

Piezo channels as designated mechanosensors to explore the

brain mechanical environment and consequently regulate adult

brain activities such as hippocampal neurogenesis and cognitive

behaviors.

RESULTS

Piezo1 proteins are expressed in astrocytes
Although previous studies have indicated the expression of

Piezo1 in cultured astrocytes (Velasco-Estevez et al., 2020), its

endogenous expression in brain tissues, mechanotransduction

function, and in vivo physiological relevance have not been

demonstrated using mouse genetics. Analysis of a single-cell

RNA-seq dataset reveals detectable mRNA expression of

Piezo1 in mouse brain astrocytes, comparable to that of the

ATP release channel pannexin1 (Figures S1A and S1B) (Zeisel

et al., 2018). By contrast, other ion channels potentially involved
(C) Immunostaining of Piezo1-tdTomato and the astrocyte marker GFAP from bra

for staining the nucleus. Scale bars, 50 mm. Yellow arrow heads indicate astrocy

(D) Immunostaining of Piezo1-tdTomato and the astrocyte marker S100ß from bra

the nucleus. Scale bars, 20 mm. Yellow arrow heads indicate astrocytes with relat

the white star indicates the astrocyte with low expression. The white arrow indic
in astrocyte mechanotransduction and Ca2+ signaling, including

Piezo2, TRPV4, and TRPA1, are much less frequently detected,

whereas the gap junction channel connexin43 and the astrocyte

marker gene glial fibrillary acidic protein (GFAP) show high

expression (Figure S1A). RT-PCR confirmed Piezo1 expression

in cultured cortical astrocytes, whereas cortical neurons had a

much lower expression (Figure S1C).

To assay the expression and functional role of Piezo channels

in astrocytes, we generated mice containing both the floxed

Piezo1 and Piezo2 genes (P1/P2fl/fl, defined as control mice

[Ctrl] in the text and figures) and employed the commonly used

human glial fibrillary acidic protein (hGFAP)-Cre line (Zhuo

et al., 2001) to delete them together from astrocytes, generating

the GFAP-Cre;P1/P2fl/fl mice (defined as cKO). cKO astrocytes

had significantly reduced mRNA expression of Piezo1 (Fig-

ure S1C). Western blotting detected Piezo1 proteins in astrocyte

lysates derived from the Ctrl mice, but not from the littermate

cKO mice or the Piezo1 alone-deficient mice (GFAP-Cre;

Piezo1fl/fl, Piezo1cKO) (Figures 1A and S1D). Consistent with the

single-cell RNA-seq analysis (Figure S1A), Piezo2 was not de-

tected in astrocytes despite its successful detection in lysates

derived from dorsal root ganglia (DRG) neurons, where Piezo2

is known to be expressed for mediating somatosensation of me-

chanical stimuli (Ranade et al., 2014b) (Figure S1D).

We next examined the expression and subcellular localization

of Piezo1 in astrocytes. Due to the lack of Piezo1 antibodies that

are suitable for specifically immunostaining endogenously ex-

pressed Piezo1, we used the previously reported Piezo1-

tdTomato knockin mouse line (Piezo1-tdTomato-KI) (Ranade

et al., 2014a). Anti-dsRed antibody immunostaining revealed

Piezo1-tdTomato protein expression specifically in primarily

cultured astrocytes derived from the Piezo1-tdTomato-KI

mice, but not from the wild-type Ctrl mice (Figure 1B). The

cellular distribution of Piezo1-tdTomato proteins on both the pe-

ripheral plasma membrane and intracellular membrane in astro-

cytes is consistent with those observed in other cell types such

as macrophage, keratinocyte, and fibroblast (Ellefsen et al.,

2019; Holt et al., 2021; Ma et al., 2021). Importantly, in vivo

Piezo1-tdTomato expression was detected in both cortical and

hippocampal astrocytes in brain slices derived from the

Piezo1-tdTomato-KI mice, albeit with varied expression levels

among astrocytes (Figures 1C and 1D). Piezo1-tdTomato pro-

teins were located in both the soma and processes of astrocytes

(Figure 1D). Consistent with high expression of Piezo1 in endo-

thelial cells of peripheral blood vessels (Ranade et al., 2014a),

brain blood vessels had strong Piezo1-tdTomato expression as

well (Figure 1D).

Piezo1 mediates mechanically evoked cationic currents
and Ca2+ signaling in astrocytes
To examine whether Piezo1 might directly mediate mechanically

activated (MA) cationic currents (Bowman et al., 1992), we first
in slice derived from either WT or the Piezo1-tdTomato-KI mice. DAPI was used

tes co-expressing GFAP and Piezo1-tdTomato.

in slice derived from the Piezo1-tdTomato-KI mice. DAPI was used for staining

ively high expression of Piezo1-tdTomato in both somas and processes, while

ates blood vessels showing high expression of Piezo1-tdTomato.
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Figure 2. Piezo1 mediates mechanically evoked cationic currents and Ca2+ influx in astrocytes

(A) Representative whole-cell currents of astrocytes in response to the poking step under varying holding voltages. The purple trace indicates recording

at +20 mV.

(B) Linear plot of the current-voltage relationship.

(C) Representative whole-cell currents of the indicated astrocytes in response to the poking steps at a holding voltage of �60 mV.

(D) Scatterplot of maximal MA currents of astrocytes derived from either cortex or hippocampus. Each bar representsmean ± SEM, and the recorded cell number

is labeled above the bar. Unpaired Student’s t test. ***p < 0.001, ****p < 0.0001.

(E) Representative stretch-induced currents of the indicated astrocytes in response to the indicated negative pressures at a holding voltage of �80 mV.

(F) Scatterplot ofmaximal stretch-induced currents. Each bar representsmean ± SEM, and the recorded cell number is labeled above the bar. Unpaired Student’s

t test. ***p < 0.001.

(G) Representative single-cell fura-2 Ca2+ imaging of astrocytes derived from either the Ctrl or cKO mice in response to Yoda1 and ATP.

(H) Scatterplot of fura-2 amplitude changes in response to Yoda1 and ATP. Each bar represents mean ± SEM, and the number of imaged coverslips is labeled

above the bar. Unpaired Student’s t test.***p < 0.001. n.s. represents non-significance.

(I) Representative single-cell fura-2 Ca2+ imaging traces of the indicated astrocytes in response to increased poking stimulation indicated by the arrows. The last

arrow in cyan indicates the irreversible fura-2 signal change due to rupture of the cell.

(legend continued on next page)
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carried out whole-cell electrophysiological recordings from pri-

marily cultured astrocytes while simultaneously indenting the

cell membrane with a piezo-driven blunt glass pipette, which is

a standard assay for measuring Piezo-mediated MA currents.

In astrocytes derived from the Ctrl mice, we recorded MA cur-

rents showing a linear current-voltage relationshipwith a reversal

potential of 1.7 ± 2.7 mV, poking-step dependence, and an inac-

tivation at the holding potential of �60 mV, which support the

existence of non-selective cationic currents in astrocytes

(Figures 2A–2C). Importantly, the current was nearly abolished

in both cortical and hippocampal astrocytes derived from the

cKO mice (Figures 2C and 2D) or from the Piezo1cKO mice

(Figures S2A and S2B). Furthermore, we observed stretch-

dependent inward currents from the Ctrl astrocytes, which

were drastically reduced in the cKO cells (Figures 2E and 2F).

In contrast to the expression and function of Piezo1 in astro-

cytes, no Piezo1 was detected in NSCs derived from the P1/

P2fl/fl Ctrl mice infected with retrovirus encoding either EGFP

or EGFP-2A-Cre (Figure S2C). Furthermore, primarily cultured

NSCs or hippocampal and cortical neurons did not show

Piezo-dependent poking-induced currents (Figures S2D–S2F).

The lack of functional expression of Piezo channels in NSCs

and neurons excludes the potential complication of GFAP-Cre-

mediated deletion of Piezo1 and Piezo2 from NSCs and neurons

in the cKO mice. Taken together, the expression and electro-

physiological characterizations demonstrate that Piezo1, but

not Piezo2, is located in the plasma membrane to mediate MA

cationic currents in astrocytes. To avoid any potential Piezo2-

mediated compensation upon Piezo1 deletion, we mainly used

the P1/P2fl/fl (Ctrl) and GFAP-Cre;P1/P2fl/fl (cKO) littermate

mice in subsequent studies.

Astrocyte Ca2+ signaling includes both intracellular Ca2+

release from endoplasmic reticulum (ER) in the soma and

frequently occurred and localized Ca2+ influx in the processes

(Bazargani and Attwell, 2016). While it is well established that

the Ca2+ release is mediated by IP3 receptors (Fiacco et al.,

2007), the Ca2+-permeable ion channel mediating localized Ca2+

influx in astrocytes is unclear (Bazargani and Attwell, 2016; Srini-

vasan et al., 2015). To examine whether Piezo1 might mediate

Ca2+ influx in astrocytes,wefirst carriedout single-cellCa2+ imag-

ing of fura-2, a ratiometric Ca2+ dye, in primarily cultured astro-

cytes derived from either the Ctrl or cKO mice. Yoda1, a Piezo1

chemical activator (Syeda et al., 2015), consistently increased

the fura-2 signal in the Ctrl astrocytes, but not in the cKO cells

(Figures 2G and 2H). Furthermore, the Yoda1 response was

completelyabolishedby removingextracellularCa2+ (FigureS2G),

demonstrating that Piezo1 mediates Yoda1-induced Ca2+ influx

rather than Ca2+ release from the ER Ca2+ store. Both the Ctrl
(J) Scatterplot of maximal fura-2 amplitude changes in response to poking in the p

fura-2 change was excluded from analysis. Each bar represents mean ± SEM, a

dent’s t test. ****p < 0.0001. n.s. represents non-significance.

(K) Representative fluo-4 Ca2+ transients of astrocytes derived from the indicated

response of an individual astrocyte in the imaged slice. 15 and 9 astrocytes with C

(L) Scatterplot of percentage of astrocytes showing Ca2+ transients from the indic

analyzed slices is labeled above the bar. Unpaired Student’s t test. **p < 0.01.

(M) Scatterplot of the number of Ca2+ transients during a 5-min period from the ind

and the number of analyzed astrocytes is labeled above the bar. Unpaired Stude
and cKO cells responded similarly to ATP or glutamate, which

areglial transmitters and induceCa2+ release fromER, suggesting

that the cKO cells retain normal responses to glial transmitter-

induced Ca2+ signaling (Figures 2G, 2H, and S2H).

To examine whether Piezo1 might mediate mechanically

evoked Ca2+ responses in astrocytes, we carried out single-

cell Ca2+ imaging of astrocytes while simultaneously indenting

the cell membrane using a piezo-driven blunt glass pipette,

which was originally used to discover the mechanical responses

of astrocytes. Interestingly, the Ctrl astrocytes showed revers-

ible Ca2+ increase in a poking displacement-dependent manner

(Figure 2I). Increasing the probe displacement resulted in larger

andmore sustained enhancement of the fura-2 signal until the ul-

timate occurrence of an irreversible change (Figure 2I, indicated

by the cyan arrow), which we considered as an indication of

membrane rupture and cell damage. Importantly, poking-

induced reversible change of fura-2 signal was much less

frequently observed in the cKO astrocytes (Figure 2I). The

fura-2 amplitude change induced by the maximal poking

displacement prior to cell damagewas also significantly reduced

in the cKO astrocytes (Figures 2I and 2J). In both the Ctrl and

cKO cells, removing extracellular Ca2+ totally abolished

poking-induced responses (Figures 2J and S2I). Together, these

data demonstrate that Piezo1 mediates MA Ca2+ influx in astro-

cytes, in line with its role in mediating the MA cationic currents.

To test whether Piezo1might mediate Ca2+ transients in native

astrocytes in the absence of externally appliedmechanical force,

we carried out two-photon Ca2+ imaging of hippocampal slices,

which were loaded with the Ca2+ dye fluo-4 and the astrocyte-

specific dye sulforhodmine 101 (SR101). Consistent with previ-

ous reports (Rungta et al., 2016), we detected frequently

occurred Ca2+ transients in SR101-positive astrocytes derived

from the Ctrl mice (Figure 2K). Importantly, such responses

were drastically reduced in the cKO astrocytes (Figure 2K).

cKO slices showed significantly less astrocytes displaying

Ca2+ transients than Ctrl slices (Figure 2L), and the Ca2+ transient

frequency of cKO astrocytes was also much lower than that of

Ctrl astrocytes (Figure 2M). By contrast, both the Ctrl and cKO

slices had comparable ATP responses (Figures S2J and S2K),

suggesting unaltered intracellular Ca2+ release in response to

ATP stimulation. Collectively, these data suggest that Piezo1

plays a prominent role in mediating spontaneously occurred

Ca2+ influx in astrocytes.

Piezo1mediatesmechanically evoked ATP release from
astrocytes
Astrocyte Ca2+ signaling can trigger the release of gliotransmit-

ters such as ATP (Araque et al., 2014; Newman, 2001;
resence or absence of extracellular Ca2+. The last poking-induced irreversible

nd the number of analyzed coverslips is labeled above the bar. Unpaired Stu-

hippocampal slices using two-photon imaging. Each color trace represents the

a2+ transients are shown for the Ctrl and cKO hippocampal slices, respectively.

ated hippocampal slices. Each bar represents mean ± SEM, and the number of

icated astrocytes showing Ca2+ transients. Each bar represents mean ± SEM,

nt’s t test. ****p < 0.0001.
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Figure 3. Piezo1 mechanosensitivity mediates mechanically evoked ATP release in astrocytes

(A) Representative whole-cell currents of the P2X7-expressing ‘‘sniffer’’ HEK293T cells (sniffer ATP current) in response to poking of the neighboring Ctrl or cKO

astrocytes.

(B) Scatterplot of the currents recorded from the sniffer cells or the vector-transfected control cells in response to poking of the neighboring Ctrl or cKO as-

trocytes. Each bar represents mean ± SEM, and the recorded cell number is labeled above the bar. Unpaired Student’s t test. ****p < 0.0001, **p < 0.01.

(C) Scatterplot of the sniffer ATP current in response to Yoda1-stimulated Ctrl or cKO astrocytes. Each bar represents mean ± SEM, and the recorded cell number

is labeled above the bar. Unpaired Student’s t test. **p < 0.01.

(D) Scatterplot of ATP concentration (normalized to the protein level of the lysed cells) measured from supernatant of the indicated astrocytes that were subjected

to shaking. Each bar represents mean ± SEM, and the number of measurement is labeled above the bar. Unpaired Student’s t test. **p < 0.01.

(E) Scatterplot of the sniffer ATP current in response to poking of the neighboring WT astrocytes in the presence of either 100 mM carbenoxolone for blocking

connexin/pannexin channels or 10 mM HC-067047 for blocking TRPV4 channels. Each bar represents mean ± SEM, and the recorded cell number is labeled

above the bar. Unpaired Student’s t test. ****p < 0.0001.

(F) Scatterplot of maximal MA currents of cKO astrocytes transfected with either WT Piezo1 or the Piezo1-DEL15-16 mutant. Each bar represents mean ± SEM,

and the recorded cell number is labeled above the bar. Unpaired Student’s t test. ***p < 0.001.

(G) Scatterplot of fura-2 amplitude changes of cKO astrocytes transfected with either WT Piezo1 or the Piezo1-DEL15-16 mutant in response to Yoda1. Each bar

represents mean ± SEM, and the number of imaged coverslips is labeled above the bar. Unpaired Student’s t test. n.s. represents non-significance.

(H) Scatterplot of the sniffer ATP current in response to poking of the neighboring cKO astrocytes transfected with either WT Piezo1 or the Piezo1-DEL15-16

mutant. Each bar represents mean ± SEM, and the recorded cell number is labeled above the bar. Unpaired Student’s t test. ****p < 0.0001.

(I) Scatterplot of the sniffer ATP current in response to Yoda1-stimulated cKO astrocytes transfected with either WT Piezo1 or the Piezo1-DEL15-16mutant. Each

bar represents mean ± SEM, and the recorded cell number is labeled above the bar. Unpaired Student’s t test. n.s. represents non-significance.
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Pryazhnikov and Khiroug, 2008). Previous studies have shown

thatmechanical stimulation induces ATP release fromastrocytes

(Koizumi et al., 2003; Newman, 2001). We therefore examined

whether mechanical activation of Piezo1 might trigger ATP

release from astrocytes. We adopted the previously reported

‘‘sniffer patch’’ assay (Hayashi et al., 2004), in which HEK293T

cells expressing the ATP-sensitive cation channel P2X7 were

used as sniffer cells to generate inward currents in real time in

response to ATP released from a closely positioned astrocyte.

The sniffer cells showed ATP-evoked currents in a dose-depen-

dent manner (Figures S3A and S3B). We patch-clamped the

sniffer cell in whole-cell configuration, while mechanically poking

the neighboring astrocytes. Interestingly, poking the cell surface

of the Ctrl astrocytes resulted in repeatable inward currents from
6 Neuron 110, 1–16, September 21, 2022
the sniffer cells recorded at �70 mV (Figures 3A and 3B). Impor-

tantly, the currents were drastically reduced when the cKO as-

trocyteswere similarly poked (Figures 3A and 3B). Poking neither

the Ctrl nor cKO astrocytes generated currents from EGFP-vec-

tor-transfected Ctrl cells (Figure 3B), suggesting specific detec-

tion of ATP by the P2X7-expressing sniffer cells.

To further confirm that Piezo1 mediates ATP release from

astrocytes, we puffed Yoda1 to activate Piezo1 in astrocytes

and recorded currents from the neighboring sniffer cells

(Figures 3C and S3C). Sniffer ATP currents were detected in

the Ctrl astrocyte group but not in the cKO group (Figures 3C

and S3C). Using a newly developed genetically encoded fluores-

cent GPCR activation-based ATP sensor GRABATP1.0 that cou-

ples the binding of ATP to the human P2Y1 scaffold to



Figure 4. Astrocytic deletion of Piezo1 causes severe reduction of DG volume, brain weight, impaired adult hippocampal neurogenesis,

maturation of DG neurons, and reduction of astrocyte number

(A) Representative NeuN- and DAPI-stained images of the DG structure derived from 14-month-old littermate mice. Scale bars, 200 mm.

(B) Representative EdU- and DAPI-stained images of the DG structure derived from 6-month-old littermate mice. Scale bars, 200 mm.

(C) Scatterplot of DG volume derived from littermate mice with the indicated age. Each bar represents mean ± SEM, and the tested mouse number is labeled

above the bar. Unpaired Student’s t test. *p < 0.05, ****p < 0.0001.

(D) Scatterplot of brain weight to body weight ratio of 14-month-old littermate mice. Each bar represents mean ± SEM, and the tested mouse number is labeled

above the bar. Unpaired Student’s t test. **p < 0.001.

(E) Scatterplot of EdU-positive proliferating adult hippocampal NSCs in 6-month-old littermate mice. Each bar represents mean ± SEM, and the tested mouse

number is labeled above the bar. Unpaired Student’s t test. ****p < 0.0001.

(legend continued on next page)
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fluorescent change of the inserted circularly permuted EGFP

(Wu et al., 2022), we verified Yoda1-evoked ATP release from

the Ctrl astrocytes, which was drastically reduced in the cKO as-

trocytes or upon removal of extracellular Ca2+ (Figures S3D and

S3E). By contrast, the response to externally applied ATP was

not affected by the deletion of Piezo or removal of extracellular

Ca2+ (Figure S3F).

To test whether Piezo1 might respond to other forms of me-

chanical stimuli to release ATP, we used a bioluminescent ATP

assay kit to quantitatively measure ATP released into the extra-

cellular medium in astrocyte cultures, which were subjected to

fluid shear stress stimulation via orbital shaking. The extracellular

ATP level in the cKO astrocyte cultures was quantitatively lower

than that of the Ctrl cells (Figure 3D). Taken together, these inde-

pendent assays demonstrate that different forms of mechanical

stimuli and Yoda1 can cause Piezo1-dependent ATP release

from astrocytes.

Previous studies have shown astrocytic ATP release depends

on connexin/pannexin channels and TRPV4 channels (Turovsky

et al., 2020). Consistently, we found that pharmacologically

blocking connexin/pannexin channels and gap junctions with

100 mM carbenoxolone or TRPV4 with 10 mM HC-067047

reduced MA ATP release (Figure 3E). Given that pannexin chan-

nels are not intrinsically sensitive to membrane stretch (López

et al., 2021), and that TRPV4 channels do not respond to me-

chanical poking stimuli (Servin-Vences et al., 2017), we hypoth-

esized that these channels might function as necessary compo-

nents downstream of Piezo1-mediated ATP release. Indeed, it

has been shown that the activation of pannexin1 channels de-

pends on Piezo1-mediated calcium signaling (López et al.,

2021) and that TRPV4 functions downstream of Piezo1 (Swain

et al., 2022). To demonstrate MA ATP release from astrocytes

is directly mediated by Piezo1mechanosensitivity, we employed
(F) Representative nestin-, MCM2-, and DAPI-stained images of the activated NSC

tin- and MCM2-positive active NSCs. Scale bars, 20 mm.

(G) Scatterplot of nestin-positive NSCs in 6-month-old littermate mice. Each bar re

Unpaired Student’s t test. n.s. indicates non-significance.

(H) Scatterplot of nestin- and MCM2-positive active NSCs in 6-month-old litterm

labeled above the bar. Unpaired Student’s t test. ****p < 0.0001.

(I) Representative EdU-, Tbr2-, and DAPI-stained images of the progenitor cells in

Tbr2-positive neural progenitor cells. Scale bars, 20 mm.

(J) Scatterplot of Edu- and Tbr2-positive neural progenitor cells in 6-month-old litt

is labeled above the bar. Unpaired Student’s t test. ****p < 0.0001.

(K) Representative Dcx- and DAPI-stained images of the immature neuron in DG

(L) Scatterplot of Dcx-positive immature DG neurons in 6-month-old littermate mi

above the bar. Unpaired Student’s t test. ****p < 0.0001.

(M) Representative NeuN-stained images of the hippocampal structure derived

500 mm for the lower right.

(N) Scatterplot of NeuN-positive mature DG neurons in the DG, CA3, and CA1 are

tested mouse number is labeled above the bar. Unpaired Student’s t test. *p < 0

(O) Representative GFAP- and DAPI-stained images of the DG structure derived

(P) Scatterplot of the number of astrocytes in the hilus of DG from 6-month-old litte

labeled above the bar. Unpaired Student’s t test. **p < 0.01.

(Q) EGFP-encoding AAV9-hsyn-EGFP were steriotaxically injected into the DG a

Representative images of sparsely labeled DG granule cells in Ctrl and cKOmice a

bars, 50 and 10 mm for the top and lower panels, respectively.

(R) Quantification of the total dendritic length of EGFP-positive newborn DG gran

(S) Quantification of the spine density of EGFP-positive newborn DG neurons. U

(T) Quantification of the number of dendritic branch intersections along the dis

Student’s t test. *p < 0.05, ***p < 0.001.
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the mechano-insensitive but Yoda1-responsive Piezo1-DEL15-

16 mutant in which the extracellular loop connecting the trans-

membrane (TM) 15 to TM16 is deleted (Zhao et al., 2018).

Expression of the full-length Piezo1, but not the Piezo1-DEL15-

16 mutant, conferred MA currents and ATP release in the cKO

astrocytes (Figures 3F and 3H). By contrast, Yoda1-evoked

Ca2+ response and ATP release in the cKO astrocytes were

rescued by the expression of either Piezo1 or the mutant

(Figures 3G and 3I). These data demonstrate that the MA cur-

rents and ATP release in astrocytes are indeed mediated by

the mechanosensitivity of Piezo1.

Astrocytic Piezo1 controls hippocampal structure and in
vivo neurogenesis
Given that Piezo1 is expressed in the exploratory processes and

mediates MA cationic currents, Ca2+ influx, and ATP release in

astrocytes (Figures 1–3 and S1–S3), we propose that the fully

specialized mechanosensory Piezo1 might function as a bona

fide mechanotransduction channel to enable hippocampal as-

trocytes to sense their mechanical environments to regulate

in vivo neurogenesis. Therefore, we examined the hippocampal

structure derived from the Ctrl and cKO littermates at post-natal

day 15 (P15) and 2, 6, and 14 months old, respectively.

Compared with the Ctrl mice, whereas no significant reduction

in the DG volume was observed at P15, the cKO mice showed

a progressive reduction in their DG volume at 2, 6, and 14months

old (Figures 4A–4C). Remarkably, the 14-month-old cKO mice

had an averaged �40% loss of their DG volume and a striking

�20% reduction in their brain weight to body weight ratio

(Figures 4A, 4C, and 4D). The 6-month-old cKO mice also had

a significantly reduced cortical area, length, and thickness

(Figures S4A–S4D). Immunostaining of molecular markers of

the six layers of the cortex revealed reduced CUX1+ or SATB2+
s in DG derived from 6-month-old littermatemice. Yellow arrow indicates nes-

presents mean ± SEM, and the tested mouse number is labeled above the bar.

ate mice. Each bar represents mean ± SEM, and the tested mouse number is

DG derived from 6-month-old littermate mice. Yellow arrow indicates Edu- and

ermate mice. Each bar represents mean ± SEM, and the tested mouse number

derived from 6-month-old littermate mice. Scale bars, 200 mm.

ce. Each bar represents mean ± SEM, and the tested mouse number is labeled

from 6-month-old littermate mice. Scale bars, 100 mm for the upper left and

as of 6-month-old littermate mice. Each bar represents mean ± SEM, and the

.05, **p < 0.01.

from 6-month-old littermate mice. Scale bars, 200 mm.

rmatemice. Each bar representsmean ± SEM, and the testedmouse number is

rea of 6-month-old littermate mice under the indicated treatment conditions.

nalyzed 4 weeks after injection. The lower panels show dendritic spines. Scale

ule cells. Unpaired Student’s t test. ***p < 0.001.

npaired Student’s t test. ***p < 0.001.

tance from the soma of EGFP-positive newborn DG granule cells. Unpaired
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neurons, increased FOXP2+ neurons, and unchanged CTIP2+

neurons in the cKO cortex, indicating that Piezo deletion

differentially affect neurons residing in the distinct layers

(Figures S4E and S4F).

To examine whether the drastic Piezo1-deletion-induced

change in DG volume might be due to defective adult neurogen-

esis, we assessed the incorporation of EdU in the SGZ of the hip-

pocampus of the Ctrl and cKO mice at P15 and 2 and 6 months

old (Figure 4B). Stereological analysis showed that EdU-positive

cells in the cKO mice were unchanged at P15, modestly

decreased at 2months old, but significantly reduced at 6months

old (1,103 ± 61 versus 313 ± 19-cells/mm3 DG volume for Ctrl

versus cKO) (Figures 4B and 4E). These data suggest that Piezo

deletion in astrocytes causes severely impaired hippocampal

neurogenesis from post-adolescent to adult but has a limited ef-

fect on post-natal development of the hippocampus.

We next examined the effect of Piezo1 deletion on the sequen-

tial steps of adult neurogenesis, including the pool of NSCs

marked by nestin staining, active NSCs marked by co-staining

of nestin and the mini-chromosome maintenance complex 2

(MCM2) (Figures 4F–4H), neural progenitors marked by co-stain-

ing of EdU and Tbr2 (Figures 4I and 4J), immature neurons

marked by doublecortin (Dcx) staining (Figures 4K and 4L), and

mature neurons by NeuN staining (Figures 4M and 4N). Quanti-

tative analysis showed that the number of nestin-positive

NSCs was similar between the Ctrl and cKO mice, indicating

an unaltered pool of NSCs upon Piezo1 deletion in astrocytes

(Figures 4F and 4G). However, the numbers for active NSCs

(Nestin+/MCM2+) (Figures 4F and 4H), neural progenitor cells

(Tbr2+/Edu+) (Figures 4I and 4J), and immature neurons (Dcx+)

(Figures 4K and 4L) were all drastically reduced in the cKO

mice. The number of mature neurons (NeuN+) was also reduced

in DG, CA3, and CA1 regions (Figures 4M and 4N). The

decreased neuron number was not due to increased apoptosis

in the cKO mice (Figure S4G). Furthermore, we found that the

cKO mice had a significantly reduced number of astrocytes in

the hilus, which might also contribute to the reduced DG volume

(Figures 4O and 4P).

Although no Piezo1 expression and MA currents were de-

tected in cultured NSCs (Figures S2C and S2D), we wanted to

rule out that any undetectable level of Piezo1 in NSCs might

contribute to the impaired in vivo neurogenesis in the cKO

mice. To this end, we injected retrovirus encoding either EGFP

or EGFP-2A-Cre into left and right DG areas of the P1/P2fl/fl

Ctrl mice to specifically infect mitotic cells and assayed the

impact on adult neurogenesis (Figures S5A–S5G). Analyzing

EdU labeling in EGFP-positive cells 3 days post injection re-

vealed no difference in the proliferation of NSCs expressing

either EGFP or EGFP-2A-Cre (Figures S5H and S5I), suggesting

that deletion of Piezo genes in NSCs did not affect in vivo neuro-

genesis. Together, these data support that Piezo1 expressed in

astrocytes plays a prominent role in promoting the proliferation

and neurogenesis of NSCs.

We further examined the role of astrocytic Piezo1 on the den-

dritic outgrowth of DG granule neurons in adult mice by using

a GFP-expressing adeno-associated virus (AAV) for sparse

labeling (Figure 4Q). Quantitative analysis showed that the

GFP-positive granule cells in the cKO mice had significantly
reduced dendritic length, spine density, and branching

(Figures 4Q–4T). By contrast, the morphology, process length,

and number of branches were not affected in the cKO astrocytes

(Figures S4H–S4J). Thus, these data suggest that astrocytic

Piezo1 also regulates the plasticity of matured DG granule

neurons.

Astrocytic Piezo1 promotes ATP-dependent
proliferation of NSCs
To test whether astrocytic Piezo1 directly promotes proliferation

of NSCs, we examined the effect of either the Ctrl or cKO astro-

cytes on the proliferation of co-cultured wild-type NSCs. We

first verified active proliferation of mouse NSCs cultured alone

by assaying EdU incorporation and Sox2 labeling of proliferative

NSCs and progenitor cells (Figure S6A). Consistent with previ-

ously reported promotional effect of astrocytes on the prolifera-

tion of NSCs (Song et al., 2002), co-culture of the Ctrl astrocytes

with mouse NSCs resulted in significantly more EdU-positive

proliferated NSCs than the Ctrl group without astrocytes

(Figures 5A, 5B, and S6B). Remarkably, such effect was totally

abolished when NSCs were co-cultured with the cKO astro-

cytes (Figures 5A and 5B). To test whether the effect of astro-

cytic Piezo1 on promoting NSC proliferation depends on its

channel activities, we applied the spider toxin GxMTx4, a rela-

tively specific blocker of Piezo channels (Bae et al., 2011),

to the culture. Interestingly, the application of GsMTx4 blocked

the potentiating effect of the Ctrl astrocytes on proliferation of

the co-cultured NSCs (Figures 5A and 5B). By contrast,

GsMTx4 had no effect on NSCs either cultured alone or co-

cultured with the cKO astrocytes (Figures 5A and 5B), indicating

its specific role in blocking astrocytic Piezo1 channel activities

rather than having any effect on NSCs themselves. In line with

this, we found that retrovirus-mediated expression of EGFP-

2A-Cre and consequent deletion of Piezo1 and Piezo2 genes

in P1/P2fl/fl NSCs affected neither proliferation (Figures S6C

and S6D) nor differentiation into neurons and astrocytes

(Figures S6E–S6G). Together, these data demonstrate that

Piezo1 channel activity in astrocytes is required for promoting

proliferation of co-cultured NSCs.

Mechanical activation of Piezo1 in astrocytes can trigger the

release of ATP (Figure 3), which is known to promote proliferation

of NSCs (Suyama et al., 2012). Indeed, supplementation of the

ATP-hydrolyzing enzyme apyrase to degrade extracellular ATP

prevented the promoting effect of astrocytes on proliferation of

the co-cultured NSCs, but it had no effect on NSCs cultured

alone (Figure 5C). We next asked whether the defective effect

of the cKO astrocytes on promoting proliferation of co-cultured

NSCs could be rescued by ATP supplementation into the culture

medium. Interestingly, ATP application resulted in potentiation of

NSC proliferation to a similar extent among the three cultured

groups, including NSCs alone, co-culture of the Ctrl astrocytes

and NSCs, and co-culture of the cKO astrocytes and NSCs

(Figures 5A and 5B). The observation that ATP supplementation

did not cause additional potentiation of NSC proliferation in the

co-cultured group of the Ctrl astrocytes and NSCs suggests

that tonic release of ATP from astrocytes is sufficient in medi-

ating the promoting effect of astrocytes on proliferation of

NSCs (Figures 5A and 5B).
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Figure 5. Astrocytic Piezo1 promotes ATP-dependent proliferation of NSCs

(A) Representative EdU-labeled images of proliferating NSCs cultured alone or co-cultured with the indicated astrocytes under the indicated treatment condi-

tions. Scale bars, 100 mm.

(B and C) Scatterplot of EdU-positive proliferating NSCs under the indicated conditions. Each bar represents mean ± SEM, and the number of repeats is labeled

above the bar. One-way ANOVA for (B) and unpaired Student’s t test for (C). ***p <0.001, ****p <0.0001.

(D) Scatterplot of EdU-positive proliferating NSCs cultured without or with the indicated conditionedmedium. ATPwas directly added to the conditionedmedium.

Each bar represents mean ± SEM, and the number of repeats is labeled above the bar. One-way ANOVA. ***p < 0.001, ****p < 0.0001.

(E) Scatterplot of EdU-positive proliferating NSCs cultured with the cKO astrocytes transfected with the indicated constructs. Each bar represents mean ± SEM,

and the number of repeats is labeled above the bar. One-way ANOVA. ***p < 0.001.

(F) Representative EdU-labeled and Dcx-immunostained images of hippocampal slices derived from the indicated littermate mice treated with either saline or

ATP. Scale bars, 200 mm.

(G and H) Scatterplot of ATP-induced fold change of EdU-positive proliferating NSCs (G) and Dcx-positive immature neurons (H) in the SGZ of the indicated

littermate mice. Each bar represents mean ± SEM, and the tested mouse number is labeled above the bar. Unpaired Student’s t test. ****p < 0.0001.
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To further test whether Piezo1-mediated release of ATP from

astrocytes is responsible for promoting NSC proliferation, we

subjected NSCs to the conditioned medium from either the Ctrl

or cKO astrocytes with or without the application of GsMTx4.

Compared with NSCs cultured without conditioned medium,

those supplemented with conditioned medium derived from

the Ctrl astrocytes, but not from the cKO astrocytes, showed

significantly increased proliferation (Figure 5D). Furthermore,

GsMTx4 treatment abolished the potentiation effect of condi-

tioned medium derived from the Ctrl astrocytes (Figure 5D).

These data are consistent with the idea that Piezo1 channel ac-

tivity-mediated ATP release from astrocytes promotes NSC pro-

liferation. Similarly to the co-culture experiment, direct addition

of ATP to conditioned medium resulted in similar potentiation

of NSC proliferation in the three cultured groups, including

NSCs without conditioned medium, NSCs with conditioned me-

dium from the Ctrl astrocytes, and NSCs with conditioned me-
10 Neuron 110, 1–16, September 21, 2022
dium from the cKO astrocytes (Figure 5D), again suggesting

the sufficient role of ATP in promoting NSC proliferation.

To test whether the mechanosensitivity of Piezo1 is required

for potentiation of NSC proliferation by the co-cultured astro-

cytes, we co-cultured NSCswith the cKO astrocytes transfected

with either vector, Piezo1, or the Piezo1-DEL15-16mutant. Inter-

estingly, only the expression of Piezo1, but not the mechano-

insensitive Piezo1-DEL15-16 mutant, potentiated the prolifera-

tion of the co-cultured NSCs (Figure 5E). These data suggest

that the mechanosensitivity of Piezo1 in astrocytes is required

to potentiate the proliferation of NSCs.

We next tested whether ATP is able to rescue the impaired

in vivo neurogenesis in the cKO mice. We used a mini-osmotic

pump to apply either the saline Ctrl or ATP to the DG region

of the Ctrl and cKO mice for 2 weeks, then injected EdU for as-

saying proliferation of adult NSCs. Compared with the saline-

treated Ctrl, ATP application caused a substantial increase in
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EdU-positive proliferating NSCs and Dcx-positive newborn

immature neurons in the cKO mice (Figures 5F–5H). The poten-

tiation effect of ATP on adult neurogenesis in the cKO mice is

more robust than that in the Ctrl mice (Figures 5F–5H). For

instance, the ATP-induced fold increase of EdU-positive NSCs

and Dcx-positive neurons for the Ctrl and cKOmice is 1.7 versus

3.3 and 1.5 versus 5.6, respectively. Furthermore, the ATP-

potentiated neurogenesis in the cKOmice was nearly recovered

to that of the saline-treated Ctrl mice (Figure 5F). These data,

together with the observed sufficient role of ATP in mediating

the astrocytic Piezo1-dependent promotion of NSC proliferation

in the co-culture experiment (Figures 5A–5D), suggest that the

cKOmice might have an ATP-dependent defect of in vivo neuro-

genesis, which is largely rescued upon exogenous ATP supple-

mentation. Previous studies have shown that intraperitoneal in-

jection of ATP could increase the hippocampal ATP level and

consequently rescue hippocampal neurogenesis in the dn-

SRARE mice, which have defective ATP release from astrocytes

(Cao et al., 2013). Therefore, astrocytic Piezo1 might play a crit-

ical role in promoting ATP-dependent neurogenesis both in vitro

and in vivo.

Astrocytic Piezo1 impacts learning and memory
behaviors and hippocampal long-termpotentiation (LTP)
Adult hippocampal neurogenesis confers plasticity to themature

mammalian brain and consequently contributes to learning and

memory behaviors. On the basis of the age-dependent progres-

sive reduction of DG volume, and impairment of hippocampal

neurogenesis and maturation of newborn DG neurons (Figure 4),

we went on to test the behavioral performance of male Ctrl and

cKO littermate mice at 6 to 8 months old. The Ctrl and cKO mice

had no difference in body weight and behaved similarly in open-

field test, suggesting normal locomotion, anxiety, and general

exploratory behaviors (Figures S7A–S7D). To examine their

learning and memory performance, we carried out the classical

Morris water maze (MWM) and Y-maze tests to specifically

assay their hippocampal-dependent spatial reference memory

and spatial working memory, respectively. Importantly, the

cKO mice showed specific deficits in learning and memory be-

haviors in the MWM test (Figures 6A and 6B). Furthermore, the

cKO mice showed a significantly reduced percentage of correct

alternative rate, but unaltered total entry time in the Y-maze

assay (Figures 6C and 6D), indicating impaired spatial working

memory. Collectively, these behavioral analyses suggest that

astrocytic Piezo1 plays a critical role in learning and memory

formation.

We next examined the impact of astrocyte Piezo1 on hippo-

campal long-term potentiation (LTP), which is the mechanistic

basis of learning andmemory and known to be actively regulated

by astrocytic activation (Adamsky et al., 2018). Compared with

theta burst stimulation (TBS)-induced increase of the extracel-

lular field excitatory postsynaptic potentials (fEPSPs) and LTP

response of hippocampal slices derived from the Ctrl mice

(Figures 6E and S7E), the cKO slices displayed dampened pro-

pensity for maintaining LTP (Figures 6E and 6F). The averaged

fEPSP slope during the last 30-min period of the LTP was signif-

icantly lower in the cKO (127.7% ± 9.6%) than in the Ctrl slices

(182.8% ± 6.9%) (Figures 6E and 6F). To test whether Piezo1-fa-
ciliated LTP depends on its channel activities, we applied

GsMTx4 during TBS-induced LTP production. GsMTx4 specif-

ically blocked LTP in the Ctrl slices, but it had no effect on the

already dampened LTP in the cKO slices (Figures 6G, 6H, and

S7F). Together, these data demonstrate that Piezo1 channel ac-

tivities in astrocytes play a tonic role in regulating neuronal

plasticity.

To test whether Piezo1-dependent LTP relies on ATP release

from astrocytes, we applied apyrase to degrade extracellular

ATP. Apyrase almost completely blocked the LTP in the Ctrl hip-

pocampal slice from an averaged fEPSP slope of 200.1% ±

11.8% to 104.5% ± 7.5% (Figures 6I, 6J, and S7G), a level com-

parable to that observed in the cKO slices. By contrast, apyrase

had no effect on the already impaired LTP in the cKO slices

(Figures 6K, 6L, and S7H). Reversely, a direct supplementation

of ATP nearly rescued the impaired LTP in the cKO slices to

that measured in the Ctrl slices (Figures 6K, 6L, and S7H), while

there is no further potentiating effect on the Ctrl slices (Figures 6I,

6J, and S7G), indicating an acute effect of ATP on LTP produc-

tion in the cKO mice. Together, these data demonstrate that

Piezo1-dependent tonic release of ATP from astrocytes plays a

critical role in hippocampal LTP production.

Increased Piezo1-mediated mechanotransduction in
astrocytes sufficiently enhances LTP and cognitive
functions
We generated the transgenic mice overexpressing the GFP-

Piezo1 fusion protein (defined as P1-TG) by crossing our previ-

ously reported Piezo1-TGfl-mCherry-stop-fl mice (in which the up-

stream floxed mCherry coding sequence with a stop codon

blocks the translation of the downstream EGFP-Piezo1 fusion

protein, defined as Ctrl-TG) (Zhang et al., 2019) with the

hGFAP-Cre mouse line. We observed a strong bush-like expres-

sion pattern of EGFP-Piezo1 in the GFAP-marked astrocytes

residing in the molecular layer of the DG area (Figures 7A and

7B). By contrast, no EGFP-Piezo1 was detected in hippocampal

NSCs and granule neurons in the granule cell layer (Figures 7A

and 7B). Astrocytes form characteristic endfeet to wrap up blood

vessels for responding to and regulating brain vascular tone.

Interestingly, EGFP-Piezo1 was clearly co-localized with the

endfeet marker protein aquaporin 4 (AQP4), the blood vessel

endothelial marker claudin-5, and the pericyte marker PDGFRb

(Figures S8A and S8B), demonstrating its localization at the

endfeet of astrocytes. Consistent with the overexpression of

Piezo1 in astrocytes, cultured P1-TG astrocytes had markedly

enhanced MA currents (Figures 7C and S8C) and Yoda1-

induced Ca2+ responses (Figures S8D and S8E), suggesting

increased mechanotransduction in the P1-TG astrocytes. By

contrast, no MA currents were observed in neurons derived

from the P1-TG mice (Figure S8F). Taken together, our data

demonstrate that Piezo1 is specifically overexpressed in astro-

cytes at distinct locations, including soma, fine processes, and

endfeet, and enhances mechanotransduction.

The DG volume and adult neurogenesis were similar between

the Ctrl and P1-TG mice (Figures S8G–S8I). Interestingly, hippo-

campal slices derived from the P1-TG mice showed increased

LTP compared with those derived from the Ctrl-TG mice slices

(229.5% ± 17.1% versus 168.9% ± 12.2) (Figures 7D, 7E, and
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Figure 6. Astrocytic deletion of Piezo1 causes defective learning, memory, and LTP

(A) Escape latency of the indicated littermate male mice to the hidden platform during the training of the standard Morris water maze task. Each data point

represents mean ± SEM. Unpaired Student’s t test. *p < 0.05, **p < 0.01.

(B) Percentage of time that the indicated male mice spent in the quadrant target area during the probe trial. Each bar represents mean ± SEM, and the tested

mouse number is labeled above the bar. Unpaired Student’s t test. *p < 0.05.

(C) Percentage of alterative rate of the indicated male mice subjected to the Y-maze test. Each bar represents mean ± SEM, and the tested mouse number is

labeled above the bar. Unpaired Student’s t test. **p < 0.01.

(D) Total entry time of the indicatedmale mice subjected to the Y-maze test. Each bar represents mean ± SEM, and the testedmouse number is labeled above the

bar. Unpaired Student’s t test.

(E, G, I, and K) Average of normalized field EPSP (fEPSP) recorded from the indicated hippocampal slice under the indicated conditions before and after TBS

application, indicated by the arrow.

(F, H, J, and L) Scatterplot of the fEPSP slope averaged from the last 30 min of the corresponding recordings shown in (E), (G), (I), and (K), respectively. Each bar

represents mean ± SEM, and the recorded slice number is labeled above the bar. Unpaired Student’s t test for (F) and (H) and one-way ANOVA for (J) and (L).

*p < 0.05, **p < 0.01, ****p < 0.0001.
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S8N). Furthermore, while having similar body weight and

behaving similarly in open-field test (Figures S8J–S8M), the

P1-TG mice outperformed the Ctrl-TG littermates at 5 to

6 months old in both the MWM and Y-maze tests, suggesting

enhanced learning and memory performance upon overexpres-

sion of Piezo1 in astrocytes (Figures 7F–7I). Taken together,

these data demonstrate that overexpression of Piezo1 in astro-

cytes is sufficient to enhance astrocytic mechanotransduction,

hippocampal LTP, and learning and memory behaviors, which

appear to be independent of changes in brain structure and adult

neurogenesis.

DISCUSSION

By focusing on adult hippocampal neurogenesis that occurs in

the unique microenvironment of the SGZ niche and the known
12 Neuron 110, 1–16, September 21, 2022
regulatory role of astrocytes in LTP and cognitive functions, we

here demonstrate that the bona fide mechano-gated Piezo1

channel necessarily and sufficiently mediates mechano-chemo

transduction in astrocytes (Figures 1, 2, and 3); consequently,

it robustly regulates in vivo and in vitro adult hippocampal neuro-

genesis (Figures 4 and 5), LTP, and learning and memory behav-

iors (Figures 6 and 7), highlighting the importance of mechano-

gated ion channel-mediated mechanotransduction in adult brain

structure and function. Despite that Ca2+ signaling has long been

postulated to be critical for astrocyte function (Bazargani and

Attwell, 2016), to the best of our knowledge, we here not only

identify Piezo1 as the endogenous Ca2+-permeable channel

mediating spontaneously occurred Ca2+ transients in astrocytes

but also demonstrate the necessary and sufficient role of endog-

enous Ca2+ signaling in determining astrocyte function in vivo,

providing compelling evidence to support the concept that



Figure 7. Astrocytic overexpression of Piezo1 promotes LTP, learning, and memory

(A andB) Immunostaining of GFP, GFAP, and NeuN from hippocampal slice derived from the P1-TGmice overexpressing EGFP-Piezo1 fusion proteins. (B) shows

the enlarged view of the regions highlighted in the dashed box in (A). Yellow arrow heads indicate astrocytes with bush-like overexpression of EGFP-Piezo1. SGZ,

subgranular zone; GCL, granule cell layer; ML, molecular layer. Scale bars: 200 mm for (A) and 50 mm for (B).

(C) Scatterplot of maximal poking currents. Each bar represents mean ± SEM, and the recorded cell number is labeled above the bar. Unpaired Student’s t test.

****p < 0.0001.

(D) Average of normalized fEPSP recorded from the indicated hippocampal slice for before and after TBS application, indicated by the arrow.

(E) Scatterplot of the fEPSP slope averaged from the last 30min of the recording shown in (D). Each bar representsmean ± SEM, and the recorded slice number is

labeled above the bar. Unpaired Student’s t test. *p < 0.05.

(F) Escape latency of the indicated male mice to the hidden platform during the training of the standard Morris water maze task. Each data point represents

mean ± SEM. Unpaired Student’s t test. *p < 0.05.

(G) Percentage of time that the indicated male mice spent in the quadrant target area during the probe trial. Each bar represents mean ± SEM, and the tested

mouse number is labeled above the bar. Unpaired Student’s t test. *p < 0.05.

(H) Percentage of alternative rate of the indicated male mice subjected to the Y-maze test. Each bar represents mean ± SEM, and the tested mouse number is

labeled above the bar. Unpaired Student’s t test. *p < 0.05.

(I) Total entry time of the indicated male mice subjected to the Y-maze test. Each bar represents mean ± SEM, and the tested mouse number is labeled above the

bar. Unpaired Student’s t test.
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non-excitable astrocytes actively participate in brain functions

via Ca2+ signaling mechanisms.

The distinct properties of astrocytes and the fully specialized

mechanosensor Piezo1 might enable an ideal mechano-surveil-

lance system to precisely monitor subtle changes of the me-

chanical environment of the brain (Figure 8). Astrocytes possess

the characteristic bush-like morphology with complex fine pro-

cesses, which forms networks to cover specified non-overlap-

ping surroundings (�13,000 mm3 for each astrocyte) and exhibits

frequent, highly localized and heterogeneous Ca2+ transients

(Bindocci et al., 2017; Shigetomi et al., 2013a). Our finding that

Piezo1 is expressed in the processes and mediates mechani-

cally evoked Ca2+ influx in cultured astrocytes and spontane-

ously occurred astrocytic Ca2+ transients in brain slices (Figure 1)
supports the hypothesis that astrocytes might utilize Piezo1 to

actively explore local mechanical cues to generate localized

Ca2+ signaling. Piezo1 has an extraordinary mechanosensitivity

with a measured T50 (the tension required for half maximal acti-

vation) of �1.4–5 mN/m (Cox et al., 2016; Lewis and Grandl,

2015; Syeda et al., 2016) that is within the resting cellular mem-

brane tension (1–2 mN/m) and responds to various forms of me-

chanical stimulation, including poking, stretching, shear stress,

substrate deflection and roughness, and endogenously gener-

ated cellular traction force (Xiao, 2020).

The homotrimeric Piezo channel resembles a gigantic three-

bladed propeller-like structure (Ge et al., 2015; Guo and

MacKinnon, 2017; Saotome et al., 2018; Wang et al., 2019b;

Zhao et al., 2018) in which the non-planar TM regions of a total
Neuron 110, 1–16, September 21, 2022 13



Figure 8. A proposed model for the astrocyte Piezo1-mediated mechano-surveillance system in regulating adult brain functions

The unique structure and mechano-gating mechanism of Piezo1 and the characteristic bush-like morphology of astrocytes might enable an ideal mechano-

surveillance system to precisely monitor subtle changes of themechanical environment of the brain, such asmembrane curvature, initiating mechanically evoked

Ca2+ and ATP signaling to regulate adult hippocampal neurogenesis, neuronal LTP, learning, and memory.
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of 114 TM segments (TMs, 38 in each subunit) are collectively

curved into a signature nano-bowl shape with an open diameter

of 20 nm and a depth of 10 nm (Yang et al., 2022) (Figure 8),

which causes the residing membrane to adopt a similarly curved

and non-planar shape. Tension-induced flattening of the Piezo-

membrane system might provide gating energy to open the

channel (Haselwandter and MacKinnon, 2018; Lin et al., 2019).

In line with this hypothesis, we have determined the curved

and flattened structure of Piezo1 in liposome vesicles, directly

visualized the substantial deformability of the Piezo1-lipid bilayer

system, and calculated the key parameters upon transition from

the curved and closed state to the flattened and open state,

including an in-plane membrane areal expansion of 300 nm2, a

force of 92 pN, a half maximal activation tension of 1.9 pN

nm�1, and a work of 570 pN (Yang et al., 2022). Thus, such an

intrinsic structure-based mechanogating mechanism can confer

an exquisitemechanosensitivity to the Piezo channel in response

to changes in local membrane curvature and tension. It is

possible that the nanoscale fine processes of astrocytes might

adopt variable curvatures in response to their mechanical sur-

roundings and consequently gate Piezo1 to control local Ca2+

signaling and tonic ATP release (Figure 8). Indeed, it has been

shown that astrocytes can sense nanoscale substrate rough-

ness through Piezo1, which in turn alters their own surface

roughness suitable for neuronal interaction (Blumenthal et al.,

2014). The localization of Piezo1 in the endfeet of astrocytes

(Figures S8A and S8B) might also allow the astrocyte-Piezo1

system to directly respond to mechanical changes associated

with dilation and constriction of brain blood vessels, which are

not only critical components of the neurogenic niche of SGZ

but also functionally coupled to neuronal activities. Piezo1 might

also sense altered mechanical stiffness of brain tissues, such as

b-amyloid (Ab) plagues in Alzheimer disease, and consequently

participate in brain diseases. Future studies might dissect out

the specific contributions of astrocytic Piezo1-mediated mecha-

notransduction, originating from distinct mechanical cues, within

the brain to cognitive functions and diseases.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal care and procedures were approved and performed in accordance with the Institutional Animal Care and Use Committee

(IACUC) guidelines set up by Tsinghua University. All animals were housed in isolated ventilated cages (maximal six mice per cage)

barrier facility under conditions of a 12/12-hour light/dark cycle, 22-26 oC, 50%–60% humidity, and unrestricted access to sterile

pellet food and water ad libitum in the Tsinghua University animal research facility, which is accredited by the Association for Assess-

ment and Accreditation of Laboratory Animal Care International (AAALAC).

The previously described floxed Piezo1 (Piezo1fl/fl) (Cahalan et al., 2015) and Piezo2 (Piezo2fl/fl) (Ranade et al., 2014b) mice in

C57BL/6 background were obtained from Dr. Ardem Patapoutian laboratory at the Scripps Research. Piezo1fl/fl and Piezo2fl/fl

mice were crossed to obtain the double floxed P1/P2fl/fl mice. To delete both Piezo1 and Piezo2 in astrocytes, the P1/P2fl/fl mice

were crossed with the hGFAP-Cre transgenic mice, which express the Cre recombinase under the control of the human glial fibrillary

acidic protein (hGFAP) promoter (Zhuo et al., 2001). The resulting P1/P2fl/fl (defined as control, Ctrl) and hGFAP-Cre;P1/P2fl/fl (defined

as conditional knockout, cKO) littermate mice were utilized for experiments. Piezo1fl/fl mice were crossed with the GFAP-Cre trans-

genic mice to generate the GFAP-Cre;Piezo1fl/fl (defined as Piezo1cKO) mice.

To overexpress Piezo1 in astrocytes, our previously generated Piezo1-TGfl-mCherry-stop-fl mice (Zhang et al., 2019) were mated

with the hGFAP-Cre mice to obtain the hGFAP-Cre;Piezo1-TGfl-mCherry-stop-fl mice, in which the loxP-franked mCherry sequence

with a stop codon was excised, allowing the expression of the downstream eGFP-Piezo1 fusion protein. The resulting Piezo1-

TGfl-mCherry-stop-fl (defined as Ctrl-TG) and hGFAP-Cre;Piezo1-TGfl-mCherry-stop-fl (defined as P1-TG) littermate mice were utilized for

experiments.

The previously reported Piezo1-tdTomato knock-in mouse line (Piezo1-tdTomato-KI), in which the tdTomato coding sequence

was knocked into the genetic sequence coding the C-terminus of the mouse Piezo1 protein (Ranade et al., 2014a), was purchased

from the Jackson Laboratory. Homozygous mice were used for expression analysis.

Healthy mice were used in the experiments, and the age is specified in the text. In experiments involving adult neurogenesis and

behavioral assays, we exclusively used male mice. No mice were used in previously unrelated experiments. Adult neural stem cells

were isolated form 5-8 weeks old male WT mice, and the primary astrocytes were isolated from P0 male and female mice. The in-

fluence of sex was not evaluated in this study.

Cell lines
HEK293T cells obtained from Dr. Ardem Patapoutian laboratory were used for electrophysiology. Cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
Neuron 110, 1–16.e1–e8, September 21, 2022 e3

mailto:xbailong@mail.tsinghua.edu.cn
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
https://www.moleculardevices.com/products/axon-patch-clamp-system/acquisition-and-analysis-software/pclamp-software-suite
http://www.originlab.com/
http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/


ll
Article

Please cite this article in press as: Chi et al., Astrocytic Piezo1-mediated mechanotransduction determines adult neurogenesis and cognitive functions,
Neuron (2022), https://doi.org/10.1016/j.neuron.2022.07.010
Primary mouse cell cultures
Cortical and hippocampal astrocytes were dissected from neonatal mice (within 24 hours after birth) and cultured in Dulbecco’s

Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) at 37 �C in a humidified incubator con-

taining 5% CO2.

Cortical and hippocampal neurons were acutely dissociated from neonatal mice (within 24 hours after birth) and cultured in

Neurobasal�-A Medium and B-27 solution (GIBCO) at 37 �C in a humidified incubator containing 5% CO2.

NSCs were isolated from the DG of 5-8 weeks old male mice and cultured in Neurobasal Medium containing 20 ng/mL basic fibro-

blast growth factor (FGF-2, K1606, PeproTech), 20 ng/mL epidermal growth factor (EGF, A2306, PeproTech), 1% N2 supplement

(17502-048, GIBCO), 1% Antibiotic-Antimycotic, and 2 mM L-Glutamine at 37�C in a humidified incubator containing 5% CO2.

METHOD DETAILS

RNA extraction and RT-PCR
The total RNA was extracted from primary mouse astrocytes and neurons using the RNA isolation kit (Axygen) according to the in-

struction manual. The related cDNAs were generated from the isolated RNA samples using the reverse-transcription kit (Bio-rad).

Primers used for PCR of mouse astrocytes and neurons include

mPiezo1-Forward: ATCCTGCTGTATGGGCTGAC;

mPiezo1-Reverse: AAGGGTAGCGTGTGTGTTCC;

mGAPDH-Forward: CACAATTTCCATCCCAGACC;

mGAPDH-Reverse: GTGGGTGCAGCGAACTTTAT.

Primary culture of mouse astrocytes and neurons
Primary astrocytes were acutely dissociated according to the previously described method with some modifications (Schildge et al.,

2013). Briefly, the cortical and hippocampal areas were dissected from neonatal mice (within 24 hours after birth), and dissociated in

0.25% trypsin-EDTA for 10 min and triturated in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal

bovine serum (FBS) and plated into a culture flask (Corning) and incubated at 37 �C in the 5%CO2 incubator. After 10 days of culture,

the astrocytes were re-plated on coverslips, and used 6-24 hours later for measuring mechanically evoked cationic currents, Ca2+

influx and ATP release from astrocytes. Primary neuronswere prepared as previously described (Chi et al., 2009). In brief, cortical and

hippocampal neurons were acutely dissociated from neonatal mice (within 24 hours after birth) and treated with 0.25% trypsin for

7 min at 37 �C. Individual neurons were plated on glass coverslips incubated at 37 �C in a humidified incubator containing 5%

CO2. The medium was replaced 7 hours later with Neurobasal�-A Medium and B-27 solution (GIBCO). After 10 days of culture,

the cultured neurons were used to measure mechanically evoked cationic currents.

Co-culture of primary mouse NSCs and astrocytes
NSCs were isolated from the DG of 5-8 weeks old maleWT or genotype specified mice based on previously published methods (Guo

et al., 2012). DGs were dissected from 400 mm coronal sections of forebrain under a microscope. After enzymatic digestion using

MACS Neural Tissue Dissociation kit (130-092-628, MACS Miltenyi Biotec), 5 mL of Neurobasal Medium (21103-049, GIBCO) con-

taining 10% FBS (10099-141, GIBCO), 2 mM L-glutamine (25030-081, GIBCO), and 1% Antibiotic-Antimycotic (15240-062, GIBCO)

was added into each sample to stop digestion. After filtering through a 70-mm cell strainer (252350, BD Falcon) and washing with

Neurobasal Medium containing 2 mM L-Glutamine and 1% Antibiotic-Antimycotic, the single-cell suspension was collected and

cultured with Neurobasal Medium containing 20 ng/mL basic fibroblast growth factor (FGF-2, K1606, PeproTech), 20 ng/mL

epidermal growth factor (EGF, A2306, PeproTech), 1% N2 supplement (17502-048, GIBCO), 1% Antibiotic-Antimycotic, and

2 mM L-Glutamine in a 5% CO2 incubator at 37
�C. Half of the medium was replaced every 2 days.

For co-culture experiments, NSCswere plated onto poly-L-lysine-coated glass coverslips in 24-well plates, and allowed to settle at

37�C in a 5% CO2 incubator for 12 hours. For proliferation assay, transwell inserts (MCRP24H48, Millipore) containing astrocytes

were transferred into 24-well plates containing NSCs. After 8 hours incubation, EdU (E10187, Invitrogen) was added into NSC culture

medium for extra 4 hours followed by PFA fixation for immunostaining, imaging and quantification.

For the differentiation assay, 24 hours after plating, cells were changed into the differentiation medium, Neurobasal Medium con-

taining 5 mM forskolin (F-6886, Sigma-Aldrich), 1 mM retinoic acid (R-2625, Sigma-Aldrich), combined with lentivirus as indicated for

4 days, then fixed with 4% paraformaldehyde (PFA) for 30 minutes, washed with PBS for 10 minutes, and subjected to immunocy-

tochemistry analyses.

EdU labeling
For analysis of NSC proliferation in the adult DG, mice at 5 months were intraperitoneally injected with EdU (E10187, Invitrogen) 4

times at a dosage of 40 mg/kg body weight within 8 hours with 2 hours interval. Tissue processing and quantification of EdU+ cells

within the SGZ and granule cell layer were carried out as previously described (Wang et al., 2019a). Slices were incubated in the EdU

click reaction buffer for 30minutes. After washing, the antibody staining steps were similar to the ones described for floating sections.

The results were presented as the number of EdU+ cells in a cubic millimeter of DG.
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Transient transfection
Human Embryonic Kidney 293T (HEK293T) cells and primary astrocytes were grown in Dulbecco’s Modified Eagle Medium (DMEM),

10% fetal bovine serum (FBS). HEK293T cells were plated in 24-well plates and transfected with 1 mg of P2X7 for serving as sniffer

cells using Lipofectamine 3000 according to the manufacturer’s instructions (Invitrogen). After cultured for 10 days, astrocytes were

replated and transfected with 1 mg of Piezo1 and Piezo1-DEL15-16 using Lipofectamine 3000. 24-48 hours post transfection, cells

were subjected to electrophysiology, single-cell Ca2+ imaging and co-culture with NSCs.

Immunohistochemistry
Histological analyses of mouse brains were performed as described previously with modifications(Wang et al., 2019a). Briefly, mice

were euthanized, and then trans-cardiac perfused with saline. Tissues were dissected out, fixed overnight in 4%PFA, and then equil-

ibrated in 30% sucrose. The floating coronal brain serial sections (40 mm in thickness) through the entire DGwere maintained in order

and stored in 96-well plates filled with cryoprotectant solution (glycerol, ethylene glycol and 0.1 M phosphate buffer, pH 7.4, 1:1:2 by

volume) in a -20oC freezer. Tissue sections were blocked with TBS++ (TBS containing 3% donkey serum and 0.3% Triton X-100) for

1 hour at room temperature, and stained with the primary antibodies. The following primary antibodies were used: Nestin (Aves Labs,

chicken, 1:500), Mcm2 (BD Biosciences, mouse, 1:500), DCX (Santa Cruz, goat, 1:500), Sox2 (Santa Cruz, goat, 1:500), GFAP

(DAKO, rabbit, 1:1000), Tbr2 (Abcam, rabbit, 1:500), NeuN (Abcam,mouse; 1:500), GFP (Cell Signaling, rabbit, 1:500), Satb2 (Abcam,

rabbit, 1:500), Ctip2 (Abcam, rabbit, 1:500), Cux1 (Proteintech, rabbit, 1:500), Foxp2 (Abcam, rabbit, 1:500) and RFP (Rockland, rab-

bit, 1:500).

For the combination of nestin and EdU staining, antigen retrieval was required. Antigen retrievals were performed in citrate buffer

(pH 9.0) with a microwave for 10 minutes at 95�C followed by 20 minutes cool down at RT.

For multi-color immunostaining of mouse brain sections, mouse brain tissues were fixed in 4%paraformaldehyde for 24 hours and

embedded in paraffin. Five-micrometer sections of tissues were placed on coated slides for immunohistochemical staining (IHC).

After deparaffinization and rehydration, antigen retrievals were performed in citrate buffer (pH 6.0) with a microwave for 20 minutes

at 95�C followed by 20 minutes cool down at RT. After the quenching of endogenous peroxidase in 3% H2O2, slides were incubated

with blocking reagent (ZLI-9022, ZSGB-BIO) for 30 minutes at RT. Antigens were then successively detected using the manufac-

turer’s protocol. Briefly, primary antibody was incubated for 2 hours at 37�C, followed by incubation of biotinylated secondary anti-

body. Then the HRP-conjugated streptavidin is added to the tissue sample and incubated for further 30 minutes (Polink-1 HRP poly-

mer detection kit, GBI Labs) and detected by TSA-fluors (1:100, 20-60 seconds, NEL797001KT, PerkinElmer), after which the primary

and secondary antibodies were thoroughly eliminated by heating the slides in citrate buffer (pH 6.0) for 10 minutes at 95�C using mi-

crowave. In a serial fashion, each antigen was labeled by distinct fluorophores. Slides were mounted in Prolong (Invitrogen) and visu-

alized by laser scanning confocal microscopy LSM 880 microscope (Carl Zeiss AG).

Single-cell Fura-2 Ca2+ imaging
Primarily cultured astrocytes grown on coverslips were subjected to single-cell Yoda1 Ca2+ imaging as described previously (Geng

et al., 2020). In brief, cells were washed with the Ca2+ imaging buffer (1 x HBSS with 1.3 mM Ca2+, 10 mM HEPES, pH 7.2) and then

loaded with the Ca2+ imaging buffer containing 2.5 mM Ca2+ indicator dye Fura-2 and 0.05% Pluronic F-127. 30 min after Fura-2

loading, cells were washed twice with the Ca2+ imaging buffer. The Fura-2 signals excited at either 340 nm or 380 nm were captured

by an inverted Nikon-Tie microscope with a CCD camera and Lambda XL light box (Sutter Instrument). Intracellular Ca2+ concentra-

tion was indicated as 340/380 by using MetaFluor Fluorescence Ratio Imaging software (Molecular Device). 5 mM Yoda1 (Pharma-

codia ) dilated from a 30 mM stock solution in DMSO was used for activating Piezo1. For poking-induced Ca2+ responses in astro-

cytes, Fura-2 loaded cells were subjected to mechanically stimulation similar to that described above for electrophysiologic

recording of mechanically poked cells.

Two-photon Ca2+ imaging of hippocampal slices and data analysis
The brain slice for astrocyte imaging were prepared as previously described (Rungta et al., 2016). In brief, 2 to 5month-oldmale litter-

mate mice were anesthetized with the inhalation anesthetic isoflurane, and then perfused with ice-cold oxygenated artificial cerebro-

spinal fluid (ACSF). Acute hippocampal slices (300 mm thick) were prepared using a VF-300 microtome (Precision Instruments) and

maintained at room temperature and perfused with ACSF continuously bubbled with 95%O2 and 5%CO2. ACSF contained (in mM):

124 NaCl, 26 NaHCO3, 3 KCl, 2 CaCl2, 1.25 KH2PO4, 1 MgSO4 and 10 glucose (Sigma) (pH = 7.4).

The slice in the oxygenated ACSFwas incubated with the calcium indicator Fluo-4 AM (10 mM) for 1h at room temperature and then

the astrocyte-specific dye SR101 (1 mM) for 15 minutes at 37�C. After washed for three times, the dye-loaded slice was placed on a

heating pad to maintain a 37�C condition. Live imaging was performed with two-photon microscope in a frame-scan mode at depth

below the surface ranging from 50 to 200 mm, using a 25 3/1.05 NA water objective (XLPLN25XWMP2, Olympus) at typically

512 3 512 pixel resolutionan mode at depth below the surface ranging from 50 to 200 ologic recordi set at 825 nm. Baseline images

were recorded for about 300s for detecting spontaneous Ca2+ transients. 500 mM ATP was then applied manually to assay the

response of astrocytes in the brain slice.

The imaging data set across the entire time series was analyzed using the NIH ImageJ and Imaris 9.7 softwares. Motion artifacts

were corrected using Image J with the TurboReg plugin. SR101 and Fluo-4 AM co-labeled astrocytes were selected as regions of
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interests (ROIs) for analysis of spontaneous Ca2+ transients and ATP-induced Ca2+ responses. The mean fluorescence intensity of

each ROI within the time series during either the baseline recording or ATP application was measured. The change of the Fluo-4 in-

tensity was expressed asDF/F0, whereDF = Ft�F0 and F0 and Ft represent the baseline fluorescence and the fluorescence signal at

the given time, respectively. The percentage of cells showing spontaneous calcium transients was defined as the number of astro-

cytes displaying spontaneous Ca2+ transients divided by ATP-responsive cells. The frequency of Ca2+ transient was analyzed from

cells showing spontaneous Ca2+ transients.

Western blotting
Cell lysates derived from primary astrocyte cells or dorsal root ganglia neurons were prepared using the RIPA buffer (Beyotime

Biotechnology) with a cocktail of protease inhibitors (Roche) and were then subjected to SDS-PAGE gels and electrophoresis sep-

aration. The proteins were transferred to 0.45 mm PVDF membranes (Millipore) for western blotting according to the procedure

described previously (Zhang et al., 2017). In brief, the membrane was blocked by 5% non-fat milk (Bio-Rad) in TBST buffer (TBS

buffer with 0.1% Tween-20) and incubated with our previously generated Piezo1 and Piezo2 antibodies (1:1000) used (Wang

et al., 2019b; Zhang et al., 2017) or b-actin antibody (CST, 1:3000) for overnight. After 3 times of washing with TBST buffer, the mem-

brane was incubated with the peroxidase-conjugated anti-rabbit IgG secondary antibody (CST, 1:10,000) at room temperature for 1

hour, followed with washing and detection using the enhanced chemiluminescent (ECL) horseradish peroxidase (HRP) substrate

(Pierce).

Immunofluorescent staining of primarily cultured astrocytes
Primary astrocytes derived from Piezo1-tdTomato-KI mice (Jackson lab) or WT mice were cultured on coverslips. Cells were sub-

jected to fixation in 4% paraformaldehyde (PFA) for 30 min, permeabilization with 0.2% Triton X-100, blocking with 3% BSA for

1 hour at room temperature, incubation with primary antibodies [anti-DsRed antibody (1:1000; clontech) and anti-GFAP (1:1000;

Jackson lab)] at 4 �C for overnight. After washed with PBST for three times, the cells were incubated with secondary antibodies

[anti-chicken cy3 (1:1000; Jackson lab) and Alexa Fluor donkey anti-rabbit 488 (1:1000; life Technologies)] for 1 hour at room tem-

perature. After washed with PBST for three times, nuclei were counterstained with DAPI (Life Technologies). The coverslips were

dried and mounted with Prolong Gold antifade reagent (Thermo). Fluorescence images were acquired using the Nikon A1 confocal

microscope with a 603 objective at the SLSTU-Nikon Biological Imaging Center.

ATP infusion
ATP was diluted in 0.9% saline to a concentration of 10 mM ATP or saline alone was infused into the hippocampus of 5-month-old

mice usingmicro-osmotic pumps (flow rate 0.25 mL/hr, Model 1002D, ALZET) for 12 days. Micro-osmotic pumps filled upwith ATP or

saline alone were connected with cannulas and balanced in saline at 37�C for at least 6 hours. The cannulas were implanted stereo-

taxically in the hippocampus following coordinates: anteroposterior, �2 mm; lateral, +/�1.7 mm; ventral,�1.9 mm (from dura). After

6 or 12 days of infusion, the pumps were removed and mice were prepared for experiments.

Stereotaxic injections
All brain injections were performed with a stereotaxic apparatus (RWD) with a microdispensing pump (World Precision Instruments)

holding a beveled glass needle with �50 mm outer diameter. For injections into adult hippocampus, mice were anesthetized with

avertin, head fixed with a stereotaxic frame, and treated with ophthalmic eye ointment. For sparsely labeling hippocampal neurons,

1ml of diluted AAV9-hSyn1-eGFP was injected at a rate of 1 ml/min into the hippocampus using coordinates: anteroposterior,�2mm;

lateral, +/�1.7 mm; ventral, �1.9 mm (from dura). A dilution of 1:1000 in sterile saline was used for experiments measuring dendritic

spine density and single neuron morphology. For astrocyte labeling, 1ml of diluted lenti-GfaABC1d-EGFP was injected at a rate of

1 ml/min into the hippocampus using the same coordinates. A dilution of 1:100 in sterile saline was used for experiments measuring

astrocytic process length and morphology. Mice were allowed to recover on a heat pad before being returned to their cage.

Behavioral studies
Mouse behaviors were carried out using 5 to 9 month-old male littermate mice by investigators blinded to their genotypes. For open-

field test, mice were individually placed in the center of an open-field apparatus (L 3 W 3 H in cm, 50 3 50 3 40) and allowed to

explore freely for a period of 10 min. The routes of mice were recorded by a video camera. The total distances and time spent in

the center were calculated using the Ethovision XT software (Noldus).

For Morris water maze (MWM) test, a circular water tank (diameter of 120 cm) was filled with opaque water at 22�C and a circular

platform (diameter of 15 cm) was submerged 1 cm below the surface of the water in the center of one of the four virtually divided

quadrants. Distal cues were fixed on the wall of the tank as spatial map. Learning trials were carried out for 6-7 consecutive days,

with 4 trials per session and 1 session per day. In every trial, mice were required to find the platform in 60 s and to remain on it

for at least 10 s. Start locations were randomized. The value of each day was averaged from the 4 trials. A probe trial was performed

24 hour later after the last training. The platform was removed, andmice were allowed to return to the platform’s previous position for

60 s. Mice were tracked using a video camera in both the learning trials and the probe trial. Collected data were analyzed using the

Ethovision XT software (Noldus). The MWM test were repeated in three separate experiments.
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For Y-maze test, each of the three enclosed arms was extended from the center of the maze. The mice were gently placed in the

center and allowed to freely explore the three arms for a period of 6min. Alternationswere countedwhen amouse entered each of the

three arms in succession, in any order, without re-entering one of the arms. The route of mice was recorded by a video camera.

The number of arm entries and the number of triads were recorded in order to calculate the percentage of alternation. Collected

data were analyzed using the Ethovision XT software (Noldus). The Y-maze task were repeated in three separate experiments.

Field EPSP recordings of hippocampal slices
Electrophysiological recordings of hippocampal slices were performed as previously described(Chi et al., 2010). Hippocampal slices

were prepared from 5 to 6 month-old male littermate mice according to the procedure as described in the above section of ‘‘two-

photon Ca2+ imaging of hippocampal slices’’. Transverse hippocampal slices were incubated for at least 1 hour before transferred

to the field excitatory postsynaptic potentials (EPSPs) recording chamber (MED-PG515A, Alpha MED Science), which was perfused

with ACSF at a rate of 1.5 ml per minute at 33 �C for at least 20 min prior to the recording. The field EPSPs were recorded from CA3-

CA1 synapses through the stimulation of the Schaffer collateral (SC) fibers using a stimulation intensity that elicited a 30% maximal

response. The LTP was induced using the standard theta burst stimulation (TBS) (each contains 10 trains with four-pulse at 100 Hz

bursts and 200ms intervals and three sets of TBS separated by 20 s) and delivered at the same intensity as in the baseline recordings.

Data acquisition and slope measurement were carried out using the multielectrode MED64 hardware and software packages (Pana-

sonic). 4 mMGsMTx4 (Tocris Bioscience), 1 unit/mL Apyrase (NEB) and 3 mM ATP was prepared with ACSF immediately before use.

The compounds were continuously perfused during the experiment. Control slices received ACSF alone.

Whole-cell electrophysiology and mechanical indentation stimulation
Patch-clamp experiments were performed using an Axopatch 200B amplifier (Axon Instruments) as previously described (Zhao et al.,

2018). All experiments were performed at room temperature (22-25�C). In brief, primarily cultured astrocytes, NSCs or neuron were

recorded using a standard tight seal whole-cell recording technique. The recording electrodes had a resistance of 2�3 MU when

filled with an internal solution containing (in mM): 133 CsCl, 10 HEPES, 5 EGTA, 4 MgATP, 1 MgCl2, 1 CaCl2 and 0.4 Na2GTP (pH

7.3 with CsOH). The extracellular solution was containing (in mM): 133 NaCl, 10 HEPES, 10 glucose, 3 KCl, 2.5 CaCl2 and

1 MgCl2 (pH 7.3 with NaOH). Currents were sampled at 20 kHz and filtered at 2 kHz using the Clampex 10.4 software (Axon).

Leak currents before mechanical stimulation were subtracted off-line from the current traces. Mechanical poking was delivered to

the cell being patched under whole-cell configuration at an angle of 80� using a fire-polished glass pipette (the tip diameter

3�4 mm) as previously described (Zhao et al., 2016). Downward movement of the probe toward the cell was driven by a Clampex

controlled piezo-electric crystal micro-stage (Physik Instrument; E625 LVPZT Controller/Amplifier). The probe had a velocity of

1 mm ms�1 during the downward, upward motion and the stimulus was maintained for 150 ms. A series of mechanical steps in

1 mm increments was applied every 20 s. The membrane potential was held at -60 mV.

Measurement of ATP release from astrocytes
We adopted the previously developed ‘‘sniffer-cell’’ method (Hayashi et al., 2004) for detecting ATP released from cultured

astrocytes. HEK293T cells were co-transfected with 2 mg of plasmid expressing the mouse P2X7 receptor and 0.2 mg of plasmid ex-

pressing EGFP using the Lipofectamine 3000 according to the manufacturer’s instructions (Invitrogen). To measure the ATP dose-

response of the P2X7-expressing HEK293T cells, the transfected cells were dissociated and plated on the coverslips. Different

concentrations of ATP were puffed onto the recorded cells. On the day of sniffer cell recording, To measure ATP release from me-

chanically poked or Yoda1 treated astrocytes, transfected HEK293T cells were dissociated and plated on the coverslips on which

primary astrocytes had grown. Whole-cell recording of EGFP-positive P2X7-expressing HEK293T cells was performed using an Ax-

opatch 200B amplifier (Axon Instruments), while mechanically poking the neighboring astrocytes with a 6 mm-displacement lasting

for 1 second or puffing Yoda1 to the neighboring astrocytes. The pipette solution contained (inmM): 140 KCl, 10 HEPES and 10 EGTA

(pH7.4 with KOH). The extracellular solution contained (in mM): 150 NaCl, 10 HEPES, 10 glucose, 5 KCl, 2.5 CaCl2, 1 MgCl2 (pH7.4

with NaOH) at room temperature (22-25�C). The membrane potential was held at -70 mV. Currents were sampled at 20 kHz and

filtered at 2 kHz using the Clampex 10.4 software (Axon).

We also detected the extracellular ATP level using a bioluminescent ATP assay kit according to the manufacture’s instruction (In-

vitrogen detection technologies). Primary cultures of astrocytes were incubated in Hank’s Balanced Salt Solution (HBSS) and shaken

at 150 rpm for 30 min on an orbital shaker at 37�C in the CO2 incubator. The supernatant was collected for the ATP assay, while the

cells were lysed and protein concentrations were measured. A calibration curve was obtained from ATP standard solution. Lumines-

cence was measured using a varioskan flash (Thermo Scientific, USA) according to the manufacturer’s instructions. The ATP level

was calculated from the standard curve and normalized to the total protein amount in each sample.

We also detected the extracellular ATP level using the newly developed GPCR activation-based GRABATP sensor (Wu et al., 2022)

according to themanufacture’s instruction (Vigene Biosciences, China). Primary cultures of astrocyteswere cultured in 24-well plates

as described above. 10 days after culture, astrocytes were infected with 1 ml pAAV2/9-GfaABC1D-ATP1.0 (1013 vg/ml) viruses for

2 weeks and then subjected to imaging. The Yoda1 (30 mM) and ATP (100 mM) induced changes of the ATP1.0 signal excited at

530 nm were captured by an inverted Nikon-Tie microscope with a CCD camera and Lambda XL light box (Sutter Instrument).

The signal change was quantified by normalizing the amplitude of the peak response to the (OF/F0).
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Cell-attached electrophysiology and stretch stimulation
For recording stretch-induced currents, primary astrocytes were recorded in the conventional cell-attached configuration. The intra-

cellular solution contained (inmM): 130 NaCl, 10 HEPES, 10 TEA-Cl, 5 KCl, 1MgCl2 and 1 CaCl2 (pH 7.3 with NaOH). The extracellular

solution contained (in mM): 140 KCl, 10 glucose, 10 HEPES and 1 MgCl2 (pH 7.3 with KOH). Currents were sampled at 20 kHz and

filtered at 2 kHz using the Clampex 10.4 software (Axon). Membrane patches were stimulated with negative pressure pulses through

the recording electrode using a Patchmaster controlled pressure clamp HSPC-1 device (ALA-scientific). Current was activated by

pressure steps from 0 to -100mmHg (-10mmHg increments) for 500ms. Themembrane potential was held at -80mV. The recording

traces were averaged per cell for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell quantification
For quantification of cells expressing stage-specific markers, 1 in 12 serial sections starting at beginning of hippocampus (relative to

bregma,�1.5mm) to the end of hippocampus (relative to bregma,�3.5mm) were used. Quantification of EdU+ cells and phenotypic

quantification of EdU+ cells (double labeling with Nestin, Mcm2 or Tbr2) in the granule layer were performed using LSM880 confocal

microscope (Zeiss) with ZEN software in at least 3 sections containing the dentate gyrus from at least 4 different animals. The value of

n is described in figure legends.

Dendritic morphology analysis
For dendritic morphology analysis on 50-mm-thick floating brain sections, the AAV labeled neurons were imaged on a LSM 880

confocal microscope (Zeiss) with a 203 per objective. Z stacks of the dendrites of AAV labeled neurons were captured at 2-mm in-

tervals, and analyzed by ImageJ software (NIH, Bethesda, Maryland, USA). Data were extracted for Sholl analysis and total dendritic

length from each infected neuron. At least 20-30 cells per group from at least 3 different animals were analyzed. The value of n is

described in the figure legends.

Dendritic spine quantification
Images were acquired with an LSM 880 Confocal Microscope with AiryScan (Zeiss) by using a 63x objective (NA 1.4) with 2x optical

zoom. Z stacks were acquired at a step-size set at half the optical section. Images were taken in the molecular layer of the DG. Den-

dritic spine density was quantified using ImageJ bymeasuring a distance of at least 20 mmalong a dendritic branch and then counting

dendritic spines.

Data analysis
Data were analyzed with the Prism software (Graphpad prism for windows, version 6.0). Representative traces of currents were

generated by Origin 7.0 (Origin Lab, Northampton, MA, USA). All data are shown as the mean ± SEM from at least three independent

experiments. Data were analyzed statistically using the unpaired Student’s t-test for two groups of data and the one-way ANOVA for

multiple groups of data. The criterion for a significant difference was defined as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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