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Abstract

Microglial cells are crucial in maintaining central nervous system (CNS) homeostasis

and mediating CNS disease pathogenesis. Increasing evidence supports that alter-

ations in the mechanical properties of CNS microenvironments influence glial cell

phenotypes, but the mechanisms regulating microglial cell function remain elusive.

Here, we examined the mechanosensitive Piezo1 channel in microglial cells, particu-

larly, how Piezo1 channel activation regulates pro-inflammatory activation and pro-

duction of pro-inflammatory cytokines, using BV2 and primary microglial cells.

Piezo1 expression in microglial cells was detected both at mRNA and protein levels.

Application of Piezo1 channel activator Yoda1 induced Ca2+ flux to increase intracel-

lular Ca2+ concentration that was reduced by treatment with ruthenium red, a Piezo1

inhibitor, or Piezo1-specific siRNA, supporting that Piezo1 functions as a cell surface

Ca2+-permeable channel. Priming with lipopolysaccharide (LPS) induced microglial

cell activation and production of TNF-α and IL-6, which were inhibited by treatment

with Yoda1. Furthermore, LPS priming induced the activation of ERK, p38 MAPKs,

and NF-κB. LPS-induced activation of NF-κB, but not ERK and p38, was inhibited by

treatment with Yoda1. Yoda1-induced inhibition was blunted by siRNA-mediated

depletion of Piezo1 expression and, furthermore, treatment with BAPTA-AM to pre-

vent intracellular Ca2+ increase. Collectively, our results support that Piezo1 channel

activation downregulates the pro-inflammatory function of microglial cells, especially

production of TNF-α and IL-6, by initiating intracellular Ca2+ signaling to inhibit the

NF-κB inflammatory signaling pathway. These findings reveal Piezo1 channel activa-

tion as a previously unrecognized mechanism regulating microglial cell function, rais-

ing an interesting perspective on targeting this molecular mechanism to alleviate

neuroinflammation and associated CNS pathologies.
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1 | INTRODUCTION

Microglial cells, as innate immune cells of the central nervous system

(CNS), play a key role in supporting the function of surrounding neurons

(Lannes et al., 2017; Szepesi et al., 2018; Wolf et al., 2017). Under rest

conditions, microglial cells tend to assume a highly ramified morphology

and continuously survey the CNS tissue with their dynamically motile

processes (Davalos et al., 2005). Once activated in response to exposure

to pathogen- or danger-associated molecular patterns (PAMP/DAMP),

they change to an amoeboid phenotype, aiding motility throughout the

CNS and are essential to maintaining homeostatic balance in the neuro-

nal environment (Wolf et al., 2017). Microglial cells have a dual role in

mediating CNS responses to tissue infection and injury. Finely coordi-

nated production of inflammatory mediators by microglial and other glial

cells is crucial to the regulation of neuroinflammation. The production of

pro-inflammatory cytokines is particularly vital in inducing an immune

response that promotes phagocytosis of pathogens, dying or damaged

cells, and debris (Lannes et al., 2017). Anti-inflammatory signaling origi-

nating from microglial cells is also important in downregulating and ulti-

mately resolving the immune response, and promoting CNS tissue repair

and remodeling (Orihuela et al., 2016). Chronic and dysregulated pro-

duction of pro-inflammatory cytokines by microglial cells has, however,

been increasingly recognized for its causative link to age-related struc-

tural and functional changes in the CNS, particularly the pathogenesis of

CNS damage and diseases (Angelova & Brown, 2019; Leng &

Edison, 2021; Luca et al., 2018; Sims et al., 2017).

It is well established that microglial cells express intrinsic mecha-

nisms for detecting and responding to diverse chemical signals (Pena-

Ortega, 2017). For example, they express the CX3CR1 fractalkine

receptor that binds chemokine CX3CL1 produced by neurons (Liu

et al., 2015) and the C3a receptor responsible for C3a-induced comple-

ment signaling in astrocytes (Wei et al., 2021), both interactions being

crucial for bidirectional communications between microglial cells and

other cell types within the CNS. Purinergic P2 receptors for extracellu-

lar adenosine triphosphate (ATP), released from neurons or glial cells, is

another important signaling mechanism for neuron–glial communica-

tions (Fields & Burnstock, 2006). In particular, activation of the P2X7

receptor in microglial cells by high concentrations of extracellular ATP

released by dying or damaged cells as a DAMP can elicit microglial cell

activation (Fields & Burnstock, 2006). Increasing evidence suggests that

changes to the mechanical properties of CNS microenvironments,

mainly due to aging or various disease conditions, can significantly influ-

ence glial cell phenotypes by modulating the activity of mechanosensi-

tive ion channels that convert mechanical signals into intracellular

signals (Momin et al., 2021; Velasco-Estevez et al., 2018; Velasco-

Estevez et al., 2020). Activation of the Ca2+-permeable Piezo1 channel

at the cell surface has emerged as a key molecular mechanism that con-

fers the mechanosensing capacity of diverse cell types (Gudipaty

et al., 2017; McHugh et al., 2010; Wang & Xiao, 2018). Recent studies

have revealed a vital role for the Piezo1 channel in regulating neuronal

differentiation and regeneration in the CNS (Pathak et al., 2014; Song

et al., 2019). There is also emerging evidence that Piezo1 is expressed

in astrocytes and regulates cytokine production (Velasco-Estevez

et al., 2018; Velasco-Estevez et al., 2020). Particularly, Piezo1 channel

activation by Yoda1, a Piezo1-specific activator (Syeda et al., 2015),

inhibited the production of interleukin (IL)-1β, IL-6, and tumor necrosis

factor (TNF)-α, the major pro-inflammatory cytokines, in astrocytes that

were prior primed or activated with lipopolysaccharide (LPS), a PAMP

widely used to induce inflammatory responses (Velasco-Estevez

et al., 2020). This finding is intriguing, as it strikingly contrasts with

other recent studies reporting that Piezo1 channel activation in macro-

phages, myeloid cells, and nucleus pulposus cells promotes pro-

inflammatory responses (Atcha et al., 2021; Solis et al., 2019; Sun

et al., 2022). Microglial cells are highly mobile both under physiological

and pathological conditions, and able to sense mechanical signals in

their microenvironments (Ayata & Schaefer, 2020; Bruno et al., 2021;

Davalos et al., 2005). A recent study shows expression of the Piezo1

channel in BV2 microglial cells (Liu et al., 2021). However, the role of

the Piezo1 channel in regulating microglial cell function, particularly the

production of pro-inflammatory cytokines, is still unknown.

In this study, we investigated the expression of the Piezo1 channel

in BV2 cells and primary mouse microglial cells and its role in the regula-

tion of pro-inflammatory responses following LPS-induced microglial cell

activation. We further examined the signaling mechanism downstream

of Piezo1 channel activation that mediates the regulation of microglial

cell function. Our results show that the Piezo1 channel in microglial cells

functions as a cell surface Ca2+-permeable channel and mediates Ca2+

influx to increase intracellular Ca2+ concentration. Importantly, Piezo1

channel activation or, more specifically, Piezo1 channel-mediated Ca2+

signaling reduces LPS-induced microglial cell activation and production

of TNF-α and IL-6 by inhibiting the NF-κB inflammatory signaling path-

way. These findings provide novel insights into the molecular mecha-

nisms regulating the pro-inflammatory phenotype of microglial cells, a

functional attribute that is important in maintaining healthy CNS

homeostasis under physiological conditions and is also responsible for

exacerbating or inducing CNS damage and neurodegenerative diseases.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich, unless otherwise

specified, and used as per manufacturer's instructions. Solutions were

prepared by diluting in deionized water as standard and sterile filtered

where appropriate for use in tissue culture.

2.2 | Cell preparation and culture

Murine BV2 cells and primary mouse microglial cells were used in this

study. BV2 cells were maintained in Dulbecco's modified Eagle's

medium/Nutrient mixture F-12 (DMEM/F12, Gibco) supplemented

with 10% fetal bovine serum (FBS, Gibco) at 37�C in a 5% CO2 atmo-

sphere in a tissue culture incubator. Primary microglial cell cultures

were prepared from the brain tissue of 1–3-day old C57BL/6 mouse

MALKO ET AL. 849

 10981136, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24311 by T

est, W
iley O

nline L
ibrary on [08/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



neonates. Once sacrificed, brains were extracted, and the meninges

and blood vessels removed in Hanks' Balanced Salt Solution (HBSS,

Gibco). Isolated tissues were digested in 0.05% trypsin–etheylenediami-

netetraacetic acid (EDTA) (Gibco) at 37�C for 20 min before being mac-

erated in DMEM (Gibco), and the resultant suspension filtered through

a 40-μm cell strainer. After centrifugation at 300g for 5 min, the cell

pellet was resuspended in DMEM/F12 supplemented with 10% FBS,

100 units/ml penicillin and 100 μg/ml streptomycin. Cells were seeded

in poly-L-lysine-coated 75-cm2 culture flasks and kept at 37�C in a 5%

CO2 atmosphere. After 3 days in culture, half of the media was

removed from the flask and centrifuged at 300g for 5 min, and the

supernatant collected and supplemented with fresh media, which was

used to culture the cells for a further 7–10 days. To isolate microglial

cells from the glial bed, flasks were agitated on an orbital shaker for

45 min at 37�C. Detached cells were collected by centrifugation at

160g for 5 min, and resuspended in equal parts of the supernatant

growth media and fresh culture media before being seeded in different

plates as detailed below for experimentation. Immunostaining with an

antibody recognizing Iba1, a protein marker for microglial cells, indi-

cates >99% of the cells in our preparations are microglial cells.

2.3 | RNA extraction and RT-qPCR

BV2 cells and primary microglial cells were seeded in six-well plates at

2 � 105 and 5 � 105 cells per well, respectively, and incubated for 24 h

prior to use. RNA extraction was carried out using an RNAqueous™-

Micro Total RNA Isolation kit (Invitrogen) followed by treatment with a

TURBO DNA-free™ kit (Invitrogen) as per manufacturer's instructions.

The purity and concentration of RNA were determined using a Nano-

drop 2000 spectrophotometer (Thermo Scientific). RNA was reverse-

transcribed into cDNA using a High-Capacity RNA-to-cDNA™ kit

(Applied Biosystems), and the cDNA stored at �20�C until use. Quanti-

tative polymerase chain reaction (qPCR) was performed using a Quant-

Studio™ 3 Real-Time PCR System in 20 μl reactions, each containing

10 ng cDNA, PowerTrack SYBR Green Master Mix (Applied Biosys-

tems) and 400 nM forward and reverse primers. The primer sequences

used were as follows: 5’-TCATCATCCTTAACCACATGGTG-’3
(Forward) and 5’-TGAAGACGATAGCTGTCATCCA-’3 (Reverse) for

Piezo1 (Zhou et al., 2020), and 5’-CTCGCTTCGGCAGCACA-’3
(Forward) and 5-’AACGCTTCACGAATTTGCGT-’3 (Reverse) for U6,

used as a housekeeping gene in microglial cells (Durham et al., 2017).

PCR consisted of 95�C for 10 min, 35 cycles of 95�C for 10 s, 55�C for

6 s, and 72�C for 14 s, followed by melt curve analysis from 60�C to

95�C. Data were analyzed using the QuantStudio Design & Analysis

Software 2.5.1. PCR products were separated by electrophoresis on a

1% agarose gel and imaged using a Syngene G:BOX Chemi XT4 imager.

2.4 | Western blotting

BV2 cells and primary microglial cells were seeded in six-well plates at

2 � 105 and 7.5 � 105 cells per well, respectively, and incubated for

24 h prior to use. For examining NF-κB activation, cells were treated

with 100 ng/ml LPS from Escherichia coli O111:B4 alone or with 3 μM

Yoda1 (TOCRIS) for 6 or 24 h. Cells were resuspended in sodium

dodecyl sulfate (SDS) lysis buffer (10 mM Tris–HCl, 1 mM EDTA, and

1% SDS, pH 8.0) containing a protease inhibitor cocktail (Roche) and

samples heated to 95�C for 5 min before the supernatant was col-

lected by centrifugation for 5 min. Lysate protein concentrations were

determined using a BCA assay (Thermo Scientific) and diluted using

NuPAGE™ 4� lithium dodecyl sulfate (LDS) Sample Buffer (Invitro-

gen) and distilled water. Protein loading samples were heated at 95�C

for 10 min before use, and 20 μg of proteins separated on a 12%

SDS-PAGE gel in running buffer (25 mM Tris, 192 mM glycine, and

0.1% SDS) by electrophoresis. Proteins were transferred from the gel

to a 0.45-nm nitrocellulose membrane (Whatman) for 90 min at

100 mA using a Trans-Blot® SD Semi-Dry Transfer Cell (BIO-RAD)

and transfer buffer (25 mM Tris, 192 mM glycine, and 20% (v/v)

methanol). For examining Piezo1 protein expression, cells were lysed

in ice cold radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris–

HCl pH 8.0, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycho-

late, 0.1% SDS, and 140 mM NaCl) containing a protease inhibitor

cocktail and incubated for 30 min on ice before centrifugation at

11,000g for 20 min at 4�C to collect the supernatant. Samples con-

taining 30 μg of proteins were separated on a 6% SDS-PAGE gel and

transferred to a polyvinylidene difluoride membrane (Millipore) for

90 min at 400 mA in transfer buffer (25 mM Tris and 192 mM

glycine).

Membranes were blocked in 5% non-fat milk in Tris buffered

saline (TBS: 20 mM Tris and 15 mM NaCl, pH 7.2) containing 0.1%

Tween-20 (TBST) before being incubated with primary antibodies

diluted in TBST and 1% nonfat milk at 4�C overnight. Primary anti-

bodies used were β-actin (C4) at a dilution of 1: 2000 (sc-47,778,

Santa Cruz), NF-κB p65 (L8F6) at 1: 500 (6956 S, Cell Signaling Tech-

nology), p38 at 1: 500 (9212 S, Cell Signaling Technology), p44/42

(ERK1/2) at 1: 500 (9102 S, Cell Signaling Technology), phospho-NF-

κB p65 (Ser536) (93H1) at 1: 500 (3033 S, Cell Signaling Technology),

phospho-p38 (Thr180/Tyr182) at 1: 500 (9211 S, Cell Signaling Tech-

nology), phospho-p44/42 (ERK1/2) (Thr202/Tyr204) at 1:

500 (9101 S, Cell Signaling Technology), and Piezo1 (extracellular

domain) at 1: 500 (15939-1-AP, Proteintech). After washing in TBST,

membranes were incubated with corresponding horseradish peroxi-

dase (HRP)-conjugated secondary bovine anti-mouse or anti-rabbit

IgG antibodies (Santa Cruz) at 1: 5000 at room temperature for an

hour. Membranes were washed in TBST and then TBS before being

incubated with an EZ-ECL Enhanced Chemiluminescence Detection

Kit (Biological Industries) for detection using a Syngene G:BOX Chemi

XT4 imager.

2.5 | Immunofluorescent confocal imaging

BV2 cells and primary microglial cells were seeded on glass coverslips

in 24-well plates at 1 � 104 cells and 3.5 � 104 cells per well, respec-

tively. Cells were incubated for 24 h prior to treatment with

850 MALKO ET AL.
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100 ng/ml LPS alone or with 3 μM Yoda1 for 24 h. Cells were fixed

using Zamboni's fixative solution, made of 15% picric acid and 2%

formaldehyde in phosphate buffered saline (PBS), for 45 min at room

temperature and washed with PBS. Coverslips were incubated for 1 h

at room temperature in a blocking solution (5% goat serum and 2%

Triton X-100 in PBS), followed by incubation with the primary anti-

body diluted in blocking solution at 4�C overnight. Primary antibodies

used were NFAT1 at 1: 50 (4389 S, Cell Signaling Technology), NF-κB

p65 (L8F6) at 1: 200 (6956 S, Cell Signaling Technology) and Piezo1

(extracellular domain) at 1: 200 (15939-1-AP, Proteintech). Cells were

washed with PBS and incubated with secondary fluorescein isothiocy-

anate (FITC)-conjugated goat anti-mouse or anti-rabbit IgG antibodies

at 1: 500 (Sigma) for 2 h at room temperature. Cells were washed with

PBS, rinsed in water and mounted onto glass microscope slides, using

SlowFade™ Gold Antifade Mountant with 4',6-diamidino-2-phenylin-

dole (DAPI) (Life Technologies), and imaged using a Zeiss LSM

880 inverted laser scanning confocal microscope.

Analysis of NF-κB p65 and NFAT1 translocation from the cytosol to

the nucleus was carried out using ImageJ software and an adapted pro-

tocol described in a previous study (Noursadeghi et al., 2008). Briefly, a

median filter (3.0 pixel radius) was applied to both the FITC and DAPI

stained images to remove noise. An automatic threshold was applied

using settings that appropriately captured the cellular or nuclear area

and used to generate a binary mask of the image. The DAPI mask repre-

senting the nuclear region of interest (ROI) was subtracted from the FITC

mask representing the whole cell area to create a mask that represented

the cytosolic fraction of cells. The nuclear and cytosolic ROIs were

applied to the original FITC image, and quantitative fluorescence data for

each image analyzed to give the ratio of nuclear and cytosolic proteins.

2.6 | Measurement of intracellular Ca2+

concentration

BV2 cells and primary microglial cells were seeded in poly-L-lysine-

coated black 96-well plates (Greiner Bio-One) at 5 � 104 cells per well

and incubated overnight. Cells were washed using standard bath solu-

tion (SBS: 134 mM NaCl, 5 mM KCl, 8 mM glucose, 10 mM HEPES,

1.2 mM MgCl2, and 1.5 mM CaCl2, pH 7.4) and incubated at 37�C in

SBS containing 4 μM Fura-2 AM (Invitrogen) and 0.04% Pluronic™

F-127 (Invitrogen) for 1 h in darkness. Cells were again washed with

SBS and maintained in 200 μl SBS per well. For some experiments,

extracellular Ca2+-free solution (134 mM NaCl, 5 mM KCl, 8 mM glu-

cose, 10 mM HEPES, 1.2 mM MgCl2, and 0.4 mM EGTA, pH 7.4) was

used. Fluorescence was alternatively excited at 340 nm and 380 nm

and emission at 510 nm measured every 5 sec, using a FlexStation 3

Multi-Mode Microplate Reader (Molecular Devices). Yoda1 was added

after 65 sec after establishment of the baseline. In experiments exam-

ining Piezo1 inhibitor ruthenium red (RR; Merck), cells were incubated

with SBS containing indicated concentrations for 5 min prior to addi-

tion of Yoda1. The fluorescence ratio F340/F380, used to indicate

the intracellular Ca2+ concentration ([Ca2+]i), was plotted using Soft-

maxPro software (Molecular Devices).

2.7 | Transfection with siRNA

BV2 cells were seeded in 96-well microplates at 5 � 104 cells per well

for measurement of [Ca2+]i, 24-well plates at 2 � 104 cells per well for

conditioned media collection and in 6-well plates at 1.5 � 105 cells per

well for RNA extraction, and incubated overnight. The next day, cells

were maintained in Opti-MEM™ Reduced Serum Medium (Gibco) and

transfected with 50 nM Piezo1-specific siRNA (s107968, Thermo Fisher

Scientific; siPiezo1) or negative control siRNA (4390843, Thermo Fisher

Scientific; siCTL) using Lipofectamine™ RNAiMAX Transfection Reagent

(Invitrogen) according to manufacturer's instructions. Twenty-four hours

post transfection cells were used for indicated experiments. RT-qPCR

was performed as described above to examine the Piezo1 mRNA

expression level in transfected cells. The mRNA expression in cells trans-

fected with siPiezo1 relative to that in cells transfected with siCTL was

calculated using the 2�ΔΔCt method (Livak & Schmittgen, 2001), where

ΔΔCt = [(CtPiezo1 � CtU6)siPiezo1 � (CtPiezo1 � CtU6)siCTL].

2.8 | ELISA

Cells were plated in 24-well plates at 5 � 104 BV2 cells in 400 μl cul-

ture media per well or in 96-well plates at 3.5 � 104 primary microglial

cells in 200 μl culture media per well, and incubated for 24 h before

use. Cells were treated with 100–1000 ng/ml LPS, 0.3–3 μM Yoda1

and/or 3 mM ATP for 2–24 h, as indicated, before the media was col-

lected for ELISA analysis. For experiments, testing the effect of an

antagonist or inhibitor, the compound at indicated concentrations was

applied to cells 30 min before, and during, subsequent treatment with

LPS or LPS and Yoda1. Media were centrifuged to remove cellular

debris. The concentrations of pro-inflammatory cytokines in the condi-

tioned culture media were measured using murine TNF-α, IL-1β, and IL-

6 ABTS ELISA development kits (PeproTech) as per manufacturer's

guidelines. In brief, 96-well plates were incubated with capture anti-

bodies diluted in PBS overnight at room temperature before being

washed with PBS containing 0.05% Tween-20. Plates were incubated

in blocking buffer (1% bovine serum albumin [BSA] in PBS) for 1 h

before addition of cytokine protein standards and media samples in

triplicate and incubation for 2 h. Detection antibodies, diluted in PBS

containing 0.05% Tween-20 and 0.1% BSA, were added and incubated

for 2 h. An avidin-HRP conjugate solution was added for 30 min, fol-

lowed by addition of the ABTS liquid substrate. The color change was

detected by measuring absorbance at 405 nm using a Varioskan Flash

Microplate Reader (Thermo Fisher Scientific), with background correc-

tion measured at 650 nm. The concentration of cytokines in each

media sample was derived from the standard curves.

2.9 | PI staining

Cell death was examined using a propidium iodide (PI) staining assay.

Cells were exposed to treatments for 24 h and then incubated for

30 min at 37�C with PI and Hoechst 33342, both at a concentration

MALKO ET AL. 851
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of 5 μg/ml. Fluorescent images were captured using an EVOS FL Auto

Imaging System (Life Technologies). Cells stained by PI and Hoechst

33342 were analyzed using ImageJ, and cell death is presented by PI-

positive cells as a percentage of all cells in the same image identified

by counter-staining with Hoechst 33342.

2.10 | Characterization of cell morphology

Primary microglial cells were seeded in 96-well microplates at 2 � 104

cells per well and incubated overnight prior to treatment for 24 h with

100 ng/ml LPS and/or 3 μM Yoda1. Cells were imaged using an EVOS

FL Auto Imaging System (Life Technologies) and cell morphology ana-

lyzed using ImageJ. The form factor of a cell was derived using the for-

mula 4π � area/perimeter2, with a value of 1 representing a circular

shape and values closer to 0 an elongated shape (Soltys et al., 2001).

The length-to-width ratio of the cell was termed the aspect ratio, with

values closer to 1 indicating a more circular form (Zanier et al., 2015).

2.11 | Data presentation and statistical analysis

Data are presented as mean ± standard error of the mean (SEM),

unless otherwise stated. The Shapiro–Wilk Normality test was used

F IGURE 1 Characterization of Piezo1 expression and Yoda1-induced intracellular Ca2+ responses in BV2 microglial cells. (a) Agarose gel
electrophoresis image showing the PCR product of Piezo1 with anticipated size. (b) Representative Western blot showing Piezo1 protein
expression. (c) Representative immunofluorescent images demonstrating Piezo1 protein expression in cells stained with an anti-Piezo1 antibody
or with secondary antibody alone, counterstained with DAPI. Scale bar is 25 μm. (d,e) Summary of intracellular Ca2+ responses to Yoda1 in
extracellular Ca2+-containing and Ca2+-free solutions. Top: Representative recordings showing mean ± standard error of the mean (SEM) Ca2+

responses to indicated concentrations of 0, 0.3, 3 and 30 μM Yoda1 from 3 wells of cells in one experiment. Bottom: Mean ± SEM of mean peak
Ca2+ responses from 3 repeats. Yoda1 (30 μM) was used in (e). (f ) Summary of effect of treatment with ruthenium red (RR) on Ca2+ response to
10 μM Yoda1. Top: Representative recordings showing mean ± SEM Ca2+ response from 3 wells of cells in one experiment in control cells (CTL)
or cells treated with 300 μM RR. Bottom: Mean ± SEM of mean peak Ca2+ responses from 4 repeats. (g) Summary of effect of siRNA transfection
on Piezo1 expression examined by RT-qPCR. Left: Mean ± SEM Piezo1 expression in cells transfected with Piezo1-specific siRNA (siPiezo1),
presented as % of that in cells transfected with control siRNA (siCTL), from three repeats. Right top: Representative recordings showing mean
± SEM Ca2+ responses from four wells of cells in one experiment to 10 μM Yoda1 in cells transfected with siPiezo1 and siCTL. Right bottom:

Mean ± SEM of mean peak Ca2+ responses from 3 repeats. *p < .05; ***p < .005, compared to control conditions (d, e). #, p < .05; ###, p < .005,
compared to treatment with Yoda1 (f) or transfection with siPiezo1 (g).
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to determine the data distribution. For comparisons of three or more

groups, one-way ANOVA was performed to calculate statistical signif-

icance and Tukey's test for post hoc analysis of differences. For com-

parisons of two groups, Student's t-test was used. Statistical

significance was accepted for values of p < .05. Statistical analysis was

performed with SPSS Statistics software (version 27).

3 | RESULTS

3.1 | Piezo1 channel expression and its critical role
in Yoda1-induced Ca2+ influx in BV2 microglial cells

We firstly examined the Piezo1 channel expression in BV2 cells, a

widely used microglial cell line. Piezo1 expression at the mRNA and

protein levels was detected by RT-qPCR (Figure 1a) and Western blot-

ting (Figure 1b), respectively. Piezo1 protein expression in BV2 cells

was also observed using immunofluorescence confocal imaging. Cells

showed strong staining with the anti-Piezo1 antibody, which was

absent in cells labeled with only the secondary antibody (Figure 1c).

These results are overall consistent with a recent study reporting

Piezo1 protein expression in BV2 cells (Liu et al., 2021).

The Piezo1 channel is a Ca2+-permeable channel (Coste

et al., 2010). We next examined the functional expression of the

Piezo1 channel, using Fura-2, a ratiometric Ca2+ fluorescent indicator,

in combination with a Flexstation microplate reader to measure intra-

cellular Ca2+ response to application of Yoda1. In extracellular Ca2+-

containing solutions, application of 0.3, 3 and 30 μM Yoda1 induced a

robust and concentration-dependent increase in [Ca2+]i, with the

increase reaching a significant level at 3 μM (Figure 1d). In contrast,

application of Yoda1 even at 30 μM elicited little or no Ca2+ response

in extracellular Ca2+-free solution (Figure 1e), which clearly indicates

that the Piezo1 channel functions on the cell surface and mediates

Ca2+ influx to raise the [Ca2+]i. Treatment with 30, 100, and 300 μM

RR, a compound known to inhibit the Piezo1 channel (Coste

et al., 2010), prior to and during application of Yoda1, resulted in a

concentration-dependent reduction of Yoda1-induced increase in

[Ca2+]i (Figure 1f). Compared to transfection with siCTL, transfection

with siPiezo1 resulted in a significant reduction in the Piezo1 expres-

sion level and, consistently, Yoda1-induced increase in [Ca2+]i

(Figure 1g).

Taken together, these results provide clear evidence to show that

the Piezo1 channel is expressed at the cell surface as a Ca2+-

permeable channel in BV2 microglial cells.

3.2 | Piezo1 channel activation inhibits
LPS-induced microglial cell activation
and pro-inflammatory mediator production in BV2
microglial cells

We were interested in the role of the Piezo1 channel in regulating

microglial cell activation and the pro-inflammatory phenotype by

examining production of IL-1β, TNF-α and IL-6 in LPS-primed BV2

cells using ELISA. Priming with 100 ng/ml LPS strongly stimulated

the production of both TNF-α and IL-6 (Figure 2a). Priming with

LPS at 100 ng/ml or higher concentrations (300 and 1000 ng/ml)

resulted in no significant increase in IL-1β production (Figure S1a).

Interestingly, application of 0.3–3 μM Yoda1 during LPS priming led

to a concentration-dependent reduction in the production of TNF-α

and IL-6 (Figure 2b), without affecting IL-1β production (Figure S1b).

The reduction in LPS-induced production of TNF-α and IL-6 reached

statistical significance at the concentration of 1 and 3 μM Yoda1,

respectively (Figure 2b). Application of Yoda1 to BV2 cells without

LPS priming did not alter the low basal production of IL-1β, TNF-α,

and IL-6 (Figure S1c). To better understand the inhibitory effect of

Yoda1, we further analyzed the production of TNF-α and IL-6 in

BV2 cells following exposure to 100 ng/mL LPS and 3 μM Yoda1

for different durations (2, 4, 8, 12, 24 h). LPS-induced production of

TNF-α and IL-6 peaked at 8 h and, importantly, was significantly

reduced by treatment with Yoda1 by this point (Figure 2c). Expo-

sure to 100 ng/ml LPS, 3 μM Yoda1 or in combination for 24 h did

not induce cell death assessed using PI staining (Figure S2), exclud-

ing the possibility that necrotic cell death causes cytolytic release of

TNF-α and IL-6 into the culture medium. Collectively, these results

reveal a critical role of the Piezo1 channel in downregulating the

pro-inflammatory response, particularly inhibiting the production of

TNF-α and IL-6 by BV2 microglial cells.

More effective IL-1β production or, more specifically, its effi-

cient processing and secretion requires a second signal that acti-

vates the NLRP3 inflammasome and subsequently caspase-1 to

convert pro-IL-1β to IL-1β. A high concentration of extracellular

ATP, often associated with tissue inflammation and damage, is well

known as an activation signal through the P2X7 receptor to pro-

mote NLRP3 inflammasome activation and IL-1β production

(Pelegrin, 2021). Treatment of BV2 cells with 100–1000 ng/ml LPS

and 3 mM ATP increased the production of IL-1β (cf. Figures S1a

and S3a). Under such conditions, treatment with Yoda1 still signifi-

cantly but less effectively inhibited TNF-α production and resulted

in slight but insignificant increase in the production of IL-1β and

IL-6 (Figure S3b). Overall, these results are consistent with the well-

established role of the P2X7 receptor in stimulating production of

pro-inflammatory cytokines including TNF-α and IL-6, which miti-

gates the inhibition imposed by Piezo1 channel activation. Interest-

ingly, recent studies by us and others examining different cell types

provide strong evidence to support ATP release and activation of

P2 receptors as a common and important mechanism transducing

Piezo1 channel activation to regulation of cell function (Wei

et al., 2019). We were interested in the role of such a signal trans-

duction mechanism in Yoda1-induced Piezo1 channel-mediated inhi-

bition of the production of TNF-α and IL-6 in microglial cells.

Treatment with 3 units/ml apyrase, an enzyme that catalyzes the

hydrolysis of ATP, prior to and during exposure to LPS and Yoda1,

significantly reduced Yoda1-induced inhibition of TNF-α production,

and almost abolished Yoda1-induced inhibition of IL-6 production

(Figure S4a), without effect on LPS-induced production of TNF-α
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and IL-6 (Figure S4b), suggesting that ATP is released as a result of

Piezo1 channel activation. Treatment with 30 μM PPADS, a generic

P2 receptor antagonist, prior to and during exposure to LPS and

Yoda1, however, did not affect the production of TNF-α and IL-6

(Figure S4c). Such treatment also had no effect on LPS-induced pro-

duction of TNF-α and IL-6 (Figure S4d). PPADS is known to display

poor sensitivity in inhibiting the P2X7 receptor (North &

Surprenant, 2000). Treatment with 1 μM AZ11645373 or A740003,

two P2X7-specific and structurally different antagonists, prior to

and during exposure to LPS and Yoda1, induced a tiny, albeit statis-

tically significant, reduction in Yoda1-induced inhibition of TNF-α

production (Figure S4e), without effect on LPS-induced TNF-α pro-

duction (Figure S4f). In summary, these results suggest that ATP

release is at least part of the mechanism transducing Piezo1 channel

activation to inhibition of the pro-inflammatory function of micro-

glial cells with a minimal role for the P2 receptors including the

P2X7 receptor.

3.3 | Piezo1 channel-mediated Ca2+ signaling is
important for inhibition of LPS-induced NF-κB
activation in BV2 microglial cells

As introduced above, intracellular Ca2+ signaling is important in

regulating gene expression, and NF-κB is one of the major tran-

scription factors that is activated as part of the Ca2+-dependent

downstream signaling pathways to drive the expression of cyto-

kines by activated microglial cells (Dresselhaus & Meffert, 2019).

Mechanistically, it has been well established that NF-κB activa-

tion is accompanied by its translocation from the cytosol to the

nucleus. Therefore, we examined the effects of treatment with

Yoda1 on the activation of this pathway in LPS-primed BV2

cells. LPS priming resulted in a strong increase in the proportion

of NF-κB in the nucleus, revealed by immunofluorescence con-

focal imaging (Figure 3a,b), indicating that LPS priming promotes

activation of the NF-κB pathway. Such nuclear translocation was

almost completely prevented by treatment with Yoda1

(Figure 3a,b).

To gain mechanistic insights into Piezo1 channel-mediated inhi-

bition of LPS-induced NF-κB activation, we next determined the

phosphorylation of p65 protein, a key event in the activation of the

multiple-protein NF-κB signaling complex, as well as its total protein

expression level using Western blotting. LPS priming for 24 h

strongly increased p65 phosphorylation without altering its protein

expression level, and treatment with Yoda1 during LPS priming sup-

pressed p65 phosphorylation but not protein expression

(Figure 3c,d). Such an inhibition was also detected in cells after treat-

ment with LPS and Yoda1 for 6 h (Figure S5). These results clearly

indicate that Piezo1 channel activation inhibits LPS-induced NF-κB

activation. Furthermore, we examined the role of Piezo1 channel-

mediated Ca2+ signaling in Yoda1-induced inhibition of NF-κB acti-

vation in LPS-primed BV2 cells. Treatment with 1 μM BAPTA-AM,

an intracellular Ca2+ chelator, prior to and during exposure to LPS

and Yoda1, largely abolished Yoda1-induced inhibition of NF-κB

nuclear translocation, as shown using immunofluorescence confocal

imaging (Figure 3e,f). Taken together, these results support that

Piezo1 channel-mediated Ca2+ signaling is important for inhibition

of LPS-induced activation of the NF-κB pathway in BV2 microglial

cells.

To further validate the role of the Piezo1 channel in mediating

Yoda1-induced inhibition of the pro-inflammatory response in

microglial cells, we compared NF-κB activation and TNF-α produc-

tion in BV2 cells transfected with siCTL and siPiezo1 prior to treat-

ment with LPS and Yoda1 for 24 h. As shown above in

F IGURE 2 Piezo1 channel activation inhibits lipopolysaccaharide (LPS)-induced generation of pro-inflammatory cytokines from BV2
microglial cells. (a) Summary of tumor necrosis factor (TNF)-α (top) and IL-6 (bottom) released from control cells and cells primed with 100 ng/ml
LPS for 24 h. (b) Summary of TNF-α (top) and IL-6 (bottom) released from LPS-primed BV2 cells without or with exposure to the indicated
concentrations of Yoda1 for 24 h. (c) Summary of TNF-α (top) and IL-6 (bottom) released from control cells, cells primed with LPS, and cells
primed with LPS with and treated with 3 μM Yoda1 for 2, 4, 8, 12 and 24 h. Data are displayed as mean ± SEM concentration (a, c) or % of that in
cells primed with LPS (b), from 3 (c top), 4 (a top, b bottom, c bottom), or 5 (a bottom, b top) repeats. *p < .05; **p < .01; ***p < .005 compared to
control conditions. #, p < .05; ###, p < .005 compared to priming with LPS.
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nontransfected cells, application of 3 μM Yoda1 still strongly inhib-

ited NF-κB nuclear translocation and, in strong contrast, such

Yoda1-induced inhibition of NF-κB activation was largely blunted in

cells transfected with siPiezo1 (Figure 4a,b). Consistently, application

of Yoda1 strongly inhibited LPS-induced TNF-α production in siCTL-

transfected cells, but not in siPiezo1-transfected cells (Figure 4c).

Collectively, these results provide further evidence to support the

notion that Piezo1 channel activation inhibits the LPS-induced pro-

inflammatory response via inhibiting the NF-κB inflammatory signal-

ing pathway.

3.4 | Expression of the Piezo1 channel with an
important role in mediating Yoda1-induced Ca2+

signaling in primary mouse microglial cells

BV2 cells, as demonstrated in this and many previous studies, can be use-

ful in elucidating molecular and signaling mechanisms regulating microglial

cell functions. However, increasing evidence indicates BV2 cells can differ

from primary microglial cells functionally, as well as morphologically (Das

et al., 2016; He et al., 2018; Luan et al., 2022). Therefore, we performed

experiments using primary microglial cells isolated from mice to validate

F IGURE 3 Piezo1 channel activation inhibits lipopolysaccharide (LPS)-induced activation and nuclear translocation of NF-κB in BV2
microglial cells. (a) Representative immunofluorescent confocal images showing subcellular location of NF-κB p65 protein in control cells, cells
primed with 100 ng/ml LPS and cells primed with LPS and treated with 3 μM Yoda1 for 24 h. Cells were counterstained with DAPI. (b) Summary
of the mean ratio of nuclear and cytosolic p65 in cells as shown in (a). (c) Representative Western blots showing protein expression and the
phosphorylated form of the p65 subunit of NF-κB in control cells and cells primed with 100 ng/ml LPS without or with treatment with 3 μM
Yoda1 for 24 h. (d) Summary of the total expression of p65 and the ratio of total p65 to phosphorylated p65 in cells as shown in (c).
(e) Representative immunofluorescent confocal images showing subcellular location of NF-κB p65 protein in cells primed with 100 ng/ml LPS
without or with treatment with 3 μM Yoda1, and in cells treated with 1 μM BAPTA-AM for 1 h prior to and during exposure to LPS and Yoda1.
Cells were counterstained with DAPI. (f) Summary of the mean ratio of nuclear and cytosolic p65 in cells as shown (e). Scale bars are 20 μm. Data
are displayed as mean ± standard error of the mean (SEM) from 4 (b) or 5 (d,f) repeats. ***p < .005 compared to control conditions. ###, p < .005
compared to priming with LPS. †††, p < .005 compared to priming with LPS and treatment with Yoda1. NS, not significant.
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the key findings from BV2 cells described above. The Piezo1 mRNA

expression in primary microglial cells was demonstrated using RT-qPCR

(Figure 5a), and the protein expression usingWestern blotting and immu-

nofluorescence confocal imaging (Figure 5b,c), respectively. Consistently,

application of 1, 3, 10, and 30 μM Yoda1 to primary microglial cells in

extracellular Ca2+-containing solution induced a concentration-dependent

increase in [Ca2+]i (Figure 5d). Such Ca2+ response was almost completely

absent in extracellular Ca2+-free solution (Figure 5e). Furthermore, treat-

ment with 30, 100 and 300 μMRR also led to a concentration-dependent

reduction in Yoda1-induced Ca2+ responses (Figure 5f). These results

show that the Piezo1 channel functions on the cell surface as a Ca2+-

permeable channel and mediates Yoda1-induced Ca2+ influx to increase

[Ca2+]i in primarymousemicroglial cells, as shown above in BV2 cells.

3.5 | Piezo1 channel activation inhibits LPS-
induced microglial cell activation and pro-
inflammatory mediator generation in primary mouse
microglial cells

Differing from BV2 cells, primary microglial cells under in vitro culture

conditions, as observed in vivo, for example, in the brain (Boche

et al., 2019), exhibit a dynamic range of morphologies, which are asso-

ciated with their functional states. Mouse microglial cells under

resting condition, that is, without LPS priming, displayed the well-

documented cell morphology with elongated processes stemming

from the cell body (Figure 6a). After priming with 100 ng/ml LPS for

24 h, they underwent a striking morphological change, and adopted

an amoeboid shape and occupied a noticeably larger area (Figure 6a),

indicating microglial cell activation. Such morphological change was

quantitatively characterized by analysis of individual cells that showed

a significant increase in the form factor and a decrease in the aspect

ratio (Figure 6b,c). LPS-induced morphological change was strongly

attenuated by treatment with 3 μM Yoda1 during LPS priming

(Figure 6a,b). LPS priming of primary microglial cells resulted in a dra-

matic increase in the production of TNF-α and IL-6 (Figure 6d), with-

out significant effect on IL-1β production (Figure S6a). Importantly, as

shown above with BV2 cells, treatment of primary microglial cells with

3 μM Yoda1 during LPS priming significantly reduced the production

of TNF-α and IL-6 (Figure 6e), causing no significant effect on IL-1β

production in LPS-primed cells (Figure S6b). In primary microglial cells

without LPS priming, treatment with Yoda1 had no effect on cell mor-

phology (Figure 6a–c) or production of TNF-α and IL-6, though it did

induce a modest reduction in IL-1β production (Figure S6c). We also

F IGURE 4 Piezo1 knockdown attenuates Yoda1-mediated inhibition of lipopolysaccharide (LPS)-induced NF-κB activation and tumor necrosis
factor (TNF)-α production in BV2 microglial cells. (a) Representative immunofluorescent confocal images showing subcellular location of NF-κB p65
protein in cells transfected with control siRNA (siCTL) or Piezo1-specific siRNA (siPiezo1) under control conditions or primed with 100 ng/ml LPS in
the presence and absence of 3 μM Yoda1 for 24 h. Cells were counterstained with DAPI. Scale bars are 50 μm. (b) Summary of the mean ratio of
nuclear and cytosolic p65 in cells transfected with siCTL or siPiezo1 as shown in (a). (c) Summary of TNF-α released from BV2 cells transfected with
siCTL or siPiezo1 prior to exposure to LPS, or LPS with Yoda1 for 24 h. Data are displayed as mean ± standard error of the mean (SEM) from 3 (b) or
4 (c) repeats. *p < .05; **p < .01; ***p < .005 compared to control conditions. #, p < .05 compared to priming with LPS. NS, not significant.
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F IGURE 5 Characterization of Piezo1 expression and Yoda1-induced intracellular Ca2+ responses in primary mouse microglial cells.
(a) Representative agarose gel electrophoresis image showing the PCR product of Piezo1 with anticipated size. (b) Representative Western blot
showing Piezo1 protein expression. (c) Representative immunofluorescent images demonstrating Piezo1 protein expression in cells stained with
an anti-Piezo1 antibody or secondary antibody alone. Cells were counterstained with DAPI. Scale bar is 25 μm. (d) Summary of intracellular Ca2+

responses to Yoda1 in extracellular Ca2+-containing solutions. Left: Representative recordings showing mean ± standard error of the mean (SEM)
Ca2+ responses to 30 μM Yoda1 from 3 wells of cells in one experiment. Right: Mean ± SEM of mean peak Ca2+ responses from 3 repeats.
(e) Summary of mean peak intracellular Ca2+ responses to 10 μM Yoda1 in extracellular Ca2+-containing and Ca2+-free solutions, from 3 repeats.
(f) Summary of effect of treatment with ruthenium red (RR) on Yoda1-induced Ca2+ responses. Left: Representative recordings showing mean
± SEM Ca2+ responses from 3 wells of cells in one experiment under control conditions or treatment of cells with RR for 5 min prior to exposure
to 10 μM Yoda1. Right: Mean ± SEM of mean peak Ca2+ responses from 3 repeats. *p < .05; **p < .01; ***p < .005 compared to control
conditions. #, p < .05; ###, p < .005, compared to treatment with Yoda1.

F IGURE 6 Piezo1 channel activation inhibits lipopolysaccharide (LPS)-induced microglial cell activation and pro-inflammatory mediator
production in primary mouse microglial cells. (a) Representative phase contrast microscopic images showing morphology of control (CTL) cells,
cells primed with 100 ng/ml LPS without or with treatment with 3 μM Yoda1, and cells treated with Yoda1 alone for 24 h. Scale bar is 50 μm. (b,
c) Characterization of form factor (b) and aspect ratio (c) of cells as shown in (a). Data are displayed as mean ± SEM from 450 cells from 3 repeats,
with 150 cells analyzed in each repeat. (d) Summary of tumor necrosis factor (TNF)-α (left) and IL-6 (right) released from control cells and cells
primed with 100 ng/ml LPS for 24 h. Data are displayed as mean ± SEM from 3 repeats. (e) Summary of TNF-α (left) and IL-6 (right) released from
LPS-primed cells without (CTL) or with treatment with 3 μM Yoda1 for 24 h. Data are displayed as mean ± SEM from 3 repeats. *p < .05;
**p < .01; ***p < .005, compared to control conditions. #, p < .05; ##, p < .01; ###, p < .005 compared to priming with LPS. NS, not significant.
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examined primary mouse microglial cells treated with 100 ng/ml LPS

and 3 mM ATP; application of Yoda1 resulted in no inhibition of the

production of TNF-α, IL-6 and IL-1β (Figure S6d). Therefore, these

results from primary mouse microglial cells are overall in strong agree-

ment with the results from BV2 cells, albeit bearing some minor varia-

tions, and overall provide further supporting evidence that Piezo1

channel activation inhibits microglial cell activation and pro-

inflammatory response.

3.6 | Piezo1 channel activation inhibits LPS-
induced NF-κB activation in primary mouse microglial
cells

We next investigated whether Piezo1 channel activation inhibits LPS-

induced microglial cell activation and pro-inflammatory mediator pro-

duction in primary mouse microglial cells also via suppression of the

NF-κB inflammatory signaling pathway. LPS priming resulted in a

strong increase in the proportion of NF-κB in the nucleus, indicating

nuclear translocation and activation of NF-κB (Figure 7a,b). Such

nuclear translocation was significantly reduced by application of 3 μM

Yoda1 during LPS priming (Figure 7a,b). Furthermore, concurrent with

NF-κB activation, LPS priming significantly increased the phosphoryla-

tion level of p65 protein, without affecting its total protein expression

level after treatment for 24 h, and LPS-induced phosphorylation of

p65 was notably reduced by treatment with Yoda1 (Figure 7c,d). In

primary mouse microglial cells, such inhibition of NF-κB activation by

Piezo1 channel activation was also observed as early as 6 h after

exposure to LPS and Yoda1 (Figure S7). These results from primary

mouse microglial cells are highly consistent with the results from BV2

cells, and together provide strong evidence to indicate that Piezo1

channel activation reduces microglial cell activation and production of

TNF-α and IL-6 by inhibiting the NF-κB signaling pathway.

3.7 | Activation of ERK1/2 and p38, which is
critical for LPS-induced production of TNF-α and IL-6,
is not targeted for inhibition by the Piezo1 channel

Extracellular signal-regulated kinase (ERK1/2) and p38 mitogen-

activated protein kinases (MAPKs) have been linked to regulation of

the NF-κB signaling pathway in microglial cells and other cell types

(Moon et al., 2007; Plotnikov et al., 2011; Santa-Cecília et al., 2016).

Therefore, we were interested in the role of ERK1/2 and p38 in medi-

ating LPS-induced production of TNF-α and IL-6 and, in particular, the

inhibitory effect of Piezo1 channel activation. LPS priming stimulated

activation of ERK1/2, indicated by protein phosphorylation revealed

by Western blotting, in both BV2 cells (Figure S8a) and primary mouse

microglial cells (Figure S8b). Treatment of BV2 cells with 1 μM U0126,

an inhibitor of MEK1/2 responsible for phosphorylation and thereby

activation of ERK1/2, prior to and during LPS priming, resulted in a

significant reduction in LPS-induced production of TNF-α and IL-6

F IGURE 7 Piezo1 channel activation inhibits lipopolysaccharide (LPS)-induced activation and nuclear translocation of NF-κB in primary
microglial cells. (a) Representative immunofluorescent confocal images showing subcellular location of NF-κB p65 protein in control cells and cells
primed with 100 ng/ml LPS in the presence and absence of 3 μM Yoda1 for 24 h. Cells were counterstained with DAPI. Scale bar is 20 μm.
(b) Summary of the mean ratio of nuclear and cytosolic p65 in cells as shown in (a). (c) Representative Western blots showing protein expression
and the phosphorylated form of the p65 subunit of NF-κB in control cells and cells primed with 100 ng/ml LPS without or with treatment with
3 μM Yoda1 for 24 h. (d) Summary of total expression of p65 and the ratio of total p65 to phosphorylated p65 in cells as shown in (c). Data are
displayed as mean ± SEM from 3 (d) or 4 (b) repeats. ***p < .005 compared to control conditions. #, p < .05; compared to priming with LPS.
NS, not significant.
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(Figure 8a). LPS priming also stimulated p38 activation in primary

mouse microglial cells (Figure S8b) and to a lesser extent in BV2 cells

(Figure S8a). Treatment of BV2 cells with 3 μM SB203580, an inhibi-

tor of p38, significantly reduced LPS-induced production of TNF-α

and IL-6 (Figure 8b). Taken together, these results support the notion

that activation of ERK1/2 and p38 is critical for LPS-induced produc-

tion of TNF-α and IL-6. Treatment of LPS-primed cells with 3 μM

Yoda1 resulted in slight but insignificant change in the activation level

of both ERK1/2 and p38 in BV2 cells (Figure S8c) and primary micro-

glial cells (Figure S8d). Co-treatment of BV2 cells with U0126 or

SB203580 and Yoda1 reduced LPS-induced production of TNF-α and

IL-6, to a similar or greater extent relative to each treatment alone

(Figure 8c,d). Collectively, these results indicate that neither ERK1/2

nor p38 is targeted for inhibition by the Piezo1 channel, although acti-

vation of ERK1/2 and p38 is critical for LPS-induced production of

TNF-α and IL-6 in microglial cells (Figure 9).

4 | DISCUSSION

Microglial cells in the CNS have a dual role in supporting neuronal cell

function and mediating neuroinflammation that contributes to various

types of CNS damage and disease (Orihuela et al., 2016; Wolf

et al., 2017). The functional phenotypes of microglial cells are vital to

their physiological or pathological role, and therefore it is important to

understand the intrinsic mechanisms for external signals that regulate

microglial cell function. Here, we provide evidence to show the Ca2+-

permeable Piezo1 channel expressed on the cell surface in microglial

cells as a previously unrecognized mechanism that is important in reg-

ulating the pro-inflammatory phenotype of microglial cells (Figure 9).

4.1 | Piezo1 is expressed as a Ca2+-permeable
channel on the cell surface of microglial cells

Piezo1 expression in microglial cells has been demonstrated in BV2

cells by a recent study using Western blotting (Liu et al., 2021). Here,

F IGURE 8 Lipopolysaccharide (LPS) stimulates ERK1/2 and p38 signaling to induce pro-inflammatory mediator production in BV2 microglial
cells. (a, b) Summary of tumor necrosis factor (TNF)-α (left) and IL-6 (right) released from cells primed with 100 ng/ml LPS after 24 h, without or
with pre-treatment with 1 μM U0126 (a) or 3 μM SB203580 (SB) (b). (c, d) Summary of TNF-α (left) and IL-6 (right) released from LPS-primed cells
in the absence or presence of Yoda1 (3 μM) without or with pre-treatment with 1 μM U0126 (c) or 3 μM SB203580 (d), for 24 h. Data are
displayed as mean ± standard error of the mean (SEM) as % of that in cells primed with LPS alone from 3 repeats. #, p < .05; ###, p < .005
compared to priming with LPS. †, p < .05; †††, p < .005, compared to priming with LPS and treatment with Yoda1.

F IGURE 9 Piezo1 channel-mediated Ca2+ signaling inhibits
lipopolysaccharide (LPS)-induced activation of the NF-κB inflammatory
signaling pathway and generation of pro-inflammatory cytokines tumor
necrosis factor (TNF)-α and IL-6 in microglial cells. Schematic summary
of the key findings from this study. Priming with lipopolysaccharide (LPS)
induces microglial cell activation via toll-like receptor 4 (TLR4), leading to
ERK1/2 and p38-dependent activation of the NF-κB inflammatory
signaling pathway to drive expression and production of TNF-α and IL-6.
Piezo1 channel activation using Yoda1 results in an increase in
intracellular Ca2+, which is inhibited by ruthenium red (RR) or depletion
of Piezo1 expression using Piezo1-specific siRNA (siPiezo1). Piezo1
channel activation attenuates LPS-induced NF-κB activation and nuclear
translocation and thereby the production of TNF-α and IL-6.
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we confirmed Piezo1 mRNA and protein expression in BV2 cells,

using RT-qPCR, Western blotting and immunofluorescence confocal

imaging (Figure 1a–c). We also demonstrated Piezo1 mRNA and pro-

tein expression in primary mouse microglial cells (Figure 5a–c). Impor-

tantly, we showed in both BV2 cells and primary microglial cells that

exposure to Yoda1 induced robust increases in [Ca2+]i that almost

entirely resulted from extracellular Ca2+ influx (Figures 1d,e and 5d,e).

Furthermore, Yoda1-induced Ca2+ responses in both BV2 cells and

primary microglial cells were significantly attenuated by treatment

with the Piezo1 inhibitor RR (Figures 1f and 5f). Yoda1-induced

increase in [Ca2+]i in BV2 cells was also significantly reduced by

siRNA-mediated knockdown of Piezo1 expression (Figure 1g). Taken

together, these results from pharmacological and genetic interven-

tions provide the first functional evidence that consistently supports

that Piezo1 is expressed in microglial cells as a Ca2+-permeable chan-

nel in the plasma membrane, as reported in various other cell types

(Fang et al., 2021). It is anticipated, though further experiments are

required to demonstrate, that Piezo1 channel activity in microglial

cells can be induced by mechanical stimulation, as well as chemical

stimulation.

4.2 | Piezo1 channel activation inhibits LPS-
induced microglial cell activation and pro-
inflammatory mediator production

An important finding of this study is that the Piezo1 channel in micro-

glial cells plays a critical role in regulating pro-inflammatory pheno-

types following LPS-induced activation in both BV2 cells and primary

mouse microglial cells. There was far less noticeable morphological

change in BV2 cells upon exposure to LPS. As documented by previ-

ous studies, primary microglial cells exhibited a dramatic change in cell

morphology accompanying activation induced by LPS priming

(Figure 6a–c). Such morphological change was strongly attenuated by

Yoda1-induced Piezo1 channel activation (Figure 6a–c). In BV2 cells

and primary microglial cells, exposure to 100 ng/ml LPS induced pro-

duction of TNF-α and IL-6 (Figures 2a and 6d). However, such LPS

priming resulted in no significant increase in IL-1β production in BV2

cells or primary microglial cells (Figure S1a and Figure S4a). Some pre-

vious studies reported that exposure to 500–1000 ng/ml LPS induced

IL-1β production in microglial cells (Jeong et al., 2013; Moraes

et al., 2015). As we tested here in BV2 cells, there was no increase in

IL-1β production after priming with 300–1000 ng/ml LPS for 24 h

(Figure S1a). Piezo1 channel activation in LPS-induced activated

microglial cells strongly reduced the production of TNF-α and IL-6

(Figures 2b,c and 6e), without effect on IL-1β production (Figures S1b

and S6b). These results were consistently observed in both BV2 cells

and primary microglial cells. In microglial cells under resting condi-

tions, namely without LPS priming, Piezo1 channel activation had little

effect on the basal level of TNF-α and IL-6 produced by BV2 cells

(Figure S1c) and primary microglial cells (Figure S6c), as well as no

effect on morphology in primary microglial cells (Figure 6a–c). Piezo1

channel activation also did not affect IL-1β production in BV2 cells

(Figure S1b) but slightly decreased in IL-1β production in primary

microglial cells (Figure S6c), which may be attributed to the functional

difference between BV2 and primary microglial cells. Regardless, our

results collectively indicate that Piezo1 channel activation inhibits

LPS-induced microglial cell activation and production of TNF-α and

IL-6. A recent study shows that Piezo1 channel activation, also

induced chemically by application of Yoda1, reduced LPS-induced

production of TNF-α and IL-6, and also IL-1β in astrocytes (Velasco-

Estevez et al., 2020). While the reasons for differences in the effect

on LPS-induced IL-1β production in microglial cells and astrocytes are

unclear, these findings are consistent in supporting that Piezo1 chan-

nel activation in both microglial cells and astrocytes, the two major

glial cells in the CNS, suppress their pro-inflammatory phenotypes,

including the production of pro-inflammatory cytokines. A role for the

Piezo1 channel in attenuating inflammation has also recently been

described in adipocytes, with genetic reduction of Piezo1 expression

increasing the mRNA expression of IL-1β, IL-6, and TNF-α in mice fed

a high fat diet (Zhao et al., 2019a). Furthermore, TNF-α mRNA expres-

sion in primary adipocytes was reduced by Yoda1-induced Piezo1

channel activation and, conversely, increased following inhibition of

the Piezo1 channel with GsMTx4 (Zhao et al., 2019a). However, it is

worth pointing out that other recent studies have reported that

Piezo1 channel activation stimulates pro-inflammatory responses in

macrophages, myeloid cells and nucleus pulposus cells (Atcha

et al., 2021; Solis et al., 2019; Sun et al., 2022). For example,

Yoda1-induced Piezo1 channel activation in bone marrow-derived

macrophages enhanced the pro-inflammatory response to exposure

to a combination of LPS and interferon-γ (Atcha et al., 2021). Similarly,

mechanical activation of the Piezo1 channel in nucleus pulposus cells

resulted in NLRP3 inflammasome activation and IL-1β production

(Sun et al., 2020). Therefore, the role of the Piezo1 channel in the reg-

ulation of an inflammatory response appears cell type-specific, which

is intriguing and, as postulated in a recent study (Velasco-Estevez

et al., 2020), may depend on the signaling mechanisms downstream of

Piezo1 channel activation.

4.3 | ATP-induced purinergic signaling and Piezo1
channel activation in the regulation of LPS-induced
production of pro-inflammatory cytokines

Recent studies have examined the role of the Piezo1 channel in many

different cell types in regulating diverse processes, leading to the find-

ing that ATP release and activation of P2 receptors is an important

mechanism that transduces Piezo1 channel activation to regulation of

cell functions (Wei et al., 2019). Such a signal transduction mechanism

has been described in regulating red blood cell volume (Cinar

et al., 2015), bladder function in urothelial cells (Miyamoto

et al., 2014), vascular function in endothelial cells (Wang et al., 2016),

surfactant secretion in alveolar cells (Diem et al., 2020), and migration

of mesenchymal stem cells (Mousawi et al., 2020). More recently,

studies have shown a critical role of ATP release in Piezo1 channel-

mediated cholangiocyte (Desplat et al., 2021) and odontoblast
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function (Sun et al., 2022). In this study, we showed using BV2 cells

that inclusion of ATP-scavenging apyrase in the culture medium con-

sistently increased the production of TNF-α and IL-6 in cells exposed

to LPS and Yoda1 (Figure S4a), without effect on the production of

TNF-α and IL-6 in cells primed with LPS alone (Figure S4b). Such

results indicate ATP release is at least part of the mechanism trans-

ducing Piezo1 channel activation to inhibition of LPS-induced produc-

tion of TNF-α and IL-6. Treatment with P2 receptor generic

antagonist PPADS did not alter, and treatment with P2X7 receptor

antagonists slightly increased, the production of TNF-α and IL-6 in

BV2 cells exposed with LPS and Yoda1, without effect on the produc-

tion of TNF-α and IL-6 in cells exposed to LPS alone (Figure S4c–f).

These results suggest that P2 receptors including the P2X7 receptor

have no or a very limited role in mediating ATP release that trans-

duces Piezo1 channel activation to inhibition of the pro-inflammatory

response, raising the question with respect to the role of purinergic

signaling evoked by adenosine, one of the major ATP metabolites,

through activating the adenosine receptors.

It is well established that more effective production of pro-

inflammatory cytokines, particularly IL-1β, in LPS-primed immune cells

including microglial cells requires an additional stimulus, such as high

concentrations of ATP that is associated with tissue inflammation and

damage, which serves as the activation signal to induce sequential

activation of the NLRP3 inflammasome and capsase-1 through the

P2X7 receptor (Aminzadeh et al., 2018; Monif et al., 2016). Of note,

Yoda1-induced Piezo1 channel activation was less effective or inef-

fective in inhibiting the production of TNF-α and IL-6, as well as IL-1β,

in BV2 cells and also in primary microglial cells primed with LPS and

subsequently exposed to a high concentration of ATP (Figures S3b

and S6d). Given the role of P2X7 receptor activation in LPS-

stimulated production of IL-1β, TNF-α, and IL-6 in the presence of

high extracellular ATP concentrations, one simple interpretation of

these results is that the inhibition by the Piezo1 channel of LPS-

induced production of pro-inflammatory cytokines is alleviated by

activation of the P2X7 receptor that is associated with tissue inflam-

mation and damage.

In summary, the present study provides evidence to suggest the

importance of ATP release and related purinergic signaling in mediat-

ing or intervening with Piezo1 channel-dependent inhibition of LPS-

induced production of pro-inflammatory cytokines in microglial cells.

Clearly, further investigations are needed to better understand the

relationships of purinergic signaling and Piezo1 channel signaling in

the regulation of the pro-inflammatory function of microglial cells.

4.4 | Piezo1 channel activation reduces LPS-
induced NF-κB activation in microglial cells

Intracellular Ca2+ signaling has been strongly implicated in regulating

various functions of microglial cells, including immune responses

(Färber & Kettenmann, 2006; Kettenmann et al., 2011). As discussed

above, Piezo1 channel activation mediates Ca2+ influx to increase the

[Ca2+]i in both BV2 cells and primary microglial cells. NF-κB and NFAT

are transcription factors known to be activated by intracellular Ca2+

signaling and are critical in driving the expression of a range of pro-

teins, including cytokines, in response to a variety of extracellular

signals (Dresselhaus & Meffert, 2019; Manocha et al., 2017;

Nagamoto-Combs & Combs, 2010; Nguyen et al., 2021). As previ-

ously reported in BV2 and N9 microglial cells (Cunha et al., 2016;

Jeong et al., 2013), our results showed that exposure to LPS induced

phosphorylation of p65, resulting in its nucleus translocation and acti-

vation of NF-κB in both BV2 cells and primary microglial cells

(Figures 3a–d and 7). Importantly, in both cell types, activation of the

Piezo1 channel by Yoda1 significantly attenuated LPS-induced activa-

tion and nuclear translocation of p65 (Figures 3a–d and 7). In contrast,

exposure to LPS with and without treatment with Yoda1 had no

effect on the translocation of NFAT1, a major isoform of NFAT in

microglial cells (Manocha et al., 2017; Nagamoto-Combs &

Combs, 2010), which was consistently observed in BV2 cells and

primary microglial cells (Figure S9). These results support that

LPS-induced production of TNF-α and IL-6 is mainly driven by the

NF-κB signaling pathway. As shown in BV2 cells, treatment with

BAPTA-AM, a widely-used cell-permeant Ca2+ chelator, significantly

alleviated Yoda1-induced reduction in nuclear translation of NF-κB

(Figure 3e,f), suggesting a critical role for Piezo1 channel-mediated

Ca2+ signaling in inhibiting LPS-induced NF-κB activation. Further-

more, shown in BV2 cells, siRNA-mediated depletion of Piezo1

expression blunted the ability of Yoda1 to inhibit LPS-induced nuclear

translation of NF-κB (Figure 4a,b) and, importantly, LPS-induced TNF-

α production (Figure 4c). Collectively, these results are consistent with

an important role for the Piezo1 channel, particularly Piezo1 channel-

mediated Ca2+ signaling, in downregulating the pro-inflammatory

function of microglial cells by inhibiting the NF-κB signaling pathway.

In this study, we also showed that LPS priming resulted in activa-

tion of ERK and p38 in BV2 cells and primary microglial cells

(Figure S8a,c) and their inhibition led to reduced production of TNF-α

and IL-6 in LPS-primed BV2 cells (Figure 8a,b). These results are in

support of a critical role of ERK and p38 in LPS-induced NF-κB activa-

tion and production of TNF-α and IL-6 (Figure 9). Treatment with

Yoda1 did not significantly alter the activation level of ERK and p38 in

LPS-primed microglial cells (Figure S8c,d), suggesting that the Piezo1

channel inhibits LPS-induced activation of NF-κB, and production of

TNF-α and IL-6, downstream of ERK or p38.

4.5 | Implications of Piezo1 channel inhibition
of microglial pro-inflammatory functions

While the brain is one of the softest tissues in the body, its mechani-

cal properties are dynamic and brain tissues are widely reported to

stiffen during development and soften in older age (Budday

et al., 2019). Various other factors, particularly pathologically related

ones, can also affect the stiffness of local cellular environments in the

CNS. Recent studies have reported that chronic mechanical stiffening

occurs following spinal cord injury with the formation of a glial scar

enmeshed with cross-linked extracellular matrix (Cooper et al., 2020).
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Another interesting example is the accumulation and aggregation of

amyloid-β (Aβ) peptides, one of the histopathological hallmarks of Alz-

heimer's disease (AD) that leads to the formation of amyloid plaques

that alter the microenvironment of surrounding neurons and glial cells

(Calsolaro & Edison, 2016; Mandrekar-Colucci & Landreth, 2010;

Meraz-Rios et al., 2013). There is clear evidence that amyloid plaques

are considerably stiffer than healthy brain tissue and attract microglial

cells via chemo- and duro-taxis (Bollmann et al., 2015; Smith

et al., 2006). Emerging evidence from recent studies indicates a

potential role for the Piezo1 channel in microglial cells in alleviating

the amyloid plaque burden in AD models. For example, in 5xFAD AD

mice, treatment with Yoda1 reduced amyloid plaques in the brain, in

conjunction with increased localization of microglial cells in the close

vicinity of the plaque (Jantti et al., 2022). As shown in the same study,

Piezo1 channel-mediated Ca2+ signaling in human microglia-like cells

derived from inducible pluripotent stem cells was altered by exposure

to Aβ42, the major neurotoxic amyloid peptide species, which is con-

sistent with the notion that the Piezo1 channel is a previously unrec-

ognized mechanism regulating microglial cell function (Jantti

et al., 2022). Another very recent study has demonstrated increased

Piezo1 protein expression in microglial cells surrounding amyloid pla-

ques in both 5xFAD mice and human AD patients (Hu et al., 2022).

Furthermore, in AD mice, depletion of Piezo1 expression reduced

clustering of microglial cells at amyloid plaques and, importantly, treat-

ment with Yoda1 stimulated phagocytosis of Aβ by microglial cells

and improved cognitive function (Hu et al., 2022). These results are

consistent with our findings, and strongly implicate the Piezo1 chan-

nel as an important mechanism regulating microglial cell functions that

are critical to the physiological function and pathogenesis of the CNS.

In the present study, the pro-inflammatory phenotype of micro-

glial cells was induced by LPS, a widely used experimental model of

inflammation (Batista et al., 2019). There is strong evidence that infec-

tion induced by intraperitoneal injection of LPS has significant effects

on CNS functions, including upregulation of pro-inflammatory cyto-

kine production in the brain (Püntener et al., 2012; Zhao

et al., 2019b), Aβ accumulation (Lee et al., 2008) and increased cogni-

tive deficits (Zhao et al., 2019b). Peripheral bacterial infection upregu-

lates cortical Piezo1 expression in both wild-type and TgF344-AD rats

that display increased deposition of amyloid plaques in the brain.

Interestingly, Piezo1 upregulation in wild-type rats was primarily neu-

ronal, whereas the increase in Piezo1 expression was mainly localized

to reactive astrocytes in AD brains (Velasco-Estevez et al., 2018).

These studies indicate that peripheral infection augments CNS inflam-

mation and suggest an interesting relationship between infection-

induced inflammation and Piezo1 channel activity in the brain. Further

investigations are required to examine the relevance of Piezo1

channel-mediated inhibition of the pro-inflammatory function of

microglial cells reported in this study and astrocytes in a recent study

(Velasco-Estevez et al., 2020) to the progression of CNS aging, trau-

matic damage, and neurodegenerative diseases.

In summary, our study provides evidence to show functional

expression of the mechanosensitive Piezo1 channel in microglial cells

and that activation of the Piezo1 channel leads to intracellular Ca2+

signaling that inhibits microglial cell activation and production of pro-

inflammatory cytokines, thereby dampening the pro-inflammatory

phenotype. Aberrant increase in pro-inflammatory signaling from

microglial cells is a crucial pathological factor in brain aging as well as

in the pathogenesis of CNS injury and neurodegenerative diseases.

Our findings not only provide novel insights into the mechanisms reg-

ulating microglial cell functions, but also suggest an interesting thera-

peutic avenue for restoring the role of microglial cells in protecting

and supporting neuronal cell function and reducing neuroinflamma-

tion that contributes to neurodegenerative diseases.
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