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Abstract
Background: Microglia are the endogenous immune cells of the brain and act as sensors of pathology to maintain
brain homeostasis and eliminate potential threats. In Alzheimer’s disease (AD), toxic amyloid beta (Aβ) accumulates
in the brain and forms stiff plaques. In late-onset AD accounting for 95% of all cases, this is thought to be due to
reduced clearance of Aβ. Human genome-wide association studies and animal models suggest that reduced clear‑
ance results from aberrant function of microglia. While the impact of neurochemical pathways on microglia had been
broadly studied, mechanical receptors regulating microglial functions remain largely unexplored.
Methods: Here we showed that a mechanotransduction ion channel, PIEZO1, is expressed and functional in human
and mouse microglia. We used a small molecule agonist, Yoda1, to study how activation of PIEZO1 affects AD-related
functions in human induced pluripotent stem cell (iPSC)-derived microglia-like cells (iMGL) under controlled labora‑
tory experiments. Cell survival, metabolism, phagocytosis and lysosomal activity were assessed using real-time func‑
tional assays. To evaluate the effect of activation of PIEZO1 in vivo, 5-month-old 5xFAD male mice were infused daily
with Yoda1 for two weeks through intracranial cannulas. Microglial Iba1 expression and Aβ pathology were quantified
with immunohistochemistry and confocal microscopy. Published human and mouse AD datasets were used for indepth analysis of PIEZO1 gene expression and related pathways in microglial subpopulations.
Results: We show that PIEZO1 orchestrates Aβ clearance by enhancing microglial survival, phagocytosis, and
lysosomal activity. Aβ inhibited PIEZO1-mediated calcium transients, whereas activation of PIEZO1 with a selective
agonist, Yoda1, improved microglial phagocytosis resulting in Aβ clearance both in human and mouse models of AD.
Moreover, PIEZO1 expression was associated with a unique microglial transcriptional phenotype in AD as indicated by
assessment of cellular metabolism, and human and mouse single-cell datasets.
Conclusion: These results indicate that the compromised function of microglia in AD could be improved by con‑
trolled activation of PIEZO1 channels resulting in alleviated Aβ burden. Pharmacological regulation of these mechano‑
receptors in microglia could represent a novel therapeutic paradigm for AD.
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Background
Microglia are dynamic immune cells that chemically
and mechanically interact with their environment in the
brain. They continuously survey the brain parenchyma,
provide trophic support for neurons, remove unnecessary synapses and clear foreign materials through
phagocytic and cytotoxic mechanisms [1, 2]. Microglia
act as antigen-presenting cells and contribute to brain
homeostasis by secreting a plethora of pro- and/or antiinflammatory cytokines and other signaling molecules
depending on the situational cues [1, 2]. Genome-wide
association studies (GWAS) implicate dysfunction in
several microglial innate immunity genes to increase the
risk for Alzheimer’s disease (AD). In addition, late-onset
AD (LOAD), covering the majority of AD cases, is associated with impairment in the clearance of amyloid beta
(Aβ) [3, 4], whereas rare genetic early-onset AD (EOAD)
is more evidently caused by increased production of Aβ
by neurons. The inability of microglia to clear accumulating toxic Aβ together with their proinflammatory functions are thought to be a significant contributor to LOAD
pathology [5, 6]. Thus, reshaping microglial functions
represents a promising strategy for clearing accumulating deposits in AD and other neurodegenerative diseases
with aberrant aggregates.
With the progression of AD pathology, aggregating Aβ
form local stiff plaque deposits, thereby creating a stark
contrast for the soft brain tissue (Aβ∼3 × 109 Pa vs normal brain ∼200–500 Pa) [7–10]. In vitro, microglia are
attracted to stiff regions, and they upregulate inflammatory mediators and change their morphology on stiffer
substrates [11, 12]. In vivo, implantation of stiff foreign
bodies enhances microglial activation, ultimately leading
into the encapsulation of the foreign body [12], resembling the manner in which microglia envelope the amyloid plaques [13]. This adaptation to mechanical stimuli
suggests the presence of specific mechanosensors in
microglia. The recently described PIEZO ion channels are
among the most specific and sensitive mechanotransducers that translate extracellular mechanical forces to intracellular molecular signaling cascades [14, 15]. PIEZO2
channels are mainly expressed in the nociceptive system
[16–18], while PIEZO1 channels are expressed in neurons and in non-neuronal cell types in various regions of
the brain [19, 20]. It has been demonstrated that soluble
Aβ prevents PIEZO1-mediated C
 a2+ influx in HEK293
cells [21], and that astroglia upregulate PIEZO1 around
extracellular Aβ plaques [19], suggesting a link between
AD pathology and the function of brain cells that express

these channels. However, the functional role of PIEZO
channels in microglia remains unexplored.
Here we report that PIEZO1 is expressed in mouse
microglia and human induced pluripotent stem cell
(iPSC)-derived microglia-like cells (iMGLs). The activation of PIEZO1 with Yoda1, a small molecule agonist
of the PIEZO1 channel, induces Aβ clearing functions
in human iMGLs. Moreover, treatment of the 5xFAD
mouse model of AD with Yoda1 recruits microglia
towards Aβ plagues and leads to Aβ clearance in the
hippocampus and cortex. In agreement with a previous
study in HEK293 cells [21], we confirm that Aβ inhibits
PIEZO1 and demonstrate this for the first time in human
iMGLs. Supporting our findings, existing transcriptional
datasets indicate that the expression of PIEZO1 is altered
in specific disease-related subpopulations of microglia in
the human AD and 5xFAD brains. The main findings are
illustrated in a graphical abstract (Additional file 1: Fig
S8).

Main text
Methods
Study design

Controlled laboratory experiments were used for studying AD-related cellular functions in vitro using human
iPSC-derived cells, mouse primary and secondary cell
cultures following to ISSCR Guidelines for Stem Cell
Research. More complex in vivo tissue pathology was
studied in an AD mouse model and WT control mice
according to ARRIVE guidelines. For comparing to
broader context, both human and mouse transcriptional
databases were utilized for in-depth analysis. The details
of the measurement methods, subjects and units are
described in the following sections. Sample size for animal experiments was determined by power analysis using
a two-way ANOVA sample test for comparing means of
two groups [22] using 0.80 power, 5% type I error rate,
assumption of 1.5-fold change and 0.3 standard deviation to yield sample size of 6 animals per group. For
functional in vitro analysis at least three technical replicates were used in each experiment. If the data indicated
meaningful results, all data were repeated in three independent experiments and with three independent biological replicates. Results were presented as normalized
to positive/negative control or vehicle to combine mean
group values from multiple experiments in the same
figure. For molecular analysis at least three independent samples were analyzed. Experiments were excluded
and performed again in case there was no appropriate
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response to negative or positive controls. The weight of
animals was measured before and after the treatments in
case of need to exclude animals due to the weight loss.
To minimize subjective bias, animals were randomized
when allocated for groups using GraphPadQuickCalcs.
Data analyses were blinded for the groups.
Human iPSC‑lines

Human iPSC-lines used in this study are listed in
Table 1. All iPSCs lines were previously generated from
skin biopsies collected from three female and seven
male subjects at ages between 65 and 78 years and were
characterized for their high quality, pluripotency, normal karyotypes and presence of APOE ε3/ε3 alleles
[23–27]. In addition to healthy cell lines, ISOAD4
and ISOAD5 lines carrying AD-causing PSEN1DE9

mutation were used [23]. PSEN1DE9 carriers were
48-year-old male with AD diagnosis and a presymptomatic 47-year-old female and iPSC-lines were edited
by CRISPR/Cas9 system to create isogenic control lines
where mutation comprising 4.6-kb deletion in the exon
9 of the PSEN1 gene [28] was corrected [23]. In addition, a commercial BIONi010‐C-2 line generated from a
healthy 15- to 19-year-old male [29] and edited to have
two APOE3/3 alleles was purchased from the European bank for Induced Pluripotent Stem cells (EBiSC)
and produced and characterized by Bioneer (Copenhagen, Denmark). The producer reported that a DNA
SNP array revealed no larger chromosomal aberrations,
although an nonsignificant duplication of 1,4 Mbp was
found on Chr22 in q11.23.

Table 1 Data for human iPSC cell lines
iPSC line

Sex Health status

Age
years

Method

Karyo-type

Refs

Assays

MAD1 clone 7

M

Healthy

67

Sendai Virus 2.0

46 XY Normal Additional file 1:
Fig. S6

MAD6 clone 1

M

Healthy

63

Sendai Virus 2.0

46XY Normal

MAD8 clone 1

M

Healthy

64

Sendai Virus 2.0

46 XY Normal Additional file 1:
Fig. S6

Ctrl 8.2

F

Healthy

Adult

Sendai Virus 1.0

MBE2968 clone 1

F

Healthy

65

Episomal nucleofec‑
tion

46XX Normal

Konttinen et al. [26]

All assays, Ca-imaging,
Cytotox, LDH, MTT,
Mitostress, CBA,
LysoView, pHrodo/Aβ
phagocytosis

MBE2960 polyclonal

M

Healthy

78

Episomal nucleofec‑
tion

46XY Normal

Munoz et al. (2020)
[24]

Ca-imaging, LysoView,
Mitostress

TOB0644_F_B9_F3

M

Healthy

73

Episomal nucleofec‑
tion, CRISPR edited
from APOE4/4

46XX Normal

Hernandez et al.
(2021) [25]

Ca-imaging

LL190 clone 1.5

F

Healthy

44

Sendai Virus 2.0

46XX Normal

Oksanen et al. (2017)
[23]

ICC

Isogenic AD4 clone
1.6.12.10

F

Corrected presymp‑
tomatic PSEN1DE9
(EOAD)

47

Sendai Virus 2.0,
CRISPR corrected
PSEN1DE9

46XX Normal

Oksanen et al. (2017)
[23]

Ca-imaging, CBA

Isogenic AD4 clone
1.5.6.1

M

Corrected PSEN1DE9
(EOAD)

48

Sendai Virus 2.0,
CRISPR corrected
PSEN1DE9

46XY Normal

Oksanen et al. (2017)
[23]

Ca-imaging, CBA

BIONi010-C-2

M

Healthy

15–19 Non-integrating epi‑
somal, CRISPR edited
from APOE4/4

Ca-imaging, LDH, MTT,
Mitostress, Migration,
pHrodo/Aβ phago‑
cytosis

Fagerlund et al. (2021) Ca-imaging, LDH, MTT,
[27]
Mitostress, LysoView,
Migration, pHrodo/Aβ
phagocytosis
Ca-imaging, Cytotox,
LDH, MTT, Mitostress,
pHrodo/Aβ phago‑
cytosis

Holmqvist et al. (2016) Cytotox
[105]

46 XY Normal EBiSC

ICC, LysoView, pHrodo

All with APOE3/3 alleles and derived from fibroblasts of skin biopsies
CBA cytokine bead array, EOAD early-onset Alzheimer’s disease, ICC immunocytochemistry, LDH lactate dehydrogenase, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide, metabolic assay; PSEN1DE9 Presenilin 1 delta exon 9 deletion
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Human induced pluripotent stem cell‑derived microglia‑like
(iMGL) cells

Prior to differentiation, iPSCs were maintained in
serum- and feeder-free conditions in Essential 8
Medium (A15169-01 Gibco) with 0.5% penicillin–
streptomycin (P/S, #15140122 Gibco) on growth factor
reduced Matrigel (Corning) in a humidified incubator
at 5% C
 O2 and 37 °C. Cultures were passaged as small
colonies with 0.5 mM EDTA (15575, Gibco) twice a
week supplementing medium with 5 µM Rho-Associated Coil Kinase (ROCK) inhibitor Y-27632 (S1049,
Selleckchem) for the first 24 h. Passages under 50 were
used and cultures were regularly tested for mycoplasma
using a MycoAlert Kit (Lonza). Human iMGLs were
differentiated as previously described [26]. At differentiation day D16, cells were plated at different densities
depending on the experiment and half of the medium
was changed daily until D21 to D25, when cells were
treated for experiments.
Human SV40 cell culture

Human immortalized microglial cell line SV-40 (T0251,
Applied Biological Materials Inc.) originates from the
Tardieu lab[30] and was obtained as a kind gift from
Dora Brites, University of Lisbon, Portugal. The cells
were maintained in DMEM + GlutaMAX 4.5 g/L glucose (10566016, Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% P/S in tissue culture
T-25 flasks coated with 0.1 mg/mL collagen I (A1048301, Gibco). For experiments, cells were seeded at 40,000
cells per cm2 density to produce ~ 80% confluent cultures after 24 h for experiments.
Primary murine microglial and astrocyte cell cultures

Primary murine microglial and astrocyte cultures were
prepared from WT C57BL/6 J neonatal mice on postnatal days P0–3 as described previously [31]. Mice
were killed by decapitation and dissected brains were
first dissociated mechanically and then enzymatically
with 0.05% Trypsin–EDTA in DMEM/F-12 supplemented with 1% P/S and (all Gibco) into single cells.
Cells per brain were seeded on a 15 cm tissue culture dish and were grown at 37 °C, 5% C
 O2 for three
weeks in DMEM/F-12, 10% FBS (Gibco) and 1% P/S to
produce mixed glial culture. The astrocyte layer was
detached with 30-min incubation in 0.8% Trypsin–
EDTA and then microglia with 5 min in 0.25% Trypsin–
EDTA. Both astrocytes and microglia were seeded in
DMEM/F-12, 10% FBS and 1% P/S on Poly-D-lysine
(PDL; P0899, Sigma) coated vessels one day prior to
experiments.
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BV2 cell culture

The mouse microglial BV2 cell line was maintained in
complete RPMI-1640 medium (Sigma), 1% GlutaMAX,
10% FBS and 5 μg/ml gentamicin (all Gibco) on 10 cm
dishes for 2–10 passages. The cell line was confirmed
to be negative for mycoplasma using MycoAlert Kit
(Lonza).
Trigeminal neuronal culture

Primary murine trigeminal neuron cultures were prepared from Wistar rats on P10 as previously described
[32, 33]. Briefly, trigeminal ganglia were rapidly excised
after decapitation and enzymatically dissociated in
0.25 mg/ml trypsin, 1 mg/ml collagenase I and 0.2 mg/ml
DNAse (all Sigma) in F12 medium (Gibco) under continuous 850 rpm mixing at 37 °C for 15 min. The cells were
seeded on 0.2 mg/ mL poly-l-lysine (PLL; Sigma) coated
24-mm glass coverslips (Thermo Fisher Menzel) and
maintained at 37 °C, 5% C
 O2 in F12 + GlutaMAX and
10% FBS (both Gibco) for 48 h prior to measurements.
RT‑qPCR gene expression analysis

Total RNA was extracted from brain tissues using the
single-step acid guanidinium thiocyanate–phenol–chloroform method [34], and from iMGLs using mirVana™
miRNA Isolation Kit (Invitrogen) following manufacturer’s instructions. The concentration and purity of RNA
were confirmed using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Hudson, NH) with the
260 nm/280 nm ratio between 1.8 and 2. Total of 500 ng
of RNA was reverse transcribed to cDNA using a Maxima reverse transcriptase with dNTP Mix (both Thermo
Scientific). Gene expression levels were measured by
RT-qPCR using StepOne Plus Real-Time PCR machine
(Life Technologies) with FAM-labeled TaqMan probes
(Thermo Scientific) with 40 cycles amplification. Probes
are listed in Table 2. Reactions were performed in triplicate with water and RNA controls to rule out contamination or genomic DNA. Relative gene expression was

Table 2 List of TaqMan primer assay mixes used for mRNA
expression analysis
Target

Gene

TaqMan Assay ID

Endogenous control

18 s

Hs99999901_s1

ACTB

Hs99999903_m1

GAPDH

Hs02758991_g1
Hs99999905_m1

PIEZO1

Hs00207230_m1

PIEZO2

Hs00401026_m1

Piezo1

Mm01241549_m1

Piezo2

Mm01265861_m1

Target genes
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calculated as 2^(ΔΔCt) fold change compared to control
group.

the infused hemisphere was processed either for immunohistochemistry or for gene or protein analysis.

Animals

Fixation and immunostainings

Altogether, 5 WT C57BL/6 J and 24 male transgenic
5XFAD mice (Jackson Laboratories, Bar Harbor, Maine,
US) harboring the AD-linked Swedish (K670N/M671L),
Florida (I716V), and London (V717I) mutations in
human APP, and the M146L and L286V mutations in
human PSEN1 genes were used. Mice were housed in a
controlled environment within temperature 21 ± 1 °C,
humidity 50 ± 10%, light period from 7:00 a.m. to 7:00
p.m. and had ad libitum access to food and water. All
mice were housed in groups of 3–7 animals in one cage
with bedding and a piece of enrichment. Welfare of the
animals was daily monitored by animal facility personnel.
No previous procedures were performed on any of the
animals.

Immunohistochemistry was carried out as previously
described [31]. Left hemisphere was collected after perfusion and fixed in 4% paraformaldehyde (PFA, P6148,
Sigma) in 0.1 M phosphate buffer (PB), pH 7.4 overnight
at 4 °C, followed by cryoprotection in 30% sucrose in PB
for 48 h at 4 °C. The fixed hemispheres were snap-frozen
on liquid nitrogen and cryosectioned using a cryotome
(Leica CM1950) into 20-μm sagittal sections. Six consecutive sagittal brain sections at 400-μm intervals were
stained from each mouse. In vitro cell cultures were fixed
in 4% PFA in PBS, pH 7.4 for 20 min at RT or at + 37 °C
for iMGLs. The cell membrane was permeabilized for
30 min in 0.4% Triton X-100 (Sigma) in PBS. Nonspecific
binding was blocked in 10% NGS for 1 h at RT. Sections
and cell cultures were incubated with primary antibodies diluted in the application-specific blocking solutions
overnight at 4 °C. All used antibodies are listed in Table 3.
Staining controls without primary antibodies were used
to confirm staining specificity.

In vivo treatments

To evaluate the effect of PIEZO activation in vivo,
5-month-old transgenic 5xFAD male mice (Jackson Laboratories, Bar Harbor, Maine, US) with fully developed
Aβ pathology were used. For infusion, the animals were
surgically implanted with intraventricular chronic cannulas as previously described [35]. Briefly, anesthesia was
induced using 5% isoflurane (Attane vet®) in 30% O
 2/70%
N2O and maintained at 1.8% isoflurane. The temperature of the animals was maintained at 37 ± 0.5 °C using
a thermostatically controlled heating blanket with a rectal probe (PanLab, Harvard Apparatus). A small hole
approximately mm in diameter was drilled into the left
hemisphere of the skull using coordinates: medial/lateral
(m/l) + 1.1 mm, anterior/posterior (a/p) − 0.3 mm, dorsal/ventral (d/v) − 2.0 mm. A chronic cannula (Cannula
infusion system; Plastic1, Preclinical research components) was mounted into the left ventricle and fixed on
the skull with dental mount. Skin was sutured, and mice
were injected post-operatively with Temgesic for analgesia. Animals were placed in individual cages to recover
for 24 h, followed by 5 µl cannula infusions of Yoda1
(0.25 µg/mouse/injection, Tocris) or equal volume of 1%
DMSO in saline for a vehicle group once a day. The mice
received total of 10 infusions over a period of 12 days,
with 2-day break after the initial 5 infusions.
Animal perfusion and tissue processing

The brain tissue samples were collected 6 h after the last
injection. The mice were terminally anesthetized using
tribromoethanol (Avertin, Sigma-Aldrich) followed by
transcardial perfusion with heparinized (2500 IU/L,
LEO) 0.9% NaCl solution for four minutes at 19 ml/min
speed. The brains were dissected out, cut midsagittal and

Confocal and fluorescent microscopy

The confocal microscope images were obtained using
40 × magnifications in a Zeiss Axio Observer inverted
microscope equipped with LSM800 confocal module (Carl Zeiss Microimaging GmbH, Jena, Germany),
fluorescent microscope images were received by Zeiss
Axio Imager M.2 microscope equipped with Axiocam
506 mono CCD camera (Carl Zeiss, Oberkochen) using
10 × magnification. DAPI and secondary antibodies were
imaged with 405 nm (λex 353 nm/λem 465 nm), 488 nm
(λex 495 nm/λem 519 nm), 568 nm (λex 543 nm/λem
567 nm) lasers, respectively. Images were captured using
ZEN 2.3 Blue software (Carl Zeiss Microimaging GmbH)
with constant conditions across negative controls and an
experiment. The 3D super resolution z-stack images were
taken at 0.5 µm Z-interval. Images were processed and
exported using ZEN 2.3 Blue or ZEN 2.3 lite software’s
(Carl Zeiss Microimaging GmbH). For figures confocal
images were presented as maximum intensity projections
or 3D images.
Quantification of immunostainings

Quantitative analysis of each dataset was performed
by two observers, who were blinded to the origin of the
samples. For Aβ, GFAP, PIEZO1 and IBA1 staining optical fields of whole brain section were constructed by
automatic stitching of individual image tiles using ZEN
2.3 Blue software. Quantification of hippocampal and
cortical immunoreactivities from five consecutive slices
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Table 3 Antibodies used for immunocyto- and histochemistry
Antibody

Clone

Host

Dilution

Cat. No.

Producer

Antigen retrieval

Aβ

WO-2

MM IgG2aκ

1:1000

MABN10

Sigma

10 mM sodium citrate (pH 6.0)

RbP IgG

1:100

ab8021

Abcam

RhP IgG

1:500

Z0334

Dako

ChP IgY

1:5000

ab4674

Abcam

CX3CR1
GFAP

–

GFAP
IBA1

–

RbP IgG

1:250

019-19741

WAKO

IBA1

GT10312

MM IgG1

1:250

MA5-27726

Invitrogen

P2RY12

RbP IgG

1:250

HPA14518

Sigma

PIEZO1

-

RbP IgG

1:50

PA5-77617

Invitrogen

PIEZO1

-

RbP IgG

1:500

NBP1-78446

NovusBio

PIEZO1

2–10

MM IgG

1:200

MA5-32876

Invitrogen

RbM IgG

1:100

ab185333

Abcam

RbP IgG

1:200

91068S

Cell signaling

TMEM119
TREM2

D8I4C

10 mM sodium citrate (pH 6.0)

IgG immunoglobulin G, IgY immunoglobulin Y, MM mouse monoclonal, RbM rabbit monoclonal, RbP rabbit polyclonal, ChP chicken polyclonal

was done using an unbiased, semi-automatic method
using MatLab code (MathWorks, MatLab 2017b) and
accuracy of analysis was confirmed by re-analyzing with
FIJI (Wayne Rasband, National Institute of Health, USA).
Hippocampal immunoreactivities were quantified on
the entire hippocampal area containing all layers of hippocampi but excluding the subiculum. The hippocampal
area quantified is depicted in Fig. S3E. PIEZO1 immunoreactivity was quantified separately in stratum radiatum,
and in polymorph layer, granular layer and molecular layers of dentate gyrus, as depicted in Additional file 1: Fig
S3E. Either percentage of immunoreactive area or mean
intensity of the staining were normalized to the area of
region of interest (ROI). The accumulation of microglia
around Aβ deposits was quantified from confocal z-stack
maximum intensity projection images. Projection images
were divided to separate channel images and gaussian blur filter (sigma is 1) and threshold command were
applied. The resulting binary images were further analyzed using particle command in FIJI software. The ratio
of IBA1 staining per individual WO2-positive deposits was quantified in the ROIs manually circled around
plaques from the center of the plaque in a way that it
fit in the circle properly through all the z-stack images
and were normalized to the size of the deposits (small,
medium and large) [36]. Area size was detected automatically using Fiji tools.
Calcium imaging

Calcium imaging was used for evaluating PIEZO1 evoked
calcium influx in primary murine microglia, astrocytes and human iMGLs on PDL-coated round 5 mm
glass coverslips (Thermo Scientific Menzel) at density
of 7000–10,000 cells/coverslip. The cells were loaded
with 5 µM calcium-sensitive fluorescent dye Fluo-4AM

(Direct Calcium Assay Kit, Invitrogen, USA) for 30 min
at 37 °C and washed for 15 min or 30 min at 37 °C and
then for 5 min at RT in basic solution (BS) containing
at mM concentrations 5 KCl (Scharlau Chemicals), 152
NaCl, 1 MgCl2, 10 HEPES (all from VWR chemicals), 10
glucose (MP Biomedicals) and 2 CaCl2 (Merck KGaA)
at pH 7.4. Coverslips were transferred in TILL photonics imaging system (TILL Photonics GmbH, Germany)
with constant BS perfusion. Fluorescence was visualized
using monochromatic light source with ex/em 494/506
and 10 × objective in Olympus IX-70 microscope (Tokyo,
Japan) equipped with CCD camera (SensiCam, PCO
imaging, Kelheim, Germany) using exposure time 100 ms
and a frame per second sampling frequency.
To activate mechanosensitive channels, we used: (1)
fluid pressure pulse; (2) hypo-osmotic solution (HOS);
(3) a selective PIEZO1 agonist Yoda1 (5586, Tocris). For
pressure pulse stimulation, a Picospritzer III (Parker
Hannifin, USA) connected with pressure supplier source
(N2 tank) was used. Stimulation was produced by 30 psi
(500 ms) puff of BS from the glass pipette filled with BS
(resistance 1.5 Mom) positioned next to the target cell at
equal distance for each measurement. After 1-min recovery, 0.1 µM Yoda1 was applied for 1 min to the same cell.
For osmotic and chemical stimulation, HOS and Yoda1
were applied via fast perfusion system (Rapid Solution
Changer RSC-200, BioLogic, Grenoble, France) at 2.5 ml/
sec flow speed (∼30 ms solution exchange time) for
1–2 min. For HOS, NaCl was reduced in BS to 81 mM to
get 40% lower osmotic value of 200 mOsm/kg instead of
320 mOsm/kg of isotonic BS. For vehicle control, DMSO
in correspondent concentration was added to perfusion
BS across experiments. To study PIEZO1 inhibition, cells
were incubated for 1 h with 5 µM GsMTx4 (Tocris) or
15 and 30 min with 1 µM soluble Aβ1-42 (4061966.0100,

Jäntti et al. Journal of Neuroinflammation

(2022) 19:147

Bachem) prior to Yoda1 application. Aβ1-42 was reconstituted just prior use in sterile water at concentration of 1 mg/ml and was further diluted 1 µM and used
within 30-min time period and kept on ice. To quantify
the amplitude of calcium transients, the ratio between
the peak amplitude of calcium responses were normalized after subtracting a baseline. Data were pre-analyzed offline using ImageJ (Rasband, W.S., ImageJ, U. S.
National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/) and results were obtained via
Origin 2019b (OriginLab, Northampton, Massachusetts,
USA).
Real time Cytotox Green cytotoxicity assay

Cytotox Green assay (4633, Essen Bioscience) was used
for in vitro iMGLs to obtain cell death overtime in
IncuCyte S3 Live-Cell Analysis System (4647, Essen Bioscience, Ann Arbor, MI, USA). Matured iMGLs at density
of 15 000 cells/well on 96-well plates were treated with
0.3–50 µM Yoda1 (Tocris) or equal volume of DMSO,
both with 250 nM Cytotox Green reagent. As a positive
control, 200 µM 1-Methyl-4-phenylpyridinium iodide
(D048, MPP + , Sigma) was applied to induce cell death
over 60 h. Cells were live-imaged in IncuCyte S3 at 37 °C
and 5% C
 O2 every 3 h for 3 days. One to two images/well
were captured using 10 × objective for phase-contrast to
obtain confluency and for green fluorescence to obtain
intensity of reagent binding to DNA of dying cells with
compromised membrane. IncuCyte S3 Software (2019B)
with constant settings across conditions was used for
quantification. Green integrated intensity as was thresholded from unspecific background fluorescence with a
top-hat thresholding to get green calibrated unit (GCU).
GCU per image was divided by confluence area per
image at each time point. Data from independent iMGL
batches and experiments was combined by normalizing
to control group.
CyQUANT™ LDH Cytotoxicity Assay Kit (Invitrogen,
C20301) according to manufacturer’s instructions was
used for measuring the release of cytosolic lactate dehydrogenase (LDH) enzyme into the cell culture media as
indicative of compromised cell membrane aka cytotoxicity. The cells were seeded and treated similarly as for
Cytotox Green assay and the medium was collected after
24 h. In the assay, the extracellular LDH catalyzes the
conversion of lactate to pyruvate via NAD + reduction
to NADH accompanied with a red formazan formation
proportional to the amount of LDH. The absorbances at
490 nm and 680 nm were measured using Victor Wallace
plate reader and LDH activity determined by subtracting the background absorbance and spontaneous LDH
LDH assay

Page 7 of 22

activity and then normalizing to the positive control of
2% Triton X-100.
Mitostress

Mitostress assay was performed using a Seahorse
XFe96 Extracellular Flux Analyzer (Agilent) to measure
OCR and ECAR in real time following the manufacturer instructions. IMGLs were seeded as a monolayer
with 50,000 cells/well in a XF96-well Seahorse microplate (Agilent). Cells were washed and equilibrated in
the XF Assay modified DMEM medium for 1 h at 37 °C
non-CO2 incubator. The levels of OCR and ECAR were
determined in response to the sequential addition of oligomycin, FCCP and rotenone/antimycin A (all 1 mM and
from Sigma). Non-mitochondrial respiration was determined as the minimum rate measurement after addition
of Rotenone/Antimycin A. Basal mitochondrial respiration was calculated by subtracting non-mitochondrial
respiration from the last measurement before addition of
oligomycin. Spare capacity was calculated by subtracting
basal respiration from the maximum rate measurement
after addition of FCCP. ATP production was determined
by subtracting the minimum rate after adding oligomycin
from the last previous measurement before addition of
oligomycin. The parameters were obtained using the Agilent Report Generator in Wave software.
Chemokinesis of iMGLs was analyzed using IncuCyte®
scratch wound cell migration assay (Sartorius) with realtime visualization according to manufacturer’s instructions. To achieve confluent monolayers, iMGLs were
seeded at density of 30,000 cells/well on PDL-coated
ImageLock 96-well plates. The cells were pretreated with
Yoda1, equal volume of DMSO as vehicle. After 22 h
medium was changed to make the adherent cells more
prone to detach. After 2 h, the monolayers were wounded
using a 96-well WoundMaker (Sartorius) to create coincident 700- to 800-μm-wide wounds to each well. The
medium was again changed to remove detached cells.
Location-matched 10 × phase-contrast images were captured once per hour for 24 h using the scratch wound
mode and IncuCyte S3 scratch wound cell migration
software module (version 2019B) was used for quantifying relative wound density using default settings. The
percentage of relative wound density compared to vehicle
group was calculated by normalizing to maximum value
of vehicle.
Scratch wound migration assay

Phagocytosis assays

Phagocytosis of iMGLs was evaluated with fluorescent
HiLyte Fluor 488 Aβ1-42 (AnaSpec) and by pHrodo
BioParticle (Invitrogen) phagocytosis assays using
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IncuCyte S3 live-cell imaging as previously described
[26]. HiLyte Fluor 488 Aβ1-42 was reconstituted as per
manufacture’s instructions by adding 50 µl 1% NH4OH
to 0.1 mg Aβ1-42 HiLyte Fluor™ 488-labeled peptide
and then peptide solution was diluted to 1 mg/ml with
PBS and stored at – 20 °C. Cells were seeded similarly as
for Cytotox assay and were pretreated for 24 h in FBSomitted PM medium. After 24 h, 1 µM HiLyte Aβ1-42
or 62.5 µg/ml pHrodo bioparticles were applied in OptiMEM (Gibco) on the top of old medium and one to two
20 × images/well were taken every 30 min for 6 h using
the phase-contrast and green fluorescence to obtain
time curves in IncuCyte. Background fluorescence of
non-phagocytosed beads/ HiLyte Aβ1-42 was removed
using top-hat thresholding similarly as for cytotox assay
in IncuCyte S3 software. For pHrodo bioparticles that
were visible in brightfield images, GCU was normalized
to confluence captured before addition of pHrodo particles, while HiLyte Aβ1-42 was normalized to confluence
at each timepoint.
Lysosomal activity

Lysosomal activity was measured for the BV2 cell line
and iMGLs using the LysoViewTM 540 reagent (Biotium,
70061) and Incucyte S3 Live-Cell imaging. BV2 cells were
seeded for the assay at density of 10,000 cells/well on
PDL (Sigma, P0899) coated 96-well plates and iMGLs as
for cytotox assay. LysoView reagent was added, and the
first image taken (T = 0) was used to evaluate the basal
lysosomal activity per well. Cells were treated with Yoda
or equal volume of DMSO as the vehicle control. Two
20 × images per well were captured every 3 h for 24 h for
phase-contrast confluence and for red fluorescence to
measure accumulating intensity of the LysoViewTM 540
reagent in lysosomes. Red fluorescence was separated
from background with a top-hat thresholding and red
integrated intensity per image was divided by confluence
area per image at each time point. The data were normalized to the T = 0 to avoid the bias due to different fluorescence intensity between wells and then compared to
maximum values of positive control or vehicle.
Analysis of RNA‑seq datasets

To quantitatively compare PIEZO1 gene expression
in different human cell types, RNA-seq data from two
published datasets of human iPSC-microglia with GEO
accession numbers GSE89189 [37] and GSE135707
[26] were implemented as previously described [26].
Both datasets were created from total RNA with a RIN
score > 9 using TruSeq mRNA stranded protocols to
obtain poly-A mRNA and were sequenced using Illumina HiSeq instruments. In both cases RNA-seq reads
were mapped to the hg38 reference genome. To be able
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to compare datasets with different origins and sequenced
as single-end 50 bp reads or paired-end 100 bp reads the
raw data were preprocessed. Briefly, raw data were log2transformed and quantile normalized using the function
“normalize.quantiles” of the package preprocessCore
[38]. Subsequently, data were batch-corrected to remove
the bias due to the technical variability of the two studies. Batch correction was performed using the function
“removeBatchEffect” of the limma package.
Clustering analysis of snRNA‑ and scRNA‑seq datasets

Seurat [39] was used for the analysis of the Grubman
et al. snRNA-seq [40], Keren-Shaul et al. scRNA-seq
[41] and Zhou et al. snRNA-seq [42] datasets. For Zhou
et al. data we removed the cells identified as multiplets by
performing the scds method [43]. Following Seurat and
to improve the precision of the scRNA/snRNA analysis,
a gene was included if present in at least 3 cells, while a
cell was included if it expressed at least 200 genes [44].
The cells which had a percentage of mitochondrial genes
greater than 5% were considered as dying cells and were
filtered out [45]. A further filtering was done following
the original authors of the data based on the number of
unique molecular identifiers (UMI) and of genes per cell.
After this processing, data were normalized to reduce
technical differences [46], scaled [44] and clustered. PCA
and JackStraw procedures were applied based on the 2000
most variables and the number of PCA components was
then chosen at the ‘elbow’ of the plot. The first 20 PCA
components ensured the best separation of the cells and
clusters have been detected with a resolution equal to
0.32 for the Grubman et al. dataset, while 0.2 for KerenShaul and 0.06 for Zhou data. Finally, the cluster annotation in specific cell-types was addressed using scCATCH
[47] for the human dataset, while using gene set variation analysis (GSVA) [48], for the mouse ones. The latter
has been applied as defined by J. Javier et al. [49] and the
tested gene sets have been composed by Keren-Shaul and
Zhou cell-type specific most expressed genes published
in the supplementary material of the original papers.
After the cell clustering, the gene statistics in the clusters were analyzed. We determined the ratio of frequency
and of expression to understand the presence and the
level of expression of each gene with respect the others (e.g., frequency ratio of 0.6 means that the gene is
expressed in more cells than 60% of the other genes in the
same cell-type). To conclude, we summarized the information retrieved for each gene. We defined a continuous
numeric score, from the minimum value of 0 to the maximum of 2, based on the sum of the ratio of frequency
and the ratio of expression. For example, the gene which
in a cell-type is both the most frequent and the most
expressed with respect the other genes get a score equal
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to 2, while 0 otherwise. We then performed a correlation
analysis between the DAM markers (Keren-Shaul’s et al.
genes associated to AD-specific microglia) and Piezo1.
We determined how much the DAM markers were correlating with their expression to Piezo1 expression in the
mouse microglia subpopulations. In case of the KerenShaul’s et al. data, we considered the gene expressions
in the Microglia 1, 2 3. In case of the Zhou’s et al. data,
we considered the gene expressions in the WT_5XFAD
[1] and in the microglia 0 and 2. We selected the DAM
markers that got a high correlation with Piezo1 and that
were present in at least the 70% of the Piezo1 cells. We
kept only the DAM markers satisfying the criteria in both
the two mouse datasets. All the analysis can be replicated
with the R >  = 3.6 scripts available at the following link:
https://github.com/LucaGiudice/Microglia-AD-PIEZO1.
Statistical analysis

All quantitative assessment was performed in a blinded
manner and based on power calculation wherever it was
possible. All cell culture experiments were independently
repeated at least three times. For iMGLs each experiment was performed in an independent batch of cells
differentiated from iPSCs. Based on the type and distribution of data populations (examined with Shapiro–Wilk
W test) appropriate statistical tests were applied: for two
independent groups, two-tailed unpaired t-test or nonparametric Mann–Whitney t-test, for two dependent
groups of data Wilcoxon signed-rank test, for multiple
comparisons one-way ANOVA (with Tukey’s or Bonferroni’s post hoc tests) or Kruskal–Wallis test was used.
The analysis was performed with the GraphPad Prism
v.8 for Windows (GraphPad Software, La Jolla California
USA, www.graphpad.com) and Origin2019b (OriginLab,
for Ca imaging experiments). Outliers were removed
using extreme Studentized deviate Grubbs’ test with 0.05
significance level. All data are represented as median
or mean ± SEM, unless otherwise stated. Differences
with p < 0.05 were considered significant. Statistically
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significant differences were set at *p < 0.05 and **p < 0.01
and ***p < 0.001.
Results
Human microglia express highly mechanosensitive PIEZO1
channels

We characterized the expression of PIEZO channels in
microglia across species in human iMGLs, mouse primary microglia and secondary microglial cell lines, as
well as in transcriptional databases. Murine primary
microglia and the BV2 cell line expressed Piezo1 as
abundantly as primary rodent trigeminal neurons [50]
and astrocytes [51] which were used as positive controls
(Fig. 1A). To study human microglia, we differentiated
human iPSC-lines (Table 1) into iMGLs that resemble
human microglia in their morphology, marker expression, functional aspects and capacity to respond to ATP
and ADP with Ca2+ transients [26]. Human iMGLs and
human microglial SV40 cell line expressed PIEZO1
(Fig. 1A) whereas PIEZO2 was only detected in the SV40
cell line and primary mouse microglia (Additional file 1:
Fig. S1A). We validated this by using published human
[52] and mouse [53] RNA-seq datasets (GSE52564 [53],
GSE73721 [52], phs001373.v1.p1 [54], GSE125050 [55],
syn18485175 [56], GSE99074 [57]; Additional file 1: Fig.
S1B-D). To verify further the expression of PIEZO1/2
in iMGLs, we compared two published RNA-seq datasets of iMGLs produced similarly (GSE135707 [26])*
or analogous (GSE133433 [37]) to our method. In both
datasets, iMGLs expressed PIEZO1 more abundantly
than PIEZO2 (Fig. 1B). The levels of the two genes in
iMGLs resembled the expression in fetal and adult
human microglia, whereas iPSCs expressed PIEZO2 at a
higher level and induced hematopoietic progenitor cells
(iHPCs), CD14 and CD16-positive monocytes (CD14M,
CD16M), and dendritic cells (DC) had higher PIEZO1
expression (Fig. 1B). Immunocytochemistry corroborated prominent localization of PIEZO1 channels on the
cellular membrane and nucleus both in human iMGLs

(See figure on next page.)
Fig. 1 Human and mouse microglia sense mechanical forces through PIEZO1 receptor. A Piezo1 gene expression in murine trigeminal neurons,
astrocytes, microglia (MG) and microglial cell line (BV2); and in human microglial cell line (SV40) and iPSC-derived microglia (iMGL) analyzed by
RT-qPCR (N = 3–4). B PIEZO1 and PIEZO2 gene expression in human iMGLs, fetal and adult MG, iPSCs, induced hematopoietic progenitor cells
(iHPCs), CD14 + and CD16 + monocytes (CD14M, CD16M), and dendritic cells (DC) obtained from human RNA-seq datasets [26, 37]. N = 3–6.
Immunostaining of PIEZO1 (green) and nuclei DAPI (blue) in C iMGLs and D MGs. E Schematic for PIEZO1 activation by mechanical fluid puff, small
molecule agonist Yoda1, and hypo-osmotic solution (HOS). C
 a2+ transients of single F iMGLs and G MGs evoked by 2-min applications of HOS. H
Ca2+ transients in iMGLs induced by mechanical fluid puffs (500 ms, 30 psi) followed with chemical activation by 0.1 µM Yoda1. n = 7 coverslips.
Dose–response curves for Yoda1 as I fold change (fc) to maximum Ca2+ amplitudes normalized to baseline (F/F0), J and as a percentage of
responsive cells. Dashed line, maximum response; dotted line, 5 µM. n = 2–14 with N = 2–5. K Ca2+ transients of 0.3 µM and 5 µM Yoda1 in single
iMGLs. L Maximum C
 a2+ amplitudes as % compared to vehicle control (VEH) after 1 h preincubation with 5 µM GsMTtx4 inhibitor followed by 1-min
Yoda1 application (n = 4). Dose–response curves for M normalized maximum amplitudes and N percentage of responsive mouse MG (N = 6). O
Ca2+ transients of 1 µM and 5 µM Yoda1 in single mouse MGs. Unpaired t-test, ***p < 0.001, **p < 0.01, *p < 0.05; data repeated in n = experiments
with N biological replicates. Data as mean ± SEM. See also Additional file 1: Fig. S1 and Table 1
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Fig. 1 (See legend on previous page.)

(Fig. 1C, Additional file 1: Fig. S1E-F) and mouse microglia (Fig. 1D).
Following the identification of mechanosensitive
PIEZO1 channels in microglia, we next demonstrated
that the iMGLs respond to two types of commonly

used mechanical stimulation: (1) plasma membrane
stretching caused by hypo-osmotic solution (HOS),
and (2) mechanical force caused by fluid pressure puffs
(Fig. 1E). Since HOS and puffs cause changes in membrane and cytoskeleton organization and thus may
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trigger non-specifically several mechanical receptors
potentially expressed in microglia, we finally activated
specifically PIEZO1 mechanotransduction using (3) a
selective small molecule agonist Yoda1 that is highly
specific for PIEZO1 [58]. Since PIEZO1 channels are
activated by conformational change upon plasma membrane stretching, we used a 2-min application of HOS
to cause cell swelling. As expected, exposure to 40%
lower mechano-osmotic solution with 200 mOsm/
kg induced Ca2+ influx in iMGLs (Fig. 1F) and in primary mouse microglia (Fig. 1G). To study more finetuned mechanical stimulation of individual iMGLs,
we created fast 500 ms pressure puffs of basic solution using a picospritzer and detected slow Ca2+ transients in the iMGLs (Fig. 1H). To finally verify that
the Ca2+ transients were mediated particularly by the
PIEZO1 channel, a puff was followed by an application of 0.1 µM Yoda1, a selective chemical activator of
PIEZO1, demonstrating strong Ca2+ transients in the
same cells (Fig. 1H). Dose–response curves (DRC) of
Yoda1 normalized to an equal volume of vehicle (0.04%
dimethylsulfoxide, DMSO) revealed high sensitivity
of human microglia to Yoda1 (Fig. 1I). The maximum
response was obtained in 80.5 ± 8.5% of cells at the
range of 0.1–1 µM Yoda1 while also the higher concentrations continued to induce Ca2+ transients, although
in a smaller population of iMGLs (Fig. 1J) and with
lower amplitudes (Fig. 1I, K). Conversely, inactivation
of PIEZO1 suppressed Yoda1-elicited Ca2+ transients
as illustrated by 1 h preincubation with 5 µM GsMTx4, a mechanosensitive and stretch-activated ion
channel inhibitor (Fig. 1L) [59]. Mouse microglia demonstrated a more classical sigmoidal DRC and all cells
were responsive to over 1 µM Yoda1 (Fig. 1M–O). In
summary, these data demonstrate that across species,
microglia express functional PIEZO1 channels that can
be efficiently activated with the small molecule agonist
Yoda1 in a species/model-dependent manner. Notably,
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the highest sensitivity was observed in human cells suggesting their functional role in this cell type.
Activation of PIEZO1 shapes functional phenotype of human
microglia

To investigate whether PIEZO1 activation alters basic
microglial functions that are important for counteracting
Aβ plaques, we applied Yoda1 on iMGLs and analyzed
their survival, metabolism, migration, and phagocytosis
in vitro. First, Cytotox Green assay was used for determining a non-toxic dose of Yoda. To this end, the cells
were live-imaged for 60 h after the Yoda1 application
using IncuCyte technology. As a positive control, 200 µM
1-methyl-4-phenylpyridinium iodide was used to induce
slow cell death within the experiment time window. No
fresh medium was replenished to avoid mechanical activation due to media change and consequently the cells
started to die after 30 h in all wells. No differences in toxicity were observed for 0.3–20 µM Yoda1 within 24 h as
evaluated from the count of Cytotox Green-positive cells
per confluence (Fig. 2A, B, Additional file 1: Fig. S2AC). Interestingly, 5–20 µM Yoda1 even reduced the cell
death dose-dependently after 48 h compared to vehicle
consistently across independent experiments (Fig. 2A,
B, Additional file 1: Fig. S2C), whereas no differences
between vehicle and medium control were observed,
and higher Yoda1 concentration started have a reduced
effect (Additional file 1: Fig. S2C). Cell confluence and
cell count supported the observed cell survival induced
by Yoda1 and the effect was even more visible after 60 h
(Fig. 2C, Additional file 1: Fig. S2A, B). In contrast to
Piezo1 agonist, the mechanosensitive ion channel inhibitor, GsMTx4, increased cell death at 5 µM concentration
(Fig. 2D–E). Since 5 µM Yoda1 was the lowest concentration to increase survival over time (Fig. 2A, B, Additional
file 1: Fig. S2A–C) and to induce repeatable, although not
maximal, Ca2+ transients (Fig. 1J–L), we used 5–20 µM
doses for further functional analysis. Furthermore, the
24-h timepoint was selected for functional studies as

(See figure on next page.)
Fig. 2 PIEZO1 orchestrates a unique immune response in human iMGLs. A Toxicity as count of Cytotox Green cells per confluence for iMGLs
treated with 2–20 µM Yoda1 and live-imaged for 60 h. Normalized to positive control (PC) of 200 µM 1-Methyl-4-phenylpyridinium iodide. N = 3
in n = 3. B Quantification at 48 h. C Representative images of confluency and labeling for fluorescent Cytotox Green reagent. D–O The cells were
treated with 5 µM Yoda1 24 h before starting the assays. D Respective toxicity for iMGLs treated with 5.0 µM GsMTx4 and E quantification at 48 h.
n = 6 wells. F Spare respiratory capacity calculated from the oxygen consumption rate (OCR) profiles in mitostress test. n = 7 with N = 5. G Ratio of
OCR to extracellular acidification (ECAR). H A mitostress energy map depicting OCR and ECAR compared to 20 ng/ml LPS. I Scratch wound density
normalized to vehicle. Areas under the curves (AUC) presented as bars. N = 3 in n = 2. Green fluorescence intensity of phagocytosed. J pHrodo
beads (n = 4 with N = 3) and K 0.5 µM green HiLyte Aβ 1–42 (N = 3 in n = 1) per confluence over 5 h with AUC normalized to vehicle. L Lysosomal
activity over time as intensity of pH-sensitive fluorescent red LysoView 540 reagent per confluency. n = 5 with N = 3. Representative images of
M scratch wounds at 24 h overlayed with masks for the original scratches at 0 h and at 24 h, N cells with internalized green fluorescent pHrodo
beads that show as black dots outside the cells at 3 h; O cells with internalized Hilyte Aβ42 488 at 5 h; and, P cells treated with 20 µM Yoda1 and
fluorescent red LysoView 540 reagent. Two-way ANOVA with Sidak’s multiple comparisons or unpaired t-test. Significance ***p < 0.001, **p < 0.01,
*p < 0.05. Data as mean ± SEM. All data repeated in n = experiments/batches with N biological replicates. See also Additional file 1: Fig. S2
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longer incubations would have required refreshing the
culture medium. Lactate dehydrogenase (LDH) release
assay confirmed Yoda1-induced protection at 5 µM concentration (Additional file 1: Fig S2D). It was verified
that 5 µM Yoda1 did not cause alterations in morphology or microglial protein expression by immunostaining for PIEZO1 and canonical microglial markers IBA1,
CX3CR1, TMEM119, TREM2 and P2RY12 (Additional
file 1: Fig. S2E).
We next examined whether metabolic reprogramming
preceded Yoda1-induced survival as microglia change
their metabolism to have adequate energetic capacity and substrates required for the stimulus-dependent
protective phenotypes [60]. The energetic profiles of
iMGLs were assessed using the MitoStress Kit and a
Seahorse XFe96 Analyzer (Agilent, Additional file 1:
Fig. S2F) and an increase in spare respiratory capacity
was observed (Fig. 2F), as is also observed under antiinflammatory stimulus with IL-13 and IL-4 or upon
IFNγ treatment[60]. In contrast, the ratio of OCR to
ECAR indicated a shift towards more glycolytic processes
(Fig. 2G), which is classically induced upon proinflammatory stimulus by lipopolysaccharide (LPS) [60]. However,
the OCR-ECAR energy map showed that Yoda1 induced
only a small change in OXPHOS, whereas 20 ng/ml LPS
caused a prominent shift from aerobic OXPHOS towards
glycolysis (Fig. 2H, Additional file 1: Fig. S2G, H).
Protective properties of microglia are linked to their
ability to migrate to the site of pathology [61]. Mechanotransduction [11, 12] and overexpression of calciumpermeable PIEZO1 channels [21] have been linked to
Ca2+-dependent processes that directly affect cell migration, including actin remodeling, myosin II contractility, binding to and integrity of the extracellular matrix.
To test if PIEZO1 activation impacts the motility of
iMGLs we carried out scratch wound live-imaging assays
over 24 h. Quantification of the area under the curve
(AUC) for the relative wound density revealed increased
chemokinesis and increased wound healing after Yoda1
application (Fig. 2I and M). We used 100 µM adenosine
diphosphate (ADP) as a positive control (Fig. 1J), since
microglia increase their motility to sites of neural injury
where adenosine triphosphate (ATP) is released and
ATP is rapidly converted to ADP that induces microglial
migration and chemotaxis via P2Y12 receptors.
After reaching the pathological site, microglia maintain brain homeostasis by clearing damaged tissue and
pathological particles through phagocytosis. Even though
elevation in cytosolic Ca2+ is known to be required for
efficient ingestion of particles and control the subsequent steps involved in the maturation of phagosome,
the molecules that mediate the C
 a2+ ion flux across
the phagosomal membrane are still unknown [62]. We
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Fig. 3 Aβ inhibits PIEZO1 activation in human iMGLs. A Average
representative Ca2+ transients in iMGLs after 30 min preincubation
with soluble 1 µM Aβ followed by 1-min 0.3 µM Yoda1 application
from one experiment. B Corresponding maximum Ca2+ amplitudes
as the % compared to VEH control. n = 4 cell batches. Unpaired t-test.
Significance ***p < 0.001, *p < 0.05. Data as mean ± SEM

hypothesized that PIEZO1-mediated Ca2+ influx would
enhance phagocytosis and exposed iMGLs next to
pHrodo bioparticles tagged with Zymosan ligands from
yeast. The pHrodo particles are non-fluorescent at neutral pH outside the cells but fluoresce brightly in acidic
pH inside phagosomes. Consistent with our hypothesis,
24-h pretreatment with Yoda1 increased phagocytosis
quantified as green fluorescence intensity per confluency
using live-cell imaging over 5 h (Fig. 2J). This was evident in microscopy images showing fewer beads outside
cells (Fig. 2N). Moreover, also the phagocytosis of ADrelevant Aβ was increased in similar experimental setting
using 0.5 µM HiLyte™ Fluor 488-labeled Aβ peptides and
in the quantification of green fluorescence intensity per
cell area within a 5-h follow-up period (Fig. 2K, O). After
the engulfment, phagocytosis is completed in phagolysosomes that are acidic and hydrolytic organelles responsible for digesting phagocytosed cargo [63]. Several AD
risk genes are indicated along this pathway [63–65] and
therefore we evaluated microglial lysosomal activity
using red LysoView dye that accumulates in the low pH
environment of the lysosomes, resulting in highly specific
lysosomal fluorescence. Indeed, Yoda1 boosted lysosomal activity dose-dependently in iMGLs (Fig. 2L, P), suggesting an overall increase in the phagocytic process in
microglia upon PIEZO1 activation.
Aβ inhibits the PIEZO1 channel in microglia

Ca2+ signaling is critical for microglial protective functions, and it is dysfunctional in AD [66–68]. However, the
exact mechanisms or time-course of these dysfunctions
have not been extensively studied. It is likely that Aβ
can modulate cell membrane and cytoskeletal mechanics resulting in blockage of PIEZO1 in microglia, similarly as has been shown for HEK293 cells [21]. To explore
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this inhibitory action in microglia, we pretreated human
iMGLs with either vehicle or 1 µM soluble Aβ 1–42 for
15 and 30 min before applying 0.3 µM Yoda1. The most
effective concentration of Yoda1 was selected based
on the earlier 
Ca2+ imaging experiments (Fig. 1I, J).
Indeed, pretreatment with Aβ significantly dampened the
Yoda1-induced Ca2+ influx in iMGLs (Fig. 3A, B). Since
Aβ starts to fibrillize immediately after the reconstitution in water, it is likely that the soluble Aβ used in this
experiment contained different forms from monomeric
to fibrils, thus resembling the heterogenous forms present in the brain [69–73]. It is beyond this study to identify which of the Aβ forms caused the inhibitory effect
or what was the exact mechanism how Aβ inhibited
PIEZO1 activity, however, the longer incubation caused
more significant inhibition in Ca2+ transients (Fig. 3B).
These results suggest that AD-related pathology may
compromise microglial PIEZO1-mediated C
 a2+ signaling
and the downstream functions of microglia, providing a
possible novel explanation for the failure of microgliamediated clearance of Aβ in AD.
PIEZO1 mediates clearance of Aβ in vivo

Since PIEZO1 activation increased microglial migration
and phagocytosis, we next investigated the consequences
of this potentially beneficial effect in vivo. First, we confirmed the presence of PIEZO1 channels in the brain of
wild type (WT) and transgenic 5xFAD mice at the age
of 5 months when the 5xFAD mice show prominent AD
pathology with Aβ deposition and microglial activation
[74, 75]. Immunohistochemistry illustrated abundant
expression of PIEZO1 both in WT and 5xFAD mice and
the expected upregulation of microglial IBA1 immunoreactivity in 5xFAD mice. PIEZO1 was expressed, although
at low levels, in IBA1-positive cells in the 5xFAD mice
(Additional file 1: Fig. S3A–D). Quantification of PIEZO1
immunoreactivities in hippocampi did not reveal differences between 5xFAD and WT (Additional file 1: Fig.
S3E–G). Similarly, no differences were observed in Piezo1
mRNA expression using RT-qPCR (Additional file 1: Fig.
S3H).
We treated the 5xFAD mice with a daily bolus of
0.25 µg/mouse of Yoda1 or vehicle (1% DMSO5 µl bolus)
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5-times per week for two weeks. The treatment was
administered into the lateral ventricle using intracranially implanted cannulas for daily infusions to deliver
Yoda1 in the brain (Fig. 4A). To quantify the microglial
distribution and the Aβ deposition we stained sagittal
brain slices with IBA1 and WO2 antibodies (Fig. 4B, C).
Remarkably, Yoda1-treated mice had visibly and quantifiably higher immunoreactive area of IBA1-positive microglia (Fig. 4D) and lower WO2 plaque area (Fig. 4E) in
the hippocampus and cortex. To analyze the correlation
of microglia and plaques in more detail, we captured 3D
confocal z-stacks from hippocampi with 40 × magnification (Fig. 4F–H) and revealed increased IBA1/WO2 ratio
around the plaques in Yoda1-treated animals (Fig. 4I),
indicating enhanced microglial clustering around the
deposits. Despite these observations indicating the
cleaning effect of Yoda1-activated microglia, we did not
observe increased levels of PIEZO1 nor increased overlap of PIEZO1 and IBA1 (Additional file 1: Fig S4A–E).
Moreover, there was no increase in astrocytic activation
as evaluated by GFAP staining or indication of altered
clustering of GFAP-positive cells around the WO2
plaques (Additional file 1: Fig. S4G–M). Together these
data suggest the involvement of activated microglia in the
observed reduction of Aβ deposition.
PIEZO1 expression is altered in AD‑specific subpopulations
of microglia

To better understand the role of PIEZO1 in regulating microglial subtypes in AD, we analyzed the Keren
Shaul et al. [41] single-cell RNA (scRNA) and Zhou et al.
[42] single nuclei (snRNA) datasets of 5xFAD mice, and
Grubman et al. human snRNA dataset of AD patients
and non-diseased age-matched individuals [40]. The
mouse datasets described the signature profile of disease-associated microglial (DAM) subtype in the vicinity of Aβ plaques with upregulated AD risk genes and
downregulated homeostatic genes [41] and showed that
the transition from homeostatic to DAM phenotype
occurred through the Trem2 pathway [42]. We replicated
the clustering and the annotation analysis made by the
authors (Additional file 1: Fig. S5A–C) and depicted the

(See figure on next page.)
Fig. 4 Activation of PIEZO1 mediates microglial clearance of Aβ plaques in 5xFAD mice. A A Schematic for in vivo treatments of 5-month-old
5xFAD mice with 1% DMSO in saline (VEH) or 0.25 µg Yoda1 with total of ten daily 5 µl infusions over 12-day period through intracranial ventricular
cannula. Created with BioRender.com. Representative immunofluorescence images of B microglia (IBA1, green) and C Aβ plaques (WO2, magenta).
Scale bar 200 µm. D–E Corresponding quantifications of immunoreactive areas in hippocampus and cortex. Representative maximum intensity
projections of confocal z-stack images of double-immunostaining for F microglia (IBA1, green) and G Aβ plaques (WO2, magenta), with H merged
images showing colocalization (white). Scale bar 20 µm. I Quantification of overlap of IBA1 and WO2 in small, medium, and large Aβ plaques. N = 5
VEH, N = 6 Yoda1 mice. Statistical outliers removed. Unpaired t-test. Significance ***p < 0.001, *p < 0.05. Data as mean ± SEM. See also Additional
file 1: Fig. S4
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Fig. 5 PIEZO1 expression is altered in AD-specific subpopulations of human and murine microglia. Piezo1 Log2 gene expression overlaid onto the
Uniform Manifold Approximation and Projection (UMAP) plots of the clusters in A 5xFAD scRNA [41], B Trem2−/− 5xFAD snRNA [42], and C human
AD patient snRNA [40] dataset. Corresponding consensus scores summarizing the ranks of Piezo1 frequency and expression in respect to the
other genes in all annotated clusters (see Additional file 1: Fig. S5): D for A data, E for B data and F for C data. Respective Piezo1 expression level in
microglial subclusters of G WT and 5xFAD mice in (A), H all Trem2−/− 5xFAD subclusters in (B), and I in human microglial subtypes m1–m5 in (C).
Subtypes m1 and m2 are only present in AD patients PIEZO1. Unpaired t-test, one-way ANOVA with Dunnett’s multiple comparisons, Kruskal–Wallis
p.v. Significance *p < 0.05. Data as mean ± min and max. See also Additional file 1: Fig. S5

Piezo1 expressing cells in the clusters (Fig. 5A–C). A consensus score summarizing Piezo1 frequency and expression in respect to the other genes revealed that microglia
have the highest Piezo1 expression, whereas in other cell
types, Piezo1 is either frequent but poorly expressed or
has low frequency but is highly expressed (Fig. 5D–F).
Supporting our hypothesis of impaired function of
PIEZO1 in AD, Piezo1 was downregulated in DAM

in both 5xFAD mouse datasets (Fig. 5G, H) (Kruskal–
Wallis p.v. <  = 0.05). To determine how DAM genes
are regulated in Piezo1 expressing cells, we performed
a correlation analysis between Piezo1 and the DAM
markers in microglial subpopulations of both datasets.
Seven upregulated DAM markers (Cd9, Ctsb, Ctsd, Ctsl,
Ctsz, Fth1, Rplp2) correlated negatively (< = − 0.7) with
Piezo1, thus while Piezo1 decreased, they increased in
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DAM (Additional file 1: Fig S5D, Tables S1, S2). On the
contrary, thirteen downregulated DAM markers (Cd164,
Cox6a1, Glul, Malat1, Marcks, Npm1, Rpl22l1, Rpl35a,
Rpl5, Rps11, Rpsa, Serinc3, Tmem173) correlated positively, thus were also decreased in DAM similar manner
as Piezo1 (> = 0.7) (Additional file 1: Fig. S5D, Tables S1,
S2). These genes encode proteins taking part in phagocytosis, lysosomal activity, adhesion, mitochondrial
respiration, metabolism, cell shape and motility, and
homeostatic microglial identity indicating the pathways
related to the functions Yoda1 modulated in our microglial experiments.
Contrasting with the mouse data, human microglial
subpopulations associated with AD patients (m1 and m2)
had little overlap with the DAM signature [41]. In agreement with this species discrepancy, we discovered that
PIEZO1 expression was upregulated in the human ADspecific subcluster m1 (Fig. 5I). Differentially expressed
genes (DEGs) analysis showed, in line with the Grubman et al. 2019 data, that the m1 PIEZO1 cells were
enriched with (1) AD GWAS genes APOC1 and APOE;
and (2) mitochondrial genes LINGO1, MT-ND4, MTND2, SNX6, MT-ATP6, MT-CYB, MT-CO2, and MTCO3; but had (3) low levels of AD GWAS gene FRMD4A
(Additional file 1: Table S3). Only MALAT1 was overlapping with the mouse data. In addition, a postmortem
AD patient prefrontal cortex (PFC; syn18485175) [56]
dataset demonstrated a higher expression of PIEZO1 in
microglia from patients with a high brain Aβ load (Additional file 1: Fig. S5E). Together these data indicate that
PIEZO1 may be differentially regulated in subpopulations
of microglia in the AD patient brain even though no differences were observed in the total bulk population of
microglia between patients and healthy individuals (PFC;
syn18485175) [56] (Additional file 1: Fig. S5F).

Discussion
Here we show a novel approach to enhance the microglial Aβ clearing function through activation of mechanotransducing PIEZO1 channels with a small molecule
agonist. As we demonstrate the beneficial effects of
PIEZO1 activation both in human microglia in vitro
and in an animal model of AD in vivo, this calciumpermeable mechanoreceptor could represent a novel
translational target for LOAD patients covering the
majority of AD cases associated with impairment in the
clearance of Aβ [3, 4] We show that functional PIEZO1
channels are expressed in human and mouse microglia
and that Aβ1-42 compromises PIEZO1-mediated C
 a2+
signaling in human iMGLs. Activation of PIEZO1 elicits a unique functional microglial state with increased
phagocytosis, survival and motility with both classical
pro- and anti-inflammatory metabolic features. Our
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in-depth analysis of single-cell sequencing datasets
show that PIEZO1 is enriched in microglial subclusters in AD patients. This correlates with the expression of certain Trem2-dependent DAM signature genes
[41, 42] that take part in the Aβ clearing functions in
a mouse model of AD. The function of microglial cells
surrounding the plaques, particularly their motility and
phagocytic clearance of Aβ, may be the key determinants governing the pathological processes in AD [2,
76]. Importantly, it is shown here that PIEZO1 activation reduced existing Aβ plaques concomitantly with
the increase in microglial marker Iba1 around the
plaques in 5xFAD mice in vivo.
Research over the last two decades has attempted to
find the determinants and outcomes of the microglial
behavior but their beneficial vs. detrimental contribution in AD is still not fully clear. Sustained exposure to
Aβ, cytokines and other inflammatory mediators appear
to cause permanent impairment in microglial function at
the plaque sites [77] manifested by impairment in motility and phagocytosis in mice with AD phenotype [78].
This could lead to inactivation of the protective function of microglia to clear Aβ [79]. Our observation that
Aβ inhibits native PIEZO1 in human microglia supports
the theory that the function of microglia is compromised
in AD by completing the vicious circle exaggerating AD
pathology. Our experimental paradigm aimed to include
various forms of Aβ as demonstrated earlier [80] mimicking the various forms of Aβ microglia encounter in vivo
in AD brain. This, together with our observations that
brain Aβ burden contributes to the expression of PIEZO1
in microglia, indicates that dysfunction or blockage of
PIEZO1 could be involved in the early mechanisms triggering microglial malfunctions even before the diagnosed
symptoms. Similar to the in vivo situation, in vitro Aβ
preparations contain heterogenous Aβ species ranging
from monomeric to fibril forms. Even though our study
does not specify which Aβ species mediate the inhibitory effects or through which exact mechanism, it is
likely that Aβ can modulate cell membrane mechanical
sensitivity to control PIEZO1-triggered Ca2+ influx. This
could happen similarly as in human HEK293 cells rather
than Aβ directly interacting with the PIEZO1 receptor
[21]. Thus, alleviating the Aβ-causing inhibitory effect
on PIEZO1 offers a promising, early target for treatment
paradigms. This view is further supported by the fact that
the inhibition of PIEZO1 by the antagonists was toxic
for iMGLs, although the toxicity could have also been a
result of the unspecific off-target effects of the available
inhibitors. Importantly, PIEZO1 activation in microglia
provides a driver for multiple calcium-dependent mechanisms important for ‘waking up’ the protective function
of these cells, including the immunological surveillance
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of the brain. This could be critically important for conditions such as AD where the proper function of microglia
is compromised [81]. This novel concept is in line with
data showing that mechanosensitive stimuli, such as
ultrasound, activates PIEZO1 channels [82] and leads to
clearance of brain Aβ by microglia [83].
By using distinct mechanical cues and a selective
molecular agonist we demonstrate the presence of abundant functional PIEZO1 mediated mechanotransduction
in human iMGLs and mouse microglia. All the stimulation paradigms elicited prolonged functional responses
lasting minutes and distinct from earlier observations
of PIEZO1 mediated membrane currents in other cell
types which were limited to ms range [84] due to the ion
channel inactivation mechanism. The prolonged activity
could arise from microglia-specific PIEZO1 organization,
and in particular, the unusual organization of cytoskeletal structures in these mobile cells, and/or changes to
membrane lipid organization shaping the global properties such as tension and fluidity. The PIEZO1 channel can
switch permanently from a transient to a sustained gating mode by strong mechanical stimulation [85–87] and
by repeated stimulation [84, 88]. In particular, membrane
cholesterol which is required for establishing a mature
microglial phenotype [89], could affect the activity of
PIEZO1 channel clusters [54, 89, 90].
Interestingly, we discovered that human iMGLs were
highly sensitive to the PIEZO1 agonist Yoda1. Specific high sensitivity could stem from the species-specific structures of the PIEZO1 channel. Indeed, human
and mouse share only 84% similarity in the base pair
sequence of the respective gene and 81% similarity in
amino acids of the protein (https://blast.ncbi.nlm.nih.
gov/). The semi-bell-shaped DRC of human cells contrasting to mouse microglia presented classical sigmoidal DRC could be due to specific PIEZO1 inactivation
characteristics, analogous to similar contribution of
desensitization to responses of capsaicin-activated transient receptor potential vanilloid (TRPV) receptors [91].
Also differences in plasma membrane lipid and cholesterol composition could partly explain the differences
between species since PIEZO1 activity appears to be
concentrated in cholesterol-rich lipid raft domains [92,
93] and human microglia, but not mouse microglia, show
dysregulation of cholesterol homeostasis in sporadic
AD models [94]. In mice, global knock-out of PIEZO is
embryonically lethal, while in humans a PIEZO1 loss-offunction mutation has been reported to cause mainly a
loss of lymphatic function [95], whereas a gain-of-function mutation results in a red blood cell dehydration [96]
and is associated with protection from severe malaria
in humans [97]. All in all, the bell-shaped concentration
dependence in iMGLs may have beneficial functional
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significance limiting potentially damaging cell Ca2+ overload at high Yoda1 concentrations [98].
Our calcium imaging experiments demonstrated
that not all iMGLs responded similarly to Yoda1, suggesting that microglia cultures may have, similar to
astrocytes [19], subpopulations that mediate the varieties in PIEZO1 responses. This indicates that bulk
analysis of microglia could mask the altered pathways
that are affected within specific subpopulations. Our
reanalysis of single-cell transcriptomic datasets of AD
patients [40] and DAM microglia in 5xFAD mice [41,
42] showed apparently contradicting PIEZO1 upregulation in a human AD-associated microglial subpopulation and, on the other hand, downregulation of Piezo1
in mouse DAM. The original publications already
stated that the human and mouse AD-associated genes
differ, and some genes can be even up- or downregulated to opposing directions, most likely reflecting
species, brain region and/or disease stage differences.
Despite the differences, the datasets demonstrated that
PIEZO1-positive microglia highly express some AD
signature genes and correlate with some of the homeostatic genes that are downregulated in mouse DAM.
This was in line with our pro- and anti-inflammatory
metabolic profile induced by Yoda1 in human iMGLs
suggesting that PIEZO1 microglia have a unique gene
expression pattern reflecting their Aβ clearing function. To fully elucidate the role of microglia in PIEZO1mediated clearance of Aβ at subpopulation level over
the time-course of AD pathology in relation to the contribution of other cell types, a longitudinal single-cell
analysis of subcellular clusters would be required.
Even though we are the first to focus on PIEZO1 in
microglia specifically, we cannot rule out that Yoda1
may exert its beneficial actions also through other
brain cell types such as astrocytes [19], oligodendrocytes [51], and neuronal stem cells [99] in AD [19, 21,
100]. Being in line with a previous study of transgenic
AD rats [19], our analysis shows a higher number of
PIEZO1-positive astrocytes in human AD brain. However, even though prior studies demonstrate that astrocytes express functional PIEZO1 channels [19, 101], in
our study Yoda1 did not alter GFAP immunoreactivity
in vivo. In contrast, it specifically increased microglial
IBA1 immunoreactivity and its localization around Aβ
deposits. Moreover, not all astrocytes express PIEZO1
and only a portion of them upregulate it in response
to certain proinflammatory stimuli and aging [19, 51].
Indeed, the lack of astrocytic contribution in our model
could stem from young 5-month-old 5xFAD mice compared to 18-month-old rats in Velasco et al. 2018 study.
These observations suggest that PIEZO1 channels may
be implicated in both microglia and astrocytes in AD.
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However, microglial responses seem to precede and
overwhelm astrocytic contribution [19], following the
paradigm that microglia are needed for astrocytic reactivation [102]. Thus, we suggest that PIEZO1 in microglia plays a leading and mainly protective role in the
context of AD pathology.

Conclusions
In conclusion, we show the abundance and functional
expression of PIEZO1 channels in microglia. Pharmacological stimulation of PIEZO1 may represent a unique
approach to modulate a range of functions in human
microglia. The observed reduction of brain Aβ in Yoda1treated mice suggests that activation of PIEZO1 may be a
potential treatment strategy for AD.
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