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The neuropathological features of Alzheimer’s disease include amyloid plaques. Rapidly emerging
evidence suggests that Piezol, a mechanosensitive cation channel, plays a critical role in transforming
ultrasound-related mechanical stimuli through its trimeric propeller-like structure, but the importance
of Piezol-mediated mechanotransduction in brain functions is less appreciated. However, apart from
mechanical stimulation, Piezol channels are strongly modulated by voltage. We assume that Piezol may
play a role in converting mechanical and electrical signals, which could induce the phagocytosis and
degradation of Ap, and the combined effect of mechanical and electrical stimulation is superior to single
mechanical stimulation. Hence, we design a transcranial magneto-acoustic stimulation (TMAS) system,
based on transcranial ultrasound stimulation (TUS) within a magnetic field that combines a magneto-
acoustic coupling effect electric field and the mechanical force of ultrasound, and applied it to test the
above hypothesis in 5xFAD mice. Behavioral tests, invivo electrophysiological recordings, Golgi-Cox
staining, enzyme-linked immunosorbent assay, immunofluorescence, immunohistochemistry, real-time
quantitative PCR, Western blotting, RNA sequencing, and cerebral blood flow monitoring were used
to assess whether TMAS can alleviate the symptoms of AD mouse model by activating Piezol. TMAS
treatment enhanced autophagy to promote the phagocytosis and degradation of §-amyloid through
the activation of microglial Piezol and alleviated neuroinflammation, synaptic plasticity impairment,
and neural oscillation abnormalities in 5xFAD mice, showing a stronger effect than ultrasound. However,
inhibition of Piezol with an antagonist, GsMTx-4, prevented these beneficial effects of TMAS. This
research indicates that Piezol can transform TMAS-related mechanical and electrical stimuli into
biochemical signals and identifies that the favorable effects of TMAS on synaptic plasticity in 5xFAD
mice are mediated by Piezol.
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Introduction

Alzheimer’s disease (AD) is a complex brain disease characterized
by the B-amyloid (AP) deposition, neurofibrillary tangle
generation, neuroinflammation, and synaptic loss [1,2]. For
the animal model of AD, 5xFAD mice show AD-like pathology
in a certain sequence, Af deposition and microglial prolifera-
tion at 1.5 to 2 months of age, cognitive impairment occurs at
4 to 5 months of age, and neuron loss occurs by 9 months of
age [3,4]. Microglia are highly mechanosensitive cells that monitor
changes in the mechanical properties of the brain micro-
environment in the context of neurodegenerative disorders [5].
Specifically, they mechanically and chemically interact with the
brain microenvironment [6], which monitor neuronal activity,
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release pro- and/or anti-inflammatory mediators to regulate
neuroinflammation, and clear abnormally aggregated proteins
(e.g., AP) by phagocytic mechanisms to promote the repair
of damage and the recovery of homeostasis in the brain [2,7].
However, in the course of AD, the balance is interrupted and
dysfunctional microglia impair the clearance of Ap as well as
disrupt the homeostasis of the neuronal microenvironment,
which further exacerbate the inflammatory response and
AD progression [8]. Although the biophysical principles of
microglia remain unclear, several studies have emphasized
the increasing importance of modulating microglial mechanical
sensitivity in the treatment of AD [5,8-10].

Piezol, a mechanosensitive ion channel with a trimeric
propeller-like structure, comprises 2,100 to 4,700 amino acids
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and 24 to 40 transmembrane domains [11]. This special struc-
ture allows Piezol to act as a mechanically gated cation channel
that rapidly responds to various ways of mechanical stimuli
and converts mechanical signals into biological signals to
adjust different body functions [12,13]. Piezol might also per-
ceive alterations in the mechanical stiffness of brain tissue;
Velasco-Estevez et al. [14] found that the mechanosensitive
ion channel Piezol is up-regulated in astrocytes surrounding
inflexible A fibrils. The latest research shows that the activa-
tion of Piezo1 with agonist Yodal can orchestrate Af clearance
via enhancement of microglial phagocytosis and lysosomal
activity and that astrocytic Piezol robustly regulates adult hip-
pocampal neurogenesis, LTP (long-term potentiation), and
cognitive function [8,10]. Rapidly emerging studies suggest that
Piezol plays a dominant regulatory part in the mechanical
conduction of ultrasound and can obviously mediate ultrasonic
stimulation of neurons, tumor cells, and osteoblastic cells to
trigger downstream cellular signal processes; for example,
activation of Piezo1 by ultrasound can regulate neuronal func-
tion, inhibit tumor growth, and promote osteogenesis [15-17],
highlighting the importance of Piezol in brain function and
ultrasonic signal transduction. Microglia are important phago-
cytic and immune cells that regulate the pathological process
of AD, but the importance of Piezol-mediated mechanotrans-
duction in microglia for brain functions is less appreciated.
Recently developed neuromodulatory techniques, such as
electrical, magnetic, optical, and ultrasound stimulation, pro-
vide unprecedented opportunities to study brain function and
treat brain diseases [18-21]. Transcranial magneto-acoustic
stimulation (TMAS) is a type of new noninvasive electrical stim-
ulation system established with transcranial ultrasound stimu-
lation (TUS) and magnetic field, which could combine a

magneto-acoustic electric field and the mechanical force of
ultrasound. The conductive particles inside the brain tissue
driven by ultrasound waves can stimulate the generation of
electric field current in the magnetic field. The correlation
between the electric field and the velocity of the particles enables
manipulation of the effect of TMAS on the basis of Faraday’s
law [22,23]. TMAS can achieve high spatial resolution at low
millimeter level deep in the brain by using the high focusing
property of ultrasound [22]. Compared with transcranial mag-
netic stimulation (TMS), TMAS can obtain better localization
and target stimulation of functional brain areas while ensuring
stimulation depth [23,24], which has important research value
and application prospect especially in the field of functional
brain partitioning and deep transcranial stimulation with higher
requirements for stimulation targeting.

Interestingly, the Piezol ion channel is also strongly
modulated through voltage [25,26]. Considering that Piezol
is highly sensitive to mechanical and voltage stimulation, we
assumed that Piezol expressing on the membrane of mechano-
sensitive microglia may be a crucial channel involving in
mechanotransduction, play a role in converting TMAS-associated
mechanical and electrical signals, and activate microglial
autophagy to phagocytize and degrade A through the activa-
tion of Piezol.

Results

TMAS improved the cognitive function in 5xFAD
mice through Piezol

After experimental design, TUS and TMAS treatments were per-
formed (Fig. 1). The novel object recognition (NOR), Y-maze,
and Morris water maze (MWM) tests were performed to test
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Fig.1.Description of the experimental processes and instruction of the treatment procedure. (A) Timeline of the experiment. (B) Schematic of the stimulation area and GsMTx-4
injection area [71]. (C) TMAS and TUS systems. (D) Schematic of the stimulation parameters.
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whether TMAS could improve learning and memory, and
assess the role of Piezo1 in the effect of TMAS. Hippocampus-
dependent short-term object recognition memory were eval-
uated by the NOR test (Fig. 2A). The statistical analysis of the
recognition index (RI) according to time spent exploring each
object was showed that the time spent exploring the novel
object was obviously higher in the AD + TMAS group than in
the AD + Sham group (test 1, P < 0.001; test 2, P < 0.01; Fig.
2B). Similar findings were obtained for the RI of the number
of visits (Fig. 2C). However, after administration of GsMTx-4,
the therapeutic effect of TMAS was significantly prevented in
5xFAD mice (test 1, P < 0.001; test 2, P < 0.05, Fig. 2B). Similar
findings were observed in the AD + TUS and AD + TUS +
GsM groups.

The Y-maze test can evaluate short-term spatial working
memory (Fig. 2D). The spontaneous alternation percentage was
noticeably improved in AD mice after TMAS, demonstrating
that TMAS treatment was effective in alleviating spatial mem-
ory deficits (P < 0.01, Fig. 2E). However, this therapeutic effect
of TMAS was blocked by GsMTx-4 (P < 0.05, Fig. 2E). Similar
findings were found in the AD + TUS and AD + TUS 4+ GsM
groups. In addition, there was no difference in the total number
of arm entries between the groups (P > 0.05, Fig. 2F).

The MWM test was performed to test spatial cognitive func-
tion [27]. Two-way analysis of variance showed visible differ-
ences in escape latency between and within groups for each
day (P < 0.001). Post hoc analysis indicated that escape latency
was longer in the AD + Sham group compared to the WT
(wild-type) + Sham group (P < 0.001, Fig. 2H), and escape
latency was shorter in AD + TMAS group than in the AD +
Sham group (P < 0.001, Fig. 2H). However, this effect of TMAS
was prevented by GsMTx-4 administration. Furthermore, we
analyzed the cognitive scores of the mice based on their swimming
pathway (Fig. 21); similar findings were observed in cognitive
scores (Fig. 2]). Interestingly, there were visible differences in
cognitive score and escape latency on the last days of the initial
training (IT) and reversal training (RT) phases between the AD
+ TMAS and AD + TUS groups (P < 0.05, Fig. 2H and J).
Learning flexibility was evaluated in the RT stage, and similar
findings were observed in RT phase (Fig. 2H and I). However,
TUS and TMAS did not influence the swimming speed of
MWM (Fig. 2K). In the spatial exploration test phase, the num-
ber of platform crossings and dwell time in the target quadrant
were higher in the AD + TMAS group compared to the AD +
Sham group (P < 0.001; Fig. 2I and M) and even higher than
the AD + TUS group (P < 0.05, Fig. 2I and M). However,
the therapeutic effects of TMAS were suppressed by GsMTx-4
administration. Similar findings were observed in reversal
exploration test phase (Fig. 2I and M). Collectively, these
behavioral findings indicate that TMAS can ameliorate cogni-
tive impairment in 5xFAD mice to a greater extent than TUS
and that Piezol plays a key role in TMAS-induced learning and
memory formation.

TMAS alleviated hippocampal synaptic plasticity
impairment through Piezol in AD mouse model
Synaptic plasticity, including LTP and depotentiation (DEP),
is the biological mechanism underlying cognition [1]. In vivo
electrophysiological recordings results found that the field
excitatory postsynaptic potential (fEPSP) slope was decreased
in the AD + Sham group compared with the WT 4 Sham group
after theta burst stimulation (P < 0.001, Fig. 3B to D), illustrating
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that synaptic plasticity was damaged in 5xFAD mice. After
TMAS treatment, 5XFAD mice showed a significant increase
in LTP and a significant decrease in DEP (LTP and DEP: P <
0.001, Fig. 3C to E). TMAS was more effective than TUS in
improving LTP and DEP in 5xFAD mice (P < 0.001, P < 0.01,
Fig. 3D and E). In the AD + TUS 4 GsM and AD + TMAS +
GsM groups, the effects of TUS and TMAS in ameliorating
synaptic plasticity impairment were inhibited by GsMTx-4
administration (P < 0.001, Fig. 3D and E).

The dendritic spines of neurons are closely associated with
synaptic plasticity [28]. Results showed that the dendritic spine
density of hippocampal neurons in the dentate gyrus (DG) and
corno ammonis 1 (CA1) regions in the 5xFAD mice was signifi-
cantly increased after TMAS treatment (DG and CA1: P <0.001,
Fig. 3G and H). Interestingly, the density of dendritic spines in
5xFAD mice was higher after TMAS treatment than after TUS
treatment (DG: P < 0.05; CA1: P < 0.01, Fig. 3H). Nevertheless,
GsMTx-4 administration markedly suppressed the increase in
dendritic spines density induced by TUS and TMAS treatment
(DG: P < 0.05, P < 0.001; CA1: P < 0.01, P < 0.001, Fig. 3H).
We also compared the proportions of the 4 spine types (filopodia,
thin, mushroom, and stubby) in all groups (Fig. 3G and I). The
proportion of stubby (mature) spines was obviously increased
in the AD 4+ TUS (33.3%, P < 0.001) and AD + TMAS groups
(33.3%, P < 0.001) respectively. After TUS and TMAS treat-
ment, the levels of synaptic plasticity-associated proteins
(presynaptic vesicle membrane protein [SYP], postsynaptic
scaffold protein [PSD-95], NR2B, NR2A, and dendritic spine
development-regulating protein [DBN]) in the hippocampi
and cortices of 5XFAD mice were enhanced (Fig. S1). TMAS
treatment was better than TUS in improving the levels of
synaptic related proteins, whereas GsMTx-4 administration
suppressed the increase in synaptic-related proteins induced
by TUS and TMAS treatment (Fig. S1). Together, these results
demonstrate that TMAS ameliorates hippocampal synaptic
plasticity impairment in 5XFAD mice and has a stronger effect
than TUS and that the Piezo1 plays a critical role in regulating
TMAS-induced neuronal plasticity.

TMAS activated Piezol on microglia in the

brain of 5xFAD mice

We have assumed that Piezol could play a role in converting
mechanical and electrical signals of TMAS; then, we next
focused on whether TMAS could activate Piezol in the brain of
5xFAD mice. Immunostaining, real-time quantitative polymerase
chain reaction (RT-qPCR), and RNA sequencing (RNA-seq)
revealed that Piezol was expressed in the hippocampus and
in microglia in 5xFAD mice (Fig. 4). We next tested whether
Piezol channels in the brains of 5XxFAD mice respond to 2 types
of stimulation: TUS and TMAS. We performed costaining for
Iba-1 and Piezol, and we found that Piezol was expressed in
microglia in the hippocampi of 5xFAD mice (Fig. 4A and B).
Surprisingly, TMAS up-regulated the expression of Piezol in
microglia in the hippocampus (DG and CAl: P < 0.001, Fig.
4C), but this up-regulatory effect of TMAS was prevented by
GsMTx-4, an antagonist of Piezol (DG: P < 0.05; CA1: P <
0.01, Fig. 4C), and TMAS activated Piezol more significantly
in the hippocampus of AD mice compared with in AD + TUS
group (DG and CA1: P < 0.05, Fig. 4C). The similar results were
obtained in RT-qPCR and RNA-seq (Fig. 4D and E). In addition,
we also detected that the expression of Piezol in hippocampal
neurons and TMAS also up-regulated its level (Fig. S2).
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Fig.2.TMAS treatment alleviates cognitive disorder in 5xFAD mice. (A) Protocol of the NOR test. (B and C) The Rl based on the exploration duration and visit frequency. (D) Protocol
of the Y-maze test. (E) The spontaneous alternation percentages in the Y-maze test. (F) The number of arm entries in the Y-maze test. (G) Experimental protocol of the MWM
test. (H) Escape latencies in the IT and RT phases. (I) lllustration of the search strategies. (J and K) Cognitive scores and swimming speed in the IT and RT phases. (L and M)
The number of platform crossings and quadrant occupancy time on day 6.n = 8 per group. *P < 0.05, *#*P < 0.01, ***P < 0.001 vs. the AD + Sham group. #P < 0.05, ##P < 0.01
vs. the AD + TUS group. &P < 0.05, &&P < 0.01, &&&P < 0.001 vs. the AD + TMAS group. n.s., not significant; SET, spatial exploration test; RET, reversal exploration test.
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TMAS promoted microglial migration
and phagocytosis invitro through the

activation of Piezol

With AD progression, microglia may exhibit decreased migra-
tion and phagocytosis and the inability to regulate damage and
repair [29]. Mechanoreceptors are widely distributed in the
brain, especially in microglia [5,30]. Due to their unique
characteristics and the fact that they express the mechanosensor
Piezol, they may be a suitable mechano-monitoring system for
accurately monitoring dynamic changes in the mechanical per-
formance of the brain [5]. To investigate whether TMAS can
activate Piezol to alter microglial functions that are vital for
Ap clearance. The Transwell assay revealed that the number of
migrating BV2 cells (mouse microglia cells) was higher in the
TMAS + AP group compared to A group (P < 0.01, Fig. 5A
and B). Similar results were found in the TUS + AP group.
However, the effects of TMAS and TUS were dramatically
diminished by GsMTx-4 (P < 0.05, Fig. 5A and B). After migrat-
ing to the pathological site, microglia maintain brain homeo-
stasis by eliminating pathological particles (such as AP) by
phagocytosis. Immunofluorescence with an anti-Piezol anti-
body indicated that Piezol was contained in BV2 cells and
found in the plasma membrane and nucleus (Fig. 5C). After
TMAS, the level of Piezol, especially in the plasma membrane,
was increased, and AP was gradually phagocytosed by BV2 cells
(P < 0.001, Fig. 5C to E). Compared with TUS, TMAS was
more effective in activating Piezol and inducing the phagocy-
tosis of AP (P < 0.05, Fig. 5C to E), and AP was also present
into the nucleus. However, this ability of TMAS and TUS to
induce phagocytosis was blocked by GsMTx-4. AP plaques
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resemble hard foreign objects (Af plaques: 3 x 10° Pa; normal
brain tissue: 200 to 500 Pa) that represent a change in the
extrinsic mechanical environment in vivo [8], and Piezo1 chan-
nels in microglia can potentially regulate mechanotransduction
in response to AP and attempt to phagocytose them [14,31].
Therefore, it is not amazing that microglia surrounding Af} plaques
display a marked enhance in Piezol expression (Fig. 5C and
F), and Piezol could act as an important mechanical and electrical
stimulus-sensing molecule in the process during TMAS by
promoting the migration and phagocytic activity of BV2 cells.

TMAS mediated microglial phagocytosis of A

invivo through Piezol

Since TMAS induced activation of Piezol promotes microglial
phagocytosis in vitro, we next studied the effect of TMAS in
5xFAD mice. First, we demonstrated that Piezol channels were
expressed in the brains of 5XFAD mice, albeit at low levels, and
that TMAS significantly up-regulated the expression of Piezol
(Fig. 4). Confocal microscopy displayed that microglia were
attracted to the vicinity of AP plaques in 5xFAD mice (Fig. 5F
and H). TMAS treatment obviously recruited more microglia
to do more phagocytosis of Ap and decreased AP deposition
in the brains of 5XxFAD mice (P < 0.05, P < 0.001, Fig. 5F and
H). In addition, we evaluated the expression levels of CD68
(Fig. 5G), a lysosomal marker that indicates the presence of
microglial phagosomes, and the occurrence of Ap internaliza-
tion and degradation. The fluorescence intensity of CD68 was
enhanced in the AD + TMAS group compared with the AD +
Sham group (P < 0.001, Fig. 5I), and the effect of TMAS was
stronger than that of TUS (P < 0.05, Fig. 5I). However, fewer
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images of Ibal, CD68, and Ap in the brains of mice. (H) Number of microglia in the vicinity of AB plaques. (I) The mean fluorescence intensity of CD68. n = 4 per group. *P < 0.05,
#xP < 0.01, ***+P < 0.001 vs. the Ap group and AD + Sham group. #P < 0.05, ##P < 0.01 vs. the TUS + Ap group and AD + TUS group. &P < 0.05, &&P < 0.01 vs. the TMAS

+ AB group and AD + TMAS group.

microglia were recruited to A plaques, and CD68 was expressed
at lower levels in the AR + TUS + GsM and AP + TMAS +
GsM groups, revealing that the effects of TUS and TMAS in
promoting phagocytosis were inhibited by an antagonist of
piezol (GsMTx-4) (microglial number: P < 0. 01, P < 0.001;
CDe8intensity: P < 0.05, P < 0.01 Fig. 5H and I). Immunostaining
and enzyme-linked immunosorbent assay indicated that the
levels of Af in the hippocampus and cortex were decreased in
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5xFAD after TMAS and TUS treatment (Fig. S3) and that
TMAS treatment had a stronger effect than TUS. However, the
effects of TMAS and TUS in decreasing Ap levels in the brains
of 5XFAD mice were inhibited by GsMTx-4. These results suggest
that TMAS treatment can activate Piezol, which may promote
more microglial recruitment to the vicinity of Ap plaques to
do more phagocytosis, thus facilitating Ap clearance and main-
taining brain homeostasis in 5xFAD mice.
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TMAS activated autophagy in the brains of 5xFAD

mice through Piezol

In AD brains, the deposition of Af is phagocytosed by microglia
and then degraded by autodegradation systems such as auto-
phagy [32]. With these facts, we next assessed the modulatory
of TMAS on autophagy in the brains of AD mice. Piezol can
regulate the brain vasculature, immune responses, neural stem
cell differentiation, synaptic transmission, and macrophage
polarization by calmodulin-dependent protein kinase II
(CaMKII) [33-36]. Activation of CaMKII can induce autophagy
via phosphorylation of adenosine monophosphate-activated
protein kinase (AMPK) and further suppression of mammalian
target of rapamycin (mTOR), resulting in the generation of
autophagosomes [37,38]. Microtubule-associated light chain
3 (LC3) is an autophagy-associated protein that increases in the
LC3-II to LC3-I ratio indicates the formation of autophagosomes.
Autophagosomes and lysosomes converge to form autolysosomes,
in which autophagy adaptor p62 (p62) is degraded (Fig. 6H)
[38,39]. The levels of p-CaMKII, p-AMPK, and Beclin-1 and
the LC3-II/LC3-I ratio were elevated, and the levels of p-mTOR
and p62 were reduced in the hippocampi of AD mice after
TMAS treatment (p-CaMKII/CaMKII, P < 0.01; p-AMPK/
AMPK, P < 0.001; p-mTOR/mTOR, P < 0.001; Beclin-1,
P < 0.001; p62, P < 0.01; LC3-II/LC3-1, P < 0.001, Fig. 6A to
G). Similar findings were observed in the cortices of AD mice
after TMAS treatment. Furthermore, the regulation effect of
TMAS on the level of autophagy associated proteins was
stronger than that of TUS (p- CaMKII/CaMKII, P < 0.05;
p-AMPK/AMPK, P < 0.05, Beclin-1, P < 0.05, Fig. 6B to E).
However, the Piezol antagonist GsMTx-4 blocked the increased
level of autophagy induced by TMAS and TUS (Fig. 6A to G).
Microglial and neuronal autophagy levels were evaluated by
immunofluorescence. The expression of LC3 in microglia in the
DG and CA1 regions of the hippocampus was increased in the
AD + TMAS group (Fig. S4). These results suggest that activation
of Piezol channels is enough to trigger autophagy in 5xFAD
mice through the CaMKII/AMPK/mTOR signaling pathway
and that TMAS can increase CaMKII phosphorylation through
Piezol, in turn increasing autophagy levels in AD mice.

TMAS treatment alleviated neuroinflammation in

5xFAD mice through Piezol

Microglial autophagy-related phagocytosis is crucial for the
alleviation of neuroinflammation [40]. We next investigated
whether TMAS treatment can reduce neuroinflammation
through Piezol in 5xFAD mice. Immunohistochemistry with
an antibody against the microglia-specific marker Ibal indi-
cated that overactivated microglia were present in the brains
of 5xFAD mice and that the number of overactivated microglia
was decreased through TUS and TMAS treatment (Fig. 7A).
However, the effects of TUS and TMAS were inhibited by
GsMTx-4. Furthermore, the levels of proinflammatory cytokines,
including inducible nitric oxide synthase (INOS), cyclooxygenase-
2 (COX-2), interleukin-1f (IL-1p), interleukin-6 (IL.-6), and
tumor necrosis factor-a (TNF-a) were obviously decreased
(Fig. 7B to H), while the levels of anti-inflammatory cytokines,
containing interleukin-4 (IL-4) and interleukin-10 (IL-10),
in the hippocampi and cortices of 5xFAD mice were increased
after TMAS treatment (Fig. 7B to H) but suppressed in the AD
+ TMAS + GsM group. TMAS had a stronger effective than
TUS in reducing the number of microglia and modulating the
levels of pro- or anti-inflammatory cytokines. Microglia display
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M1 and M2 phenotypic characteristics according to whether they
express pro- or anti-inflammatory factors [41], and overactiva-
tion of M1 microglia accelerates to the spread of Ap, which in
turn promotes the differentiation of microglia to the M1
phenotype, leading to an imbalance in microglia polarization
and the development of AD [42,43]. To analyze the effects of
TMAS on microglial polarization, we conducted double labe-
ling for Iba-1 and CD86 or CD206 (an M1 microglia marker
or an M2 microglia marker) (Fig. 7I and Fig. S5). The results
found that the level of CD86 in microglia was enhanced in the
DG and CA1 regions of the hippocampus in AD mice and that
microglia were hyperactivated, as they exhibited a hypertrophic
amoeboid shapes with shortened and thickened processes.
TMAS decreased the level of CD86, increased the level of
CD206, and normalized microglial morphology in the hip-
pocampal DG and CA1 regions in 5xFAD mice (Fig. 7I and
Fig. S5). However, the effect of TMAS on microglia was blocked
by GsMTx-4. These results show that TMAS treatment effec-
tively alleviates microglia-related chronic neuroinflammation
through Piezol and that the effect of TMAS was stronger than
that of TUS.

Hippocampal transcriptome analysis revealed
the beneficial effect of TMAS in 5xFAD mice

involved Piezol activation

To further investigate the mechanism underlying the effect of
TMAS on cognitive function and synaptic plasticity in AD
mice, we isolated hippocampal tissue from mice in the 4 groups
and performed RNA-seq analysis (Fig. 8A). We identified 2,357
up-regulated genes and 2,672 down-regulated genes in the WT
+ Sham group compared with the AD + sham group and 1,375
up-regulated genes and 1,544 down-regulated genes in the AD
+ TMAS group compared to the AD + Sham group (Fig. 8B
and C). Hierarchical clustering analysis of hippocampal tissue
from TMAS- and TUS-treated 5xFAD mice also revealed dif-
ferences in the brain transcriptome (Fig. 8D). Notably, TMAS
significantly increased Piezol expression in the hippocampi of
5xFAD mice (RNA-seq: P < 0.01; RT-qPCR: P < 0.001, Fig. 8E)
and had a stronger effect in activating piezol than TUS (RNA-seq:
P =0.083 > 0.05; RT-qPCR: P = 0.045 < 0.05, Fig. 8E). Then,
we conducted gene ontology (GO) analysis of the differentially
expressed genes in the AD + TMAS group (Fig. 8F). GO analysis
showed that the differentially expressed genes were significantly
enriched in lysosome, phagocytosis and autophagy, calcium
ion transport, angiogenesis, synapses, learning and memory,
as well as immune and inflammatory responses; genes associated
with mechanical stimulation and voltage-sensitive ion channels
were also enriched (Fig. 8F). The differentially expressed genes
were also associated enriched with in the biological process,
cellular component, and molecular function (Fig. 8G), suggest-
ing that TMAS can improve cognition through autophagy and
immunoregulation. The heatmap of gene expression also
demonstrated that TMAS and TUS treatment significantly
up-regulated and/or down-regulated genes associated with
autophagy, synaptic plasticity, and neuroimmunity and some
ion gated channels, such as Piezol (Fig. 8H). TMAS appeared
to have a stronger effect in regulating the expression of these
genes than TUS (Fig. 8H). The bar graph in Fig. 81 to K displays
the fold change in the level of genes shown to be included in
autophagy, synaptic plasticity, and neuroimmunity in Fig. 8H
in the AD 4+ TMAS group. RNA-seq analysis of hippocampal
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Fig.6.TMAS treatment activates autophagy via the CaMKII/AMPK/mTOR signaling pathway. (A) Immunoblotting of p-CaMKII, CaMKIl, p-AMPK, AMPK, p-mTOR, mTOR, Beclin-1,
p62, and LC3 in the hippocampus and cortex. (B to G) Quantitative analysis of p-CaMKII/CaMKII (B), p-AMPK/AMPK (C), p-mTOR/mTOR (D), Beclin-1/glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (E), p62/GAPDH (F), and LC3-1I/LC3-1 (G) levels in the hippocampus and cortex. (H) Schematic diagram of CaMKII/AMPK/mTOR signaling
pathway-mediated activation of Piezol channels induced by TMAS. n = 4 per group. *P < 0.05, ##P < 0.01, *##*P < 0.001 vs. the AD + Sham group. #P < 0.05, ##P < 0.01 vs.

the AD + TUS group. &P < 0.05, &&P < 0.01, &&&P < 0.001 vs. the AD + TMAS group.

tissue revealed that TMAS not only up-regulated the expression
of Piezol in the hippocampi of 5xFAD mice but also altered the
level of autophagy-, immune response-, and synaptic plasticity-
related genes in 5xFAD mice.

Discussion

Here, we designed a TMAS system that combines a magneto-
acoustic coupling effect electric field and the mechanical force of
ultrasound. We found that Piezo1 acts as an important transducer
of TMAS-related mechanical and electrical stimuli to alleviate
AD. Up-regulation of Piezol expression by TMAS resulted in the
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activation of microglial autophagy, leading to the phagocytosis
and degradation of A (Graphical abstract). Furthermore, TMAS
regulated LTP, synaptic plasticity, hippocampus-dependent cog-
nitive function, microglial M1/M2 polarization, inflammatory
cytokine levels, and brain rhythms in 5XFAD mice through Piezol
and had a stronger effect than TUS. Moreover, inhibition of Piezol
by GsMTx-4 administration obviously suppressed the beneficial
effects of TMAS. Our work not only shows that TMAS is advan-
tageous for the treatment of brain aging and neurodegenerative
diseases but also provides new insight into the mechanism by
which Piezol transforms TMAS-related mechanical and electrical
stimuli into biochemical signals and identifies Piezol as a novel
therapeutic target for AD.
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TMAS is a noninvasive focused electrical nerve stimulation
technique with a good stimulation focus and stimulation depth.
The stimulation effect could be controlled by adjusting the
ultrasound intensity owing to the mechanism by which the
electric field is generated through ultrasound within the mag-
netic field [44]. We have demonstrated that TMAS can be used
to generate an electric field in a conductive medium upright to
the orientation of the magnetic and sound fields and that the
electric field coverage is extremely consistent with that of the
acoustic field in our previous work [23]. TMAS integrates a
magneto-acoustic electric field and the mechanical force of
TUS [22]. The mechanical force of TUS may alter ion channels
so that electric field stimulation has a much stronger effect. On the
other hand, the electrical field affects the local potential or the
ion channel threshold, and ultrasound can also exert a stronger
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effect in this way. TMAS combines a magneto-acoustic cou-
pling effect electric field and the mechanical force of ultra-
sound, and whether it can further activate microglial Piezol
and regulate the function of microglia surrounding Ap, par-
ticularly their ability to clear AP by phagocytosis, may be vital
for whether it can control the pathological processes of AD. To
determine the role of TUS in the TMAS effect, mice were
treated with TUS. The mRNA level of Piezol in the hippocampi
of 5xFAD mice was evaluated by RNA-seq and RT-qPCR (Fig.
8E), and it was found that Piezol was expressed and localized
on microglial plasma membrane and nucleus (Fig. 5) and that
TMAS can further up-regulate the expression of Piezol.

We discovered that Piezol plays a vital role in the TMAS-
mediated increase in microglial migration and phagocytosis
by acting as a sensor of mechanical and electrical stimuli

1
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(Fig. 5). TMAS further up-regulated the level of Piezol in
microglia and promoted microglial phagocytosis of Ap in vitro
and in vivo through Piezo1 (Fig. 5C and F), showing a stronger
effect than TUS. Along with Piezol expression, the expression of
autophagy-, lysosome-, and phagocytosis-related genes was
up-regulated in the hippocampus of the AD + TMAS group
(Figs. 5, 6, and 8). However, these effects of TMAS were blocked
after GsMTx-4 administration. These findings illustrate that
TMAS promotes the phagocytosis of Ap via the autophagy-
lysosomal system by activating Piezo1 in 5XFAD mice. Piezol-
induced activation of CaMKII not only enhances the phagocytic
activity of macrophages but also increases the expression of
c-Fos and p-CREB in neurons [16,45]. Activation of CaMKII
can also induce autophagy via p-AMPK and suppression of
mTOR, leading to the formation of autophagosomes [38,46].
We found that Ca®* transmembrane transport and CaMKII
were up-regulated and enriched in the hippocampus of TMAS-
treated AD mice (Figs. 6B and 8F to I). AMPK and mTOR were
also participated in this process (Fig. 6A to D), and these effects
of TMAS were inhibited after GsMTx-4 administration. These
data showed that TMAS can regulate the CaMKII/AMPK/
mTOR pathway by activating Piezol and then promote
the phagocytosis and degradation of Af by autophagy in
5xFAD mice.

The activation of Piezol provides a driving force for calcium-
dependent phagocytosis, which is crucial for activating crucial for
activating the normal protective functions of microglia, including
immune surveillance of the brain and regulation of neuroinflam-
mation [8,47]. We also observed that TMAS treatment obviously
inhibited overactivation of microglia, regulated the proinflamma-
tory M1 and anti-inflammatory M2 polarization of microglia (Fig.
71 and Fig. S5), significantly reduced the levels of inflammatory
cytokines, and increased the levels of anti-inflammatory factors
in the hippocampi and cortices of 5xFAD mice (Fig. 7B to H).
However, the anti-inflammatory effect of TMAS was inhibited by
GsMTx-4, suggesting that TMAS exerted anti-inflammatory
effects by activating Piezo1. Excessive accumulation of Af results
in excessive microglial activation and neuroinflammation, whereas
activation of autophagy usually alleviates of neuroinflammation
by inducing the degradation of Af [48,49]. It makes sense that
TMAS therapy alleviates aging-related inflammation by enhancing
autophagy and normalizing microglial function.

Piezol-mediated mechanotransduction evidently increases
hippocampal neurogenesis, axonal growth, and LTP in the
brain and cognitive functions [10,50]. Our data showed that
TMAS treatment significantly improved bidirectional synaptic
plasticity (LTP and DEP), increased dendritic richness and
spine density (Fig. 3), and elevated the levels of the synapse-
associated proteins in 5XxFAD mice (Fig. S1); however, these
changes did not occur after pretreatment with the Piezo1 inhibitor
GsMTx-4. RNA-seq analysis also showed that the genes
that were up-regulated in the hippocampus in the AD+TMAS
group were enriched in learning and memory, the synaptic
membrane, and the axon terminus (Fig. 8F, G, and ]). In this
study, we conducted several behavioral tests (the NOR, Y-maze,
and MWM test) to test learning and memory of mice. The data
showed that TMAS treatment increased the RI, spontaneous
alternation percentage, number of platform crossings, and
dwell time in the target region as well as reduced the escape
latency of 5XFAD mice (Fig. 2), that TMAS had a stronger effect
than TUS in improving cognitive function and alleviating synaptic
plasticity impairment, and that the effect of TMAS was blocked
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by GsMTx-4. These results suggest that TMAS can ameliorate
AD-related synaptic plasticity impairment and cognitive deficits
through activation of Piezol.

Apart from improvements in molecular and pathological
changes, we discovered electrophysiological results of cognitive
improvement, including enhanced hippocampal gamma band
power, phase locking value, and phase-amplitude coupling
following TMAS treatment (Fig. S6). Theta and gamma
oscillations in neural networks play a crucial part in learning
and memory, such as the distribution of attention and the storage
of information [4,51,52]. Alterations in gamma have also been
found in various brain regions in several neurological and brain
aging diseases, including decreased spontaneous gamma syn-
chronization in AD patients and decreased gamma power in
several AD mouse models [53,54]. Various noninvasive brain
stimulation techniques can modulate neural responses and
cognitive flexibility by entraining gamma. The ultrasound-based
gamma-band entrainment technique and transcranial alternating
current stimulation at gamma frequency reduced the Ap load
and modulated brain rhythm in AD mice [52,54]. Some
neuromodulation techniques (ultrasound, 1 kHz; rTMS, 20 Hz;
etc.) can also modulate theta and gamma rhythms in the mouse
hippocampus without gamma entrainment [4,55]. We also
found that TMAS increased the gamma power in our study
(Fig. S6B and C). TMAS is a compound electrical stimulation
with superimposed magnetic and acoustic fields. It is worth
exploring whether TMAS entrainment of gamma is a treatment
modality for AD in the future. Furthermore, increasing evi-
dence indicates that phase coupling promotes information
transmission in neural networks and may connect functionally
associated areas of the brain [56]. We discovered that the cou-
pling of theta and gamma oscillations in the DG region was
enhanced in 5xFAD mice after TMAS treatment (Fig. S6D to G).
The regulation of cerebral blood flow (CBF) is crucial for main-
taining normal brain function. In neurodegenerative disorders
such as AD, CBF dysregulation and neurovascular malfunction
occur prior to cognitive decline and hippocampal atrophy [57].
Results revealed that TMAS targeting the hippocampus could
enhance the CBF in AD mice (Fig. S6H and I).

Most neuromodulation studies use mechanical pressure
below 0.6 MPa when studying the brain [58,59]. Noninvasive
ultrasound can activate the mechanosensitive ion channels
(MscL-G22S) and trigger neural activation in mice at 0.3-MPa
sound pressure [60]. Noninvasive ultrasonic neuromodulation
of neuronal excitability for treatment of epilepsy in epileptic
monkey models at 0.35-MPa sound pressure [61]. In addition,
according to the stimulus pulse train, acoustic pressure (0.3 MPa),
and duty cycle (Fig. 1D), we also calculated that I,,,, and I

sppa spta
were 3 and 1.2 W/cm?, respectively. The values of Lppeand I,
were within the stimulation range that had an excitatory effect
on the neurons of mice [62]. The acoustic pressure of 0.3 MPa

can also activate neurons in vitro by opening the Piezol channel
and increasing the levels of p-CaMKII, p-CREB, and c-Fos [16].
According to theoretical calculations( E= % PB ), we expected

the electric field value of 46 mV/m, and we measured an electric
field of 36 mV/m (Figs. S7 and S8). In the effective electrical
stimulation results of the in vivo study, the electric fields with
intensities ranging from 10 to 338 mV/m [22,63-65]. The
strengths of the acoustic (0.3 MPa) and electric fields (36 mV/m)
produced in our study are both in the range of the effective stim-
ulus parameters. The electric fields of TMAS are subthreshold
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stimulation, and some studies have suggested that subthreshold
electrical stimulation is a key mechanism driving synaptic plas-
ticity in the brain [66,67]. We used a pulse repetition frequency
(PRF) of 1 kHz and an interval of the pulse train of 200 ms, so
the repetition frequency of the corresponding train was 5 Hz.
The repeated implementation of the train generates an efficient
electric neurostimulation, which corresponds to low-frequency
stimulation (5 Hz). Studies have found that rTMS delivered at
5 Hz to the prefrontal cortex is used to treat major depressive
disorder, and subthreshold 5-Hz rTMS was found to increase
motor cortex excitability in healthy humans [67,68]. The TMAS-
related static magnetic field supplies an extra energy origin rel-
ative to TUS and generates an evoked electric field through the
magneto-acoustic effect, which is combined with the mechanical
forces of TUS; both of those forces play a role in the effect of
TMAS. We choose the frequencies commonly used in ultrasound
and electrical stimulation. The effect of TMAS is stronger than
that of TUS in our study, so we believe that both electricity and
ultrasound play a role in TMAS.

In addition, the Piezol channel is not only mechanically
stimulated but also strongly modulated by voltage, which may
be one of the reasons why the overall effect of TMAS was
stronger than that of TUS. The role of Piezol in different stages
of AD may be different, and complete Piezol knockout may be
embryonic lethal. However, administration of Piezol inhibitors
may be a practical and promising method for further elucidating
the effects of TMAS in mice [14,16]. GsMTx-4 as an antagonist
of Piezol also selectively inhibits cation-permeable mechano-
sensitive channels belonging to the transient receptor poten-
tial (TRP) channel families [69,70], but we did not investigate
the role of other mechanosensitive ion channels that may be
implicated in mediating the microglial response to TMAS;
whether TMAS acts on other mechanosensitive ion channels
will also be explored in the future. In our following study, we
will also optimize the inhibition of Piezol. Transgenic mice
with conditional knockout of Piezol in the brain are also a
feasible option, which is a promising way to further understand
the function of TMAS [16]. In addition, Ca*" can rapidly acti-
vate downstream pathways after mechanical stimulation, so
inhibiting Ca®" signaling in subsequent experiments could be
helpful for investigating the mechanism underlying the func-
tion of Piezol following TMAS. We are the first group to focus
specifically on the effect of TMAS on microglial Piezol in AD,
and we cannot exclude the possibility that TMAS may also
exert its beneficial effects on AD through Piezol expressed
on other types of brain cells (e.g., astrocytes, neurons, and
oligodendrocytes).

Conclusion

Altogether, we demonstrate for the first time the useful function
of TMAS, a technique based on TUS and magnetic field, in
activating Piezo1 to enhance the microglial autophagy-mediated
clearance of AP and attenuate AD-associated synaptic plasticity
impairment. These findings reveal the significant role of Piezol
in TMAS and provide new insight into the mechanism by
which Piezo1 transforms TMAS-related mechanical and elec-
trical stimuli into biochemical signals. These findings not only
promote the application of TMAS for the therapy of neurological
and brain aging diseases in the future but also emphasize the
potential of Piezol-mediated mechanotransduction as a novel
therapeutic target for AD.
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