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WE BH 490553 (transcranial magneto-acoustic stimulation, TMAS) J&—FbH AR E AR S RER A, AiA4
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YRR R AT BT BT R R (W A WE S sh )25 ) B G 2 BRI S onst T AL O AL . ISR B AR5
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TS 14 AR TMAS R, T8 TCHF LS A S S 8Tz shaE . R 8k ARz s = (M1) X c-Fos
Fik KR TBUETR (substantia nigra pars compacta, SNc) FEZR2 2L (tyrosine hydroxylase, TH) FHPERIZ TR R
FHEE FUTENI A TN SR A A WEAR DG 1 (PINKL ., Parkin, LC3-11., p62) MEAIRZN T2 MG 1 (Drpl., Opal) (%
IKIK 5 [RIE 58 SN X 3k gk ki AR 15 M 428 (reactive oxygen species, ROS) /K3 K =#ifR IR (adenosine triphosphate,
ATP) FiDIITAZRAT e FRE R ICHPIRS . R TMAS BB AR BAriZ sz Z 4o, RICHERRIIMA M1 X
c-Fos P A5 it A fil FxT IRZH 5 238 (P<0.000 1), SEEREXT IR4IAH L, PD/MNRZZIIIRE R 29, RICHY LK
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ZANH, FERLRAB) )2 ) AR RS . & TMAS THUG ., PD/NRIZ ST WG, TCHFSL56 Fh& ) i (7]
FONET B ) 2 44 ($9P<0.000 1), TH FHMERRZCAAE R4 (P<0.000 1), [FHS ATP & & Tt (P<0.001), ROS
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R OB A | Bl Sozs ) 43 A 19 2 28 7l ok 48
WK, PD B RN A E SRR S LI
PEFEAR . PTEN % S BBOE #HE 1 (PTEN-induced
putative kinase 1, PINKI1) /Parkin & 1 (Parkin
RBR E3 ubiquitin protein ligase, Parkin) i % Jj6g
B fig DA K 8l i & A A X B 1 (dynamin-related
protein 1, Drpl) /M #ff £ 25 45 45 11 1 (optic
atrophy 1, Opal) /TR SaE I, Xk
PR RERE AT T3 2 LR RE R 28 T TR R T 1Y
FEEJFEAN 57, PINKI I Parkin 7F k2 b A i it 45
il B SRR I, AR 25 R BUERAR [ A7
t, DA 5 | B L b AR T e 5 A5 F1 A 28 080T ™
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25 f 5 75 ) 3 (transcranial magneto-acoustic
stimulation, TMAS) & —FhHr24a99E = A M2
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& S I RERE AT FIA RN DI RERERT 7 BB 3L
il WS¢ 2 B, TMAS 38 i 3800 /0 B8 5 40 i oY
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mechanosensitive ion channel component 1, Piezol)
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MEEEER (7:00 FFET, 19:0054T), H i FIik
Ko SabiENPERTRSS , BN ERBEL A 440 . fi
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PRI, £ SEue B /N EREC R N ¢ c-Fos 1
RE ALY S N=10; 17 Ry 2 DR 52 56 N=40;
TH e 2 414 e 0 525 N=20; 164 JE (reactive
oxygen species, ROS) 5 =L Mt 1F (adenosine
triphosphate, ATP) & 5240 N=12; 4K [ 57 B3k
7 (Western blotting) L5 N=16., FrA LI FE T4
JERE B AL Tl KA P B SR S By 23 (4 =
JEI (HEAES . HEBUTaCUC2022063)
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1.3 ZmuEERE (TMAS)

TESLg/ N R AEBDRS R e Je , (] AA T4
B 22 iR e R R B RIS . R ARG, T XGHE
EEBEETRES . RS SRS R
LA RERY, I A I BN 40 mm ., JEEH
10 mm AYECERII R RE 1A, A EEH — N FR S HEA R EE
(RESA58BEH 0.3 T) o AHESE o R 1 TMAS Hil3
SIS T ST O e A AU TMAS 28 8 2 F
g% 208 It — A A A I B K T e I AT
Pedl, LIRS e RS s I Ab 2 A e 42 BR
R E N B S MR e S
(fundamental frequency, FF) €4 0.5 MHz, ki
& % (pulse repetition frequency, PRF) N
1 kHz, Mk #p & 355 22 05} [A]  (tone-burst duration,
TBD) &4 0.5 ms, i MEGHFLERTE] (sonication
duration, SD) 47400 ms, #7115 0.3 MPa,
75 [A] IR ik v~ 2455 )& (spatial-peak pulse-average
intensity, ISPPA) "N 2.839 W/em?, MBI KK
10 min, 7ERIEGE R, S E A EAE E L T iz
)R, IR RS R AR OR AE RIS AR .
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)4 JBATA G, TR — D AR N 2 em B2 A
FEBRIR, DIEm By, TS ke 4 an sl 1d
s EIERIRATA 24 h N, FEF7E I,
AFE3WEE L, [HFF 1 min/ik, 7EME R,
/NEBOBCE R BTSSR b, RIS A
TTAZE: IWCE T E RN 58 25 T Frg i
BFTE] (fram) s VA SRR B A7 5 BRI AR A G 3
B RERE (1) B IREEE M HERTE, & H/h
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SIS/ RO AR BR AR L, RGEARE AL BR
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A A5 R . SR AR, [l 70% Y
A A T3, DA RBRAR, Bkt s
ZLNEP RS IEREAS SR R, IREE IR
Lo
1.5 REHANFLRE

R PEAl TMAS X i 28 S0 T M 0 98 75 VE FH Je 4l
ZUERIAE5E , AR e Uk gkl iz
Bl K2 )7 M1 IX I c-Fos S S8 Jot 350 %% 3 1 24 11 72 AL T
(tyrosine hydroxylase, TH) )ik, /N A BER
2% p (phosphate-buffered saline, PBS) #14%
Z R (paraformaldehyde, PFA) 0> i
SEJR WU, W41 218 T 4%PFA TR [F15E 24 ho 1l
A5 MR SNe KB A S U) Fr, S80S
K PR E K B AR, 53005 c-Fos
—HLE TH —Pi T 4°CHFH 12~16 h, Y152 PBS ¥k
W3 W JE L A aE A bk ) &
(Proteintech, PK10006) T ZJRI#H 50 min, Jf%
F 3,3- — & £ 8B 28 ¢ (3, 3'-diaminobenzidine,
DAB) il # (Proteintech, PK10006) #f7 i {1
R B AT IRAREE e . BERETRS K .
AEW] R YERE R Ao BIECRAEAd ] Nikon TI-S
{8 & I 5 5% M NIS-Elements D # 4. ) F ImagelJ
BRAEXT PR 4 S A TR T
1.6 ZERRENEX

/NS S BUGE R BE RIS Sk b B, T3 2
IO 22 5 B % TRAH 4, T -80°C PR A7 4%
Mo HEREARY 1 10 (g/L)  HeBm AR 5
DU TE ¥ 24 f# W (radioimmunoprecipitation assay
lysis buffer) , VK2 % 24 f#% 30 min, 2 MW T
4°C. 10 000 r/min &> 5 min, B W . RH
sk FH R 7 & 1 1Rl & (bicinchoninic acid
protein assay kit) W& H Bk EE, A Sx RS
MRS T 100°C4: @A HE 10 min, F37KGE A
50 pg, 2ot BEREHLR BN - SR N A TR REE A FRLTK
(sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis) 3£ (M4iKE80 V, 20 min; 41
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Fig. 1 Experimental timeline, TMAS apparatus, stimulation parameters, and behavioral testing setup

(a) Experimental timeline. (b) Schematic of the TMAS system. (c¢) Ultrasound stimulation parameters. (d) Pole test apparatus. (e) Open-field test

apparatus. TMAS: transcranial magneto-acoustic stimulation; RF: radio frequency; FF: fundamental frequency; PRF: pulse repetition frequency;

TBD: tone-burst duration; SD: sonication duration.

BE120 v, BEBEKL) . BIKS WG, Bk
YR-HE S-SR 9 MBS (polyvinylidene fluoride
membrane, PVDF) -JE4CHFEIJE)Z, Hf PVDF i
(0.2 pmfLA2) FSEZ I BEBEGTE 30 s If THL ENGZ v
Wb T . 7E 300 mA TH AR HEATIR AL
T B 1K PVDF IR 5% IR IR 0543 v T3 i i -20 1
Tris 22 0pEL 1AW (Tris-buffered saline with Tween-20,
TBST) JfFZREMA 1 h, FEH0M 5T —$6iT
4°CH# F 2 7% . PINKI (1: 2 000) . Parkin (1:
750) . HWERESL 1 p62 (sequestosome 1, p62;
1:20000) . B & M & &E A 1] G 31
(microtubule-associated protein 1 light chain 3-II,
LC3-II; 1:4000), Opal (1:750), Drpl (1 :
6000) M HNZBIMAEHE (beta-tubulin, PB-tubulin
(1:3000) ). MBEZ: TBST P& 3K (5 min/ik)
5, SER SRR IC Y 5T (12 5000) T
FEIFE 50 min, S5, I ERAAL A AOGE)
&, B R &R G R IE R, IR
Image] #1734 H bR 250 B9 EEAEL
1.7 ATP 22WE

K FH DAL ATP A 14077 S0 7 SNe ZHZ b i

ATPYWREE . fiF 2, Hrff SNe L5 5, LBl
el AR 5 TC 25 %) 2 1 o 25 R TR A B LA ) ATP
o L3S WS ROV IR G Ul B 5 Lu il n A 96
LR, =R EOCHEF 30 min, ff H & bR AL TE
570 nm P A AL E WOG R, IR briEth 2t
A ATP R .
1.8 iEMERIEKTRE

/NG 2 2L 28 4%PFA [ 38 24 h 5, ATHBBERE
BRI K DORE, 2 SR R 20~30 um VKRV F o
YR & PBSIEUE, 5 10umol/L — & & %
(dihydroethidium, DHE) 8%l F 37°C#t 5 &
30 min, PBSVEW 3R UALBRALS G YL, bt
PNHERE B o RO RERMEE T (%
KPR 488 nm, KK 525 nm) REER, I
fii FH Image] #4F-54653HT ROS IR
1.9 HIE&ZITH

JIr A £ 244 F GraphPad Prism 10.1.2 8 {43
oM, R UBEEARMEZE (meantSD) IR .
Z M )RR R R U7 22 43 M (one-way
ANOVA), Jfi#iid Tukey s post hoc test #1755 5%
HILE, Y P<0.05 N 2E R BEA GRS
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AT S UE TMAS Xt B AR i X 0 i P 2008, &
ARSI T /N B ML HR o 28 T 3005 B 7 W) c-Fos )3
EN . SLIRZER (K 2a, b) R, SEHEXTE
AL, BRI A iz Bl J )2 X 38k c-Fos FHEAH
i B B S E N (P<0.000 1) . 3X —&5 SRAIESE,
AT 5T TR F ) TMAS SR A 304 S B iriz
B JE 2 IO 2
2.2 TMASKZPD/NRBIIEZHTHBERERS

F ROk, A ACH S5 R TMAS
X MPTP 755 1/ iz sh D ge sz it i lcB e . 78
/7R SIS A B SN Y I S BT o UV N TN S
FizhEe IO R, T RO RS20 41/ B
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TMAS i), PD fil 34 )iz sh 2 B A5 31 2 3 ik
2, UL TMAS REfEA A3 PD ALY/ R 112 3l
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TR 0 A A T X IR AR R] (P<0.000 1),
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AR E AT Fz e SN 22 L i REF 25 TC I35
B . AT I TMAS X/ Bl SNe X 38 2 1 i fit
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AL RE L AL AY BT o TH Sis 414k e o 45 5 o
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TH BH #2800 3k /b, UESE T MPTP 3£ 1
JERERI 22T I B R . Zad TMASIRYT IS, PD
S ZH TH BH M #2570 550 45 PD X R ATt 3538 i
(P<0.000 1), W] TMAS RENSA S0 IE #F SNe [X I
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ROS 42 8] f SNe X IR i K&l . [ 3F, g 43
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IKINRERE RS, 455 TMAS AbH S, ATP & & 715
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(AR RN S AW A R L AT E A sy TR LN A
EH.
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JE KB SHEEEE A AH L, PD XT R4 PINK1 Al
Parkin [} 615K -3 T, FEIE 2511551 58.8%
M157.5% (&l db~e), HERGORLA T 51 1 sl
MU Z 2 P Em W FE . (AR, MPTPALHE S
FLC3-I Rk e, (HOCHE A MRk H
p62 M RIATKF- AN A, X R P I 1Y R B
BT 2 MR B B OE S B B (PINKL/
Parkin) #3111 JC A RUSE4E p62. TEH:5Z TMAS
THiJa, PD R4 A9 PINKI ., Parkin 357K 2
FIFE, p62 A MBE B 1, JFERELC3-
A ] % . X el R I, TMAS REWS /018 2
PINK 1/Parkin if % , HIVKE p62 /SR BB
PR Z I RAR B B
26 TMASH&NUESHREMENNEFEY
Efc

R IR RS T LR AR A Sl R 1Y o))
P47, Hor Drpl #1 Opal 435l 2 i1 2448 SRl &
BT, IR TMAS X MPTP i3 194 b
VRS Rl 5 R AT B S, AU T AiE 445 2R [ Drpl
FE fil & 2 1 Opal BYFRIEAKF-, LAPFAl TMAS X}
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Fig.2 TMAS activates neurons in the motor cortex and improves motor behavior in PD mice
(a) Representative c-Fos immunohistochemical staining images in the M1 region from the Control+Sham and Control+TMAS groups.
(b) Quantification of c-Fos-positive cells in the M1 region. (c) Representative locomotor trajectories in the open-field test (10 min). (d) Total distance
traveled during the open-field test. (¢) Mean speed in the open-field test. (f) Total climbing time in the pole test. (g) Turn time in the pole test. PD:

Parkinson’s disease; M1: primary motor cortex; £, : turn time; ¢, : total climbing time. ****P<0.000 1; ns, not significant.
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Fig. 3 TH immunohistochemistry, ROS levels, and ATP content in the substantia nigra pars compacta
(a) Representative TH immunohistochemical staining images in the SNc. (b) High-magnification images of TH immunohistochemistry in the SNc.
(c) Representative whole-brain ROS fluorescence images. (d) High-magnification ROS fluorescence images in the SNc. (e) Quantification of TH-
positive cells in the right SNec. (f) Quantification of relative ROS levels. (g) Quantification of ATP content. TH: tyrosine hydroxylase; ROS: reactive

oxygen species; ATP: adenosine triphosphate; SNc: substantia nigra pars compacta. **P<0.01, ***P<(0.001, ****P<0.000 1; ns, not significant.
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Fig. 4 Western blot analysis of mitophagy—related proteins in the substantia nigra
(a) Representative immunoblot bands of PINKI, Parkin, LC3-II, p62, and B-tubulin, with molecular mass indicated in ku. (b—e) Relative
densitometric quantification of PINK1, Parkin, LC3-II, and p62. PINK1: PTEN-induced putative kinase 1; LC3: microtubule-associated protein 1
light chain 3; p62: sequestosome 1; B-tubulin: beta-tubulin. ***P<0.001, ****P<0.000 1; ns, not significant.
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Fig.5 Western blot analysis of mitochondrial dynamics—related proteins in the substantia nigra

(a) Representative immunoblot bands of Drpl, Opal, and B-tubulin, with molecular mass indicated in ku. (b, c¢) Relative quantification of Drpl and

Opal protein expression. Drpl: dynamin-related protein 1; Opal: optic atrophy 1. ****P<0.000 1; ns, not significant.
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Abstract Objective  Transcranial magneto-acoustic stimulation (TMAS) is an emerging non-invasive
neuromodulation technique that may provide a novel non-pharmacological intervention strategy for Parkinson's
disease (PD). PD is characterized by the progressive degeneration of dopaminergic neurons in the substantia nigra
pars compacta (SNc), leading to motor impairments such as bradykinesia, tremor, and rigidity. Increasing
evidence indicates that mitochondrial dysfunction and impaired mitochondrial quality control are central
mechanisms underlying dopaminergic neuronal loss. In particular, abnormalities in mitophagy and mitochondrial

fission-fusion balance contribute substantially to oxidative stress, energy metabolic failure, and neuronal injury.
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At present, most clinical treatments for PD mainly alleviate symptoms but do not effectively halt disease
progression. Therefore, exploring new interventions targeting the core pathological mechanisms is of considerable
significance. This study aims to investigate whether TMAS can improve neural damage and motor dysfunction in
PD mice by regulating mitophagy and the fission/fusion dynamic balance, thereby providing theoretical and
experimental support for its application in PD treatment. Methods Male C57BL/6 mice were used in this study.
A PD model was established by intraperitoneal injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
for 7 consecutive days. After model induction, mice in the intervention group received TMAS once daily for 14
consecutive days, whereas the corresponding control group received sham stimulation. The stimulation target was
positioned over the primary motor cortex (M1). Motor performance was evaluated using the pole test and the
open-field test. To verify the activation effect of TMAS on the target cortical region, c-Fos immunohistochemistry
was performed in the MI1. To assess nigral dopaminergic neuronal injury, tyrosine hydroxylase (TH)
immunohistochemistry was used to quantify TH-positive neurons in the SNc. Mitochondrial function was
evaluated by measuring reactive oxygen species (ROS) levels and adenosine triphosphate (ATP) content in the
SNc. Western blot was further performed to determine the expression of mitophagy-related proteins, including
PINK1, Parkin, LC3-II, and p62, as well as mitochondrial dynamics-related proteins, including Drpl and Opal.
Results TMAS significantly increased the number of c-Fos-positive cells in M1 (P<0.000 1), indicating
effective activation of neurons in the targeted cortical region. Compared with the control group, MPTP-treated
mice exhibited marked motor dysfunction, including a significant reduction in total distance traveled in the open-
field test (P<0.000 1) and mean speed (P=0.000 1), as well as significant prolongation of turn time and total
climbing time in the pole test (P<0.000 1). These behavioral impairments were accompanied by a substantial loss
of TH-positive dopaminergic neurons in the SNc, whereas TMAS significantly increased TH-positive neuron
survival (P<0.000 1). In parallel, MPTP induced a pronounced increase in ROS levels and a significant reduction
in ATP content, indicating severe mitochondrial dysfunction and energy metabolism impairment (P<0.01). TMAS
treatment significantly improved motor performance, as reflected by the reversal of MPTP-induced impairment in
the open-field and pole tests, and significantly reduced ROS accumulation (P<0.01) while restoring ATP
production (P<0.001). At the molecular level, MPTP markedly downregulated PINK1 and Parkin, decreased p62
expression, increased LC3-II accumulation, elevated Drpl expression, and reduced Opal expression, whereas
TMAS significantly reversed these abnormalities, suggesting restoration of mitophagy-related mitochondrial
quality control and re-establishment of mitochondrial fission-fusion balance. Collectively, these findings indicate
that TMAS ameliorates MPTP-induced neurotoxicity and restores mitochondrial homeostasis and energy
metabolism. Conclusion TMAS effectively attenuates neural damage and improves motor dysfunction in MPTP-
induced PD mice. Its neuroprotective effects are closely associated with multidimensional regulation of the
mitochondrial quality control system, including restoration of PINK1/Parkin-mediated mitophagy and rebalancing
of Drpl/Opal-related mitochondrial dynamics. Rather than acting only as a symptomatic neuromodulatory
intervention, TMAS may influence a key pathological axis of PD by improving mitochondrial homeostasis in SN¢
and protecting nigral dopaminergic neurons. These findings provide experimental evidence supporting TMAS as a
promising non-invasive physical intervention for PD.

Key words Parkinson’s disease, transcranial magneto-acoustic stimulation, mitophagy, mitochondrial
dynamics, motor function
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