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(RPFETRFEFB, EH650500)

R IR . —HEILR/NERAEAY (triple transgenic, 3xTg); TL28A8 FIGIERT /R KB /N AR (five familial Alzheimer’s disease
mutations, 5XFAD); Fil/RIKIEEZRNG (Alzheimer’s disease, AD); #4342 4 )@ & 10 (a disintegrin and metalloproteinase
10, ADAMIO0); PFAI/R BRI IEAl B - IA A1 83 (Alzheimer’ s disease assessment scale-cognitive subscale, ADAS-Cog); H
WAENGHE S (activities of daily living, ADL); FAFEM S & 4= (adult hippocampal neurogenesis, AHN); JE R 1A & H
(amyloid precursor protein, APP); JEMMEEHTEE /42 K 1MEE IE R /N AL (amyloid precursor protein/presenilin 1, APP/
PS1); FA#ZtDCS (anode tDCS, atDCS); PIEMFES A (amyloid B-protein, AP); P s FE M RERT IR 5T VI M1 (B-site
amyloid precursor protein cleaving enzyme, BACE1); BCL-2AH3&X#E [ (BCL-2-associated X protein, Bax); IfiLfi5#kE (blood
brain barrier, BBB); XX & 5 ik [4] %€ (bilateral common carotid artery occlusion, BCCAO) ; B4 Jifg ik [ 5 2 3 (K (B-cell
lymphoma-2, Bel2) ; g I 1 #h 4878 3% A F (brain-derived neurotrophic factor, BDNF) ; 5-75 it 42 FR W% & 4% 1 (5-bromo-
2'-deoxyuridine, BrdU) ; 4% i# Z 4K #i &5 (1 # @ 11 (calcium/calmodulin dependent protein kinase II, CAMKIL) ; i Ifil i &
(cerebral blood flow, CBF); #% .0 %54 [ F B3 (core-binding factor, P subunit, CBFB); {4 ik 5% P U] it} (neutral
endopeptidase, CD10); AL (clock drawing test, CDT); 1EHERMEABERITESS (contextual fear discrimination task, CFDT);
RO 0% 2. Tk fb %% % W (choline acetyltransferase, ChAT); Jz i G445 &8 I (cAMP-response element binding protein cAMP,
CREB) ; B#tDCS (cathode tDCS, ctDCS); Ephrin B 32 {2 (Ephrin type-B receptor 2, EphB2); 24y ¥ % fiill 5 Hi {7
(excitatory postsynaptic potential, EPSP); & /#4445 2 )5 (food and drug administration, FDA); MHifL-% FEARICAZAT 55
(face-name association memory Task, FNAT); il & 3t T B2 (y-aminobutyric acid, GABA); i i £F 4E g 1 & 11 (glial
fibrillary acidic protein, GFAP); BF4545 A &AL #%45>F 1 (fonized calcium binding adapter molecule 1, IBA-1); i 2 Ak Al
(insulin-degrading enzyme, IDE); %t Bk 1 G (immunoglobulin G, 1gG); [/ % -10 (interleukin-10, IL-10); FI4%
(interleukin-18, IL-1B); I/~ %-6 (interleukin-6, IL-6); 54 AR (isoleucine, Ile); LAIZILE 42 11 (L-type amino
acid transporter 1, LAT1); A2 H Z k<& A (lipoprotein receptor-related protein 1, LPR1); < Af f23% 3% (long-term
potentiation, LTP); fi£ & % (classical activation, M1); 3% #i% # 5 (alternative activation, M2) ; fill & #H & & H 2
(microtubule-associated protein 2, MAP2); KA+ o jk#2 % (middle cerebral artery occlusion, MCAO); iz sifi ZHi{7 (motor
evoked potentials, MEP); &5 A& #UIRZASHE A (mini-mental state examination, MMSE); SE4FF/KINFITTEAS (montreal cognitive
assessment, MoCA); #Z 0 LPt)R (neuronal nuclei antigen, NeuN); 422451200 (neurofilament 200, NF200); N-H
H-D-[ X & #R (N-methyl-D-aspartic acid, NMDA) ; — %A L& (nitric oxide, NO); £ Ifl & ¥.JC (neurovascular unit,
NVU) ; ¥ i50 (object recognition, OR) ; i@ 1k 5 & 2 fK #i & FH ¥ A 11 (phosphorylated calcium/calmodulin dependent
protein kinase I, pCAMKII) ; ik b cAMP S v JG {4 45 4 % 11 (phosphorylated cAMP-responsive element binding protein,
pCREB) ; IliL/IMR T4 A2 K K F3Z KB (platelet-derived growth factor receptor §, PDGRFB) ; 1E HL T & 1 )2 /% (positron
emission tomography, PET); Taufk [ R{k (phosphorylated tau protein, p-Tau); 2 [ /&2 FRBEHLHEEEH (phosphatase and
tensin homolog deleted on chromosome ten, PTEN); 7 [CWT &I 1E22 MK (rey auditory verbal learning test, RAVL); iM%
2% (reactive oxygen species, ROS); AHXTIMLZLZE 13 & (relative hemoglobin content, rHb); S1004545 A4 8 B (S100 calcium
binding protein B, S100B); 4GEARIAIE AN (short-latency afferent inhibition, SAI) A#&fif)i (spinal cord injury, SCI); SD
K B (Sprague Dawley, SD); Ifil & 10 F1 % (oxygen saturation, SO2); £ fiil 52 i Hi il # (transcranial alternating current
stimulation, tACS); %/ L i B il # (transcranial direct current stimulation, tDCS); % /i B %] (transcranial electrical
stimulation, tES); MR YRFEH Fo (tumor Necrosis Factor-a, TNF-o); IML7i#E B (blood flow velocity, Velo); L4 ¥ Him
(vascular dementia, VD); BF/EMY (wild type, WT); 1lIH5IfE55 (word recognition task, WRT); MR K3 (caspase-3)s

HE  BRKUIGEN (Alzheimer’s disease, AD) J&# W H ™ H (I AIEZ —, M5 E B E 0 B O @R AL TG B E, R4S
AW RDIENTNIE, AR, ZWH i (transcranial electrical stimulation, tES) 7Ei3E AD AMIZHEE T H 2P0 H KA

* EEARBIEELS (82360271, 81760258), =R “H AR HAEWRIRAA LT (YNWR-QNBJ-2018-056, YNWR-QNBJ-2018-027)
IR N S RGO AL (202305AS350011) #EH .
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Wy, FEAIFEZ W L (transcranial direct current stimulation, tDCS) £ /i A2 i B Ji#  (transcranial alternating
current stimulation, tACS) FFPZSH, AR SCLEA T (DCS MACS B3% AD A 2843 FALH] , Habb: 8 REiE R R A
VERT . B AT 3G G I 3 F R A A 2R I BT | S R 2R T A B RS AT R L 98 AB Al p-tau B 1. REMA 2R ] B
{EAS A, (DCSEEMLALAR 28 M A BT | 03E I I BRI 1 R IR AR (B S . b4, #E3E AD WGt 2 sh W i ik o2
W, (ESTEMIRT . PRI TTANAE . P AT T A R AE AD ST i i R T . B BR Mo T L] . X st
BIURRABRARAES MVEFRIE . AD PR ERMLE], LI ERZ IR A B A U BRARRAEBOR 1B R A 44 T Ba SEml .

KR LN, BRI, MRy, MR TANN, e A RS, Mg T s
HESES B842, B845 DOI: 10.16476/j.pibb.20240413 CSTR: 32369.14.pibb.20240413
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P tACS H 2R 40 Hz (4 (5 55 A R Ay ol i
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—FRRATHER . AR R RN, T R R
FINEI DI BE A H H 3G s B SR, HHT M AR A R
EARBNSIA B AD A BGE PR bR . B EA N
M2y R (FDA) HLHERY AD ARPikZ5 ) -2
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fZ T b B O, BRI, thnZds
WRFF A REA 2P IE AD BYSERE , i >% b BCRn R L BE
TIP3 SR B — L RIFE R 7. BbAh, NMDA
ZARAEPU I 4 WIRE 08 2038 AD BEF (I RAE IR,
EIFAREMIRA EIG)7 AD ¥, IT4E3E, FDA b4t
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S R N2 1 L = A S e 07 N 1
wpe, Hk, ADRZS I & T A 1 I 1 2
ek o

WAER, AR5 HARR A MER YT ik g
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(tES) frek38 AD A AT RE 7 i =80 B R
T 7 RN TG D tES T B 28 i F
WM (tDCS) FIZEfisg in gl (tACS) . tDCS AR
i LA A P 34 Sk FE A tDCS (atDCS) 1B A
tDCS (ctDCS) o tDCS 3 17 4 57 1Al L ) 198 5 A2
PASATE RN TG 8l 5 AR K s A ]
AR MGEINAITIBE . B MEES R GEE
S 1-2 mA)  BIR N A REE DX, 38 A B AR 1Y)
D5 AT TTR %A Y tACS Il 7Rk Y I
SR R A ) AR 55 R TR 2 5 | R T FE R # 227T
BEU FEAD T, W TN R M IR R

Pz g | ] DR RIOBCR T M adies s s, 1
IAISRAEE sl fi B S B Ry i B
MEAEH, 52 IRE 0 oim 2, Fias H
o B DX AR S A48 IR 5 A DG 1 A Bl R i )
fie 21 Bz, tDCSHItACS N AD W25 Wi4TT
P T AT

ARG ELER (BS 7 AD 53 K AD Witk 253
YIRS p A 2 S F LM, S A e
P10 B THRE AT . M TR AN P . AB AN
Tau B A BEIRIL (p-taw) KFIEY . flizen] k4
FHBVER (K1, F1-2, PRECEHRE4EE T
W#d), Hp, #B0NEAE AD by B AT
AR, ARSCEg A T ES 75 HAbAE AD Witk 2550
PR AR AL DL IE F s B AR (WT) sh) Ao
i, DX et (2, #3). AREERAY
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FHE/R ADFRHEIHLE], I W E ESTHYT A A
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AD figi P S %) BRUIE R 2 40 LA Y AB TTTAR
LN p-tau JE RLAYZEZE . AP Fl p-tau DT ELAT &
R A2 e, MM T, MeRE A3
(caspase-3) fERH—FhCHEM T AT HE A, H
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HEpR 2RI E
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il (5515 P DL 2 SR R Rk I R
HHGEMEA, X 0 tDCSIAYT AD #2485 158 i 0L £
FVEAE 0
1.2 B EMRH
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FEAE,  AnER P K G i A AR L . A AR ER I,
atDCS fe % i Ml VD KB S0 — 8 (f5 il
FUALTRDR) R TEE AR, [RIE P Eb A A  an
AR Ak AR D A B H R K T T 2
atDCS 1 LUl it 4 sm Prf b D R 58, X hiie P
MFRAS LB R EACR B, IR S 2ot i
% ROS i 5 | i3

P, atDCS #E AD £ 3 i o sk 20 4801k 17 %
RN, ERCRAF (B 1) I7E VD KR
R, atDCS A i i A A OO a1 T b 22
gt (F2), WIS atDCS ¥ AD E AN i i ELAA R
FAPLHIFEHE T — 2655

2 ESHEMNINE I BEFREES
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YEF, B&RI N CBEW /D ), # &l 20
(NVU) 3zt 5 Fnuifis bt B (BBB) 583 43
155, CBF B DX 3l ik /D 2 177 5 058 ik o) B 1) o
vy B, FFHIUVMIIRE T REA C B NVU S AR Y
TH BRI AT E Y A, AT CBF
4 ¢ BBB 41 il 1] 5 5 1% 5 U7 10 B A = 2AE
FH 551, BBBAEWT R A i & F2A4EH, BBBAZ
BB ECAR T IZ DT, HE IR AD EE AR
IIfe s oo

atDCS HItACS 43 41 .25 34 T APP/PS1 /)y il
FEFYF AD B 19 CBF. atDCS DL i Sk ] 384 4
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JCINRE . (R 2 e S5 4t A BRETR 2 DA R ke i
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AL, HEE . TARCICANE F R i)
a5 7E APP/PST/NER |, atDCS PL% MKy
A 5, NVU IR R, HARER N NeuN
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IIMEATAEAER R F-32 K B (PDGRFB) yFRAIE N,
EE T T3 A i Y 5 5 00 A 10 7 i R s
atDC'S DU Ay il 4R o5 R i35 APP/PST /MR
() BBB [, ELOREI A I 45 2% B A BE R, X
FW] atDCS 2 F T M A AR, AT B T el ik 2
SURIN AL A E 552308 REskiE G (1gG)
[5N5R (BBB B0y al ke br ) BEAG, %
W1 BBB 1 5¢ B M5 21 TR B i . i8] LU 5
FIERE N (occludin) MIFETHE, BN
Ju Ay S 1 TR AR R, X 4ERE BBB 1Y S8 2

P FE S HE S
i & 2, tES A4 CBF; atDCS i 3+ & 7

NVU AT A a2 8 Sy FhRic i 2kik, 52
T XENVU DR R AR ME ; atDCS 3 28 34 i i
BEEBEMNKE ., FKBBBBE. 5 occludin®
Kk BBB (1), fHREREMNE, HAMTRU
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Fig.1 Neuromolecular mechanisms of tES in AD clinical cases and AD mouse models
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Table 1 Summary of tES parameters, cognitive test tasks and results, and indices of neuromolecular mechanisms in AD
patients
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Table 2 Summary of tES parameters, cognitive test tasks and results, and indices of neuromolecular mechanisms in AD

rodents
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Fig. 2 Neuromolecular mechanisms of tES in neuroprotection * neuroglial cells neuroglia and neuroplasticity in non—-AD
rodent models
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Table 3 Summary of tES parameters, cognitive test tasks and results, and indices of neuromolecular mechanisms in non-AD rodents
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Neuromolecular Mechanisms of Transcranial Electrical Stimulation for The
Improvement of Alzheimer’s Disease”
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Abstract Alzheimer's disease (AD) is one of the most common and severe dementias, severely affecting the
physical and mental health and quality of life of patients and imposing a heavy burden on society. Recently,
transcranial electrical stimulation (tES) has shown great potential for improving cognitive function in AD.

Transcranial direct current stimulation (tDCS) and transcranial alternating current stimulation (tACS) are the two
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main forms of tES. The present review mainly summarizes the neuromolecular mechanisms of tDCS and tACS
for the improvement of AD. Both techniques show similarities in exerting neuroprotective effects, improving
cerebral blood flow to alleviate cerebrovascular dysfunction, affecting the state and function of astrocytes,
affecting the levels of amyloid B protein (AB) and phosphorylated tau (p-tau) proteins, and affecting
neuroplasticity. Specifically, tDCS improves neuronal status, inhibits neuronal apoptosis, improves cholinergic
neurons and reduces oxidative stress, efc., and further exerts neuroprotective effects, but tACS mainly maintains
the normal function of cholinergic neurons to exert the effects. For the alleviation of cerebrovascular dysfunction,
tDCS has particular advantages in optimizing the neural vascular unit and improving the blood-brain barrier. For
astrocytes, tDCS attenuates inflammatory responses by inhibiting their activation. In contrast, the effect of tACS
on the activation state of microglial cells is still controversial for enhancement in AD mice and inhibition in
patients. For AB levels, the effects of tDCS in AD patients are also inconclusive, but in AD rodents, tDCS may
regulate molecular pathways related to AP production and degradation, thereby removing AB. In addition, tACS
reduces p-tau levels in AD patients, but tDCS shows a trend toward reduction. In short, the effect of tES on AP
and p-tau needs further investigation. Regarding neuroplasticity, tDCS improves cortical and synaptic plasticity,
but tACS improves only synaptic plasticity. However, both techniques do not affect the molecular level associated
with plasticity. On the other hand, this review has summarized some interesting findings of tES in non-AD rodents
that may be relevant to the pathological mechanisms of AD. For neuroprotection, tDCS can promote neurogenesis,
GABAergic and glutamatergic neurotransmission, modulate neuroprotection-related signaling pathways, reduce
oxidative stress, and protect hippocampal neurons. In addition, tDCS inhibits conversion of microglia to the M1
phenotype and promotes conversion to the M2 phenotype, thereby reducing neuroinflammation. Importantly,
tDCS induces changes in molecular indices associated with synaptic plasticity. These findings in non-AD rodents
provide a reference for understanding the potential effect and possible mechanism of tES in AD and for exploring
new approaches to treat other diseases with similar pathological features. In addition, tES has shown some effects
in AD rodents, such as tACS improving plasticity, that have not been studied in non-AD rodents. These effects
suggest the particular complexity of the pathological mechanisms of AD, which should be considered when
applying the results of tES studies in non-AD rodents to AD rodents. In conclusion, this review provides a
comprehensive overview of the neuromolecular mechanisms of tES in AD research and highlights its promise as a
non-invasive brain stimulation technique in the treatment of AD. Furthermore, tES will play an indispensable role

in the treatment of neuropsychiatric disorders and in the study of brain function.

Key words transcranial electrical ~stimulation, Alzheimer’s disease, neuroprotection, neuroglial cells,
neurovascular dysfunction, neuroplasticity
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