DHEELEVERE 2026, Vol. 34, No. 2, 191-209 https://doi.org/10.3724/SP.J.1042.2026.0191
Advances in Psychological Science https://cstr.cn/32111.14.2026.0191

cHFot+cmRTEARBEFLFAALL

EARBHIEORR: 017 SR

EAE GER KES K K E R

(P EB AR OHEBIIE, VAR RSO E R4 [ S SRS, JEAT 100101)
(FEBABE R 2F OB R, LR 100049)

M E AR EFARAERG T REZEREMCN GG LR EIFFRIRET AR DB Kb s
o AXRBBAXN BT EE RO ZRSHEZELE T A, 50 fTE T AR EKX
B S, SAMBERIT Hk, EANEHRE, REAR | ZALEEAEEANF S L ERILE LY
KRR, AT LR ZHEGARERTALIL otk S fen TR, STHRAFCHEAMMREF, &
MABEMRRAAERL ERR., ARERODEIMEHEA L FHEMHE R, 316 AA AR R FREX
R,

XEIE BAED, AKX RE, AZEE, AR

HES  Bs42

1 gl% Coughlan et al., 2018; Fenster et al., 2018; S. A.
Kim et al., 2025; Mary et al., 2020), AD {ER—Fh
MIBAT RSN, Sl B0 i S R —
PRIC S I T 25 33 2k [0 K 1Y i A —— 5 A0 filf
KB 2 R 0T I [1) R [ (8 DA T 2% 25 3 FRAA[R]
(Coughlan et al., 2018) T PTSD W L4 55 — bt i
B RIICAZ IR Ty . B0 SOC Ik
iR AL, 0 R S A AR R, A R )
L5 W42 /) 321 5% (Fenster et al., 2018), X B Fl

AN — R R B R R B, TSR B
7Y S BREIUE, B0 AR &
M BT AR, 2 R R 0 5 PR AR 3012 B I B
T i B —— X LR U TR A R i 5,
4n4-1F 38 53 fixi #L4% 11 (Brain-Computer Interface,
BCDHZ A E M L, Fa il O R £ 2t
JEE R A KB S, 52 R S B A 1 45 )

(Gao et al., 2021; Lebedev & Nicolelis, 2017; B AR R SO [ e 2 R
Wolpaw & Wolpaw, 2012), 7E I R H 7 i, B8 PRA T BRI FICIC RGN KA AD BE A

GAL TN A RE R BT I A 0AT 3, ki D 1oD ARRMTINE (R BURA A0
%Bﬁﬁ%‘}\ﬁﬂu%‘:ﬁﬁ Q %%%*(Anumanchipalli @U&%?ﬁ%ﬁ*ﬂﬁ%ﬁ[ﬂ E@iﬂ%ﬂﬂﬁrﬂ(Behrens et

etal., 2019; Bhaya-Grossman & Chang, 2022; al., 2018; Cisler et al., 2024; Coughlan et al., 2018;

Chang et al., 2015), BRI 24N, JRRGZ T Whittington et al., 2022), BitlHe 0+ A1 H B,
S R S Y R, T T S L TE AR L X R BB IR T A R TR R G . ARSRL A
oI5 LR () 58 2 B AR 25RO (Alzheimer's 1 HOMBLEE FRASR TLLSCHUAR R G242 . R0
disease, AD)FIE{; 5 1 ¥ B A (Post-Traumatic SN BONI D RER i, JF e i 1L A 3 22
Stress Disorder, PTSD) (Cisler et al., 2024; - /A0 FIIG DL U B8, 9K 52 203 338 ok A i 2 i
(Shanechi, 2019) o A SCRFE TICAL, F &I 25 1

- SOACIZ I HLEE O o B e A AL D BR
et At 1 32020103009) PG R IZAC B R, A0 2 A B i
M : BRER, E-mail: chend@psych.ac.cn A2 1975 19 RV 24 15 S8 ol 26 LSRR R 0 S0 e, 4
F5E, E-mail: Iwang@psych.ac.cn FA BB Y T AR A0 o] 1) FH 30 26 4o 22 ML 47 T

191



192 O B R 2 ot B

534 4

T 22 0 5 R DA B o 22 AT e AL g ik, S
W R R o e Ja AT T i & e 55

2 RUEBEORARNEHSIEIZFHER

21 FEMEOREAREDH

PR A BT 1 — A RS e A (an it
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LIPS /B =0 R s KT RS/ T L By A ROk ==Y T 1874
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(Behrens et al., 2018; Buzsaki & Moser, 2013;
Buzsaki & Tingley, 2018; Eichenbaum, 2017a,
2017b; Hunt et al., 2021; Niv, 2019; Whittington et
al., 2022), A WIFEHR T ORI Bk,
T E A e A5 B A R S L theta 15 A AR 057 3
2y BIL ) K T g B A 1A 7E PR BT /Y 52 3 B
(Buzsaki & Moser, 2013; Buzsaki & Tingley, 2018);
FEUR, PRI 23 1 190 s 2 D) 3 7S 0 0 il b
3, FEE T A5 [MIIA Y BE i A bR &R (D. Chen et al.,
2024; Rowland et al., 2016; Rueckemann et al.,
2021), fMRI %4 2 & 2 4 240 BT (Multi-Voxel
Pattern Analysis, MVPA) 57 B, BIRPLAR2
~J B RE A DA 22 35 Bl v o s R o AR
PR A CHEAR R, AT S B B A JE 40 St b i
PRARIR I, AHSZ PR TR 5 B, 25 A A A e
M P 3k BB ALK P, 30 oA 3K 30 A AL 11 698 oy 2
3K (Hassabis et al., 2009), #5044 25 BICAZ A6
AR = A YL . BRSNS R T
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al., 2025); 1 FH L FAFAD N K2R TR PR S A 1Y
RN 5 2 (] B PR B S (Hardcastle et al., 2015;
Long et al., 2024; Solstad et al., 2008); {37 & FAF
A e 0t 5 3 28 T R R 7 B Y v DR R
(Wikenheiser & Redish, 2015), X 20857 & BN i
BILEE 1 AR AR A0 Tk T Al 2 3 s SR s 110 56 3 2 41E T
ORISR, S8 R AT A [ 4 B2 7 =5 )i
PCRIZRAE, AALRESE L ALz 34l Bh B4 1Y A2
FLRIFEVE, 0TRE S HE ] Bl 22 08 45 SR A0S 0 A 1) 25
FRS%, NIMEHX 2 [MCAZ B RS T 100,
FEELARALENZ T, 28 MHCAZ I SRR T Xt
PR AL R B R S . Bof A
MBS UE S, S 18] G A% 40 L EL AT 25 ) i AR ~F
£ (Ekstrom et al., 2003; Jacobs et al., 2013; Killian
et al., 2012; Nadasdy et al., 2017), HEj&iH &2
[RIREAFFE S LA T BE R AE(D. Chen et al., 2021;
Long et al., 2024), M FiifF5 EZ R HE T RE
HI A2 (LFP) AR A L HR, A% O PR ERTE T2
fif X 645 5 i B IRCRT 5 1925 (8] 45 2L (Kunz et all.,
2019). EHAHEENE, LR WAXIEAEZL T MES
RE 005 O ) L ST R S A 000 B R R, X AR
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M. FICK RS — L, iRz
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R RALZ RS LW hric ), g B 2 1) S
AWMUt T AR, BRI A
X VR EX B A, BRI theta 3
R BRI TR (Bush et al., 2017), HiEshilEs S
theta VTG SR L S IEARDC . AR, X SEARF 58K BEWL
B FRLLZ S Y theta FRELTR, X S50
VI 5% 45 A7 A W 18 22 5% (Herweg et al., 2020), X
—FJEFREIE T VR SEHuNny bR . s
i 3 TEL TR H R I SRR, LA A D AR Y
T B8 TR LS IR I b i, RS T R &
W Bk, iBIPIRAEF IE/12 3h) Az Bl B B AT
i3 theta IR IEATABURM; HIK, theta 1 552
IR AE P B S I AR A 5 (burst, P ERFZE 400
ms), HARRMR 5ia g B B IEADG =, K
AR AR B ANBORER I R E R
theta 4% & (Aghajan et al., 2017; Bohbot et al.,
2017), B theta 3% 4, gamma 7 1% 2 21 g E B
AL RAEIZ IS FE, T gamma RIS IIFA theta
I 5 AR LT ) 5 R 5 REAT 80 i 25 TR A R Y
AR F (Colgin et al., 2009; Griffiths & Jensen,
2023; Heusser et al., 2016; Lisman & Jensen, 2013;
Tort et al., 2009) 33X FAH A A A HIL ) Sk FF 2 T8 RS
18 SRS A 4R A0 T S e A,
Sy PR ELICIREE T 1978 ) AR 2B B4 TR
Ao
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e 25 [CAZ BB AN I 43 oy, BRI 3 B
PG A A, HA AU 23 8] S b ik
Z 8, R AE AL E A T 22 1 EEALH] . L
ST VR BB R T K ST 4T theta
e 50 R oGk . 4 HARGL &AL T B 43
Wi Faf, theta IRGIIFE R E T HO X, H
5 BArh & $  FeY B 2 A OE (Lee et al,
2018). BEAWFFEIE A0 HALPREE R, 2020 4RAE
Nature & 3 19— S M BIF 538 i JC 2k v i i
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ZHIETE B R 7R T AT 55 RH S X 320 5 G % ) 8 42
YERL: SR A Z A IR (I 32 348 R H b
BT A A BN, theta PR35 B2 S0 7 58 g 5
% (Stangl et al., 2021), %M BA S5 Z200F 58 i — 240
6Tk — B, T RO AR BN [R] A
[ETCAZAT 55 K B - IR theta 41 75 1Y 21 4 5
RN BAT 55 1 S HE—— DU A 55 T SR G 1
AL B A B3 B (Maoz et al., 2023; Seeber
et al., 2025), X 26k AL FEIFYE T 4155 WK Bl
S G 7 1 BUZ Bl LRI AL, AATERAE T X 28
(] IC P2 P 22 BBl (Y BHLAE, 0 O e B TR 2R R
AITCIZ IS 5 B P 2 PR P S T BB
33 ZENZIZAIGL B EED

MRS H bR E 0 2 A R A [T
WFR I A% ), I 2 AL S22 0 A I A At
FNCAZIRE I 20 M 1) B 25 it o 7E N IR AR 2 PO A 3R
AEJTTH, 2018 4R 143 7 A5 ] i 2 30 1A R 2
JZ theta 1% 3l 52 BU 2 W44 4 A 1) 7S o] 301 9 ) 4= 1iE
(D. Chen et al., 2018; Maidenbaum et al., 2018), &
WG I 2 R S SR A 4t 1 A B A (Bao
et al., 2019; Bongioanni et al., 2021; Julian &
Doeller, 2021; Moon et al., 2024; Nitsch et al., 2024;
Park et al., 2021; Vigano et al., 2023; Wagner et al.,
2023) o X FPFRAEAAL 5 25 [ACIZ R BAF AL IR,
P I 2 I A B S R ——TE R AL
3o I B 2% > o R B W F2 2 (D. Chen et al,,
2018), {HAFERMIE, 18 3h B 2 i %k
TESREE, S HUZ SR RICTE W . 17 8= 0EE
HE— 2D RWY, A% G Bt 14 B 23 Bl 28 R W] T a5
[BIC1Z 0% 2% (X. Chen et al., 2015), TiHsEE=HF5Y
D) 55 BR324 0 BT 7% R T SRR R B A A Y
% i i%iR 1k (Convertino et al., 2023), & T HFE
23 [ AC A G B T o A8 AR L ' i A% 5T
Qasim 55 A\ & B A IR J2 A7 7 10 A2 IR 508 4 e,
X SE N TE A ) HARZZR AR AT T KA R R
S5, O A S 3 Y LA AL TR
B WAL BR(Qasim et al., 2021), FEMACHZE B 404
UESE, B M2 25, P2 Seic s o1
PR WO A E N AL E, R TIici S A
Mg by £ S HA, BE, RARE G
LW theta %303 2 HARFE R WA H (Liv et al,
2023), BB B H AR AT, theta 15 28R . 5

FRE R — L R T X B AT E S AL B AR )
RN . Maoz S5 AN KB, BIIAYiC Iz &
G & NS theta DA TER 5 H bR AL E T 0.5 72
B TR, X RRAE AR R R AR B B AT AR R AT
E KR Pl(Maoz et al., 2023), Seeber ¢ A Y
5T 0 O LB B SE SAH S S, #8378 T theta 3R
Dn e 2 3 B i v 1 S B A ] —— T P b 2% A
T, theta 1% 224 LLjE] g 5 08 AR 1076 295 4%,
EBOE G X = & AR D, JEXT S H6Ed
TZ IR HLE] ) N IR RRAE (Seeber et al., 2025), LI
AL R A T 2 [ A2 B R R AR AR . )
e A0 B 28 038 o 7S TR 00 3R 1 A 24 i o7 R RS
Y BE i FRAE, TIEICIR 0 41 A AN 5 theta 225 ]
TR FICICHERRMBENSRR, & LR
SRR TICAL W ES R R MAT N, R RS PERER
23 MTCAZ I P 22 45 288 T JIE Rl

TS [EHCAZ RS AT SY O BUS B RE, (H
A T R B Il B R R e . MR BURK R,
WA TAE EERE T2 010 £ Pl i 48,
IR D454 theta %35 1940 /E H (Herweg et
al., 2020). R, 229 B TRG AN ARG, ARRAFIT
T B NTAS I 10 75 0. BORZTE, TR %
SRAEF ARG D4 WX A LEFP {55, 44
WiE B R MR 22 s B 2w, S
INR B 25 [0 A2 IF JE 4 1l X% sl ) faf B &, e
AR TSRS 22 01X, A Sl A — T T A % ) 3 [
T4 (Eichenbaum, 2017b; Klein-Fliigge et al., 2022;
Knudsen & Wallis, 2022; Patai & Spiers, 2021), fx
B ST HE R X — 5 R T EE L R . Chen %
NG EB, PORETA B J2 /Y theta 3735 RIHER
IR A% SRAE R, H 5 N RREZ 2 A DA 2 1 R
FEIE) 2D, 7 PO AT 45 R 2 P IR )22 A e i
it theta 75 A5 AE (5 B 38 (D. Chen et al.,
2021), HAZR T =ANHZ . His i Ll i &
PUABRIR S A% G0 52 50 31 X0 i 45 -3 2l AN 50Uk
VI B il Z A5 500 I 48 43 AT i, IR AT HiT A
R S g 5 S L 5 1 B R B S A B AV 2
H/(Patai & Spiers, 2021), A 3K 23 0] iCAZ /i % BT
FEN A H R BRI i T R B R X —
WE5E J7 [ A B T 48 7 25 (819014 19 4 10 ) 25 AL
il I R TR o ) A A AR O ELE sl 0T 5% D BRI
IX i iy o] (o 2 fig i ) i A A2 . RAA MR G)Z T
PRARZS [ACIC A 2 LR, A RE L IE SN HAE
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Sy 1 55 B AR S
R4 L HIFE A5

15 56 1C AL 1 G B 0 2 JBOAS ASARORE 2 [1) B2 3%
VR AZ 1 4 5y B9 I8 9 (Bicanski & Burgess, 2020;
Boccara et al., 2019; Butler et al., 2019; Nyberg et
al., 2022; Sosa & Giocomo, 2021), &AL B
S AAE B T L 5 gAY, I REE A R AL X A 0
LW icIL, BEM AR AR SR kB 51T R
(Shohamy & Adcock, 2010), ULk, AMAAE LR A
W2 ML T R SR BE, T 9 55 LI 5 42
s # (Lloyd & Nieuwenhuis, 2024), ML #
F, HT 2 TR R AR A AR AR S AL, A
AT 8 B2 8] 5 A7 58 BURER: 5 T B AT A . A )k
ALK AAE, WHEE AT R T @Yol ALd
F(Bellmund et al., 2018), FEMZ )21, R M Y
A DAAF 2 1 T Ao B 40 A 0 B B S TR i R AR AR
(Wang et al., 2015), i 5 P52 4 A 25 0] R 4E |
15 IR T2 515 B.(Sosa & Giocomo, 2021), 1%
HIMTWREZAMIX, B 30~150 Hz 1
gamma ¥R 3% A% DG LG, H 0T [F] IR A0 P X Ak
FIEMEAE S, WM XA M2 5 0 s 4N T
(Bellmund et al., 2018), #{~#% ¥ beta i 5l 5 RLH
TNV 5385 UIAR O, B A SOIR A D 17] 2 % R 2 17
4 (Xiao et al., 2023), XL REH UL E T 15 25
P PR BE A, AL i PR T T A VTR R A
filhn, AAREE B T AMUTT A K2 beta T R
WA R A, AR SRR T T R B R
B gamma 5 XY RCE B WO (Xiao et al.,
2023) 1M I R 5 DA il B3 5 (A 48 IBAE . AR
ZRT IR ERMREANVLRZ R, ik
TEVRYT R, Al 45 T 005 S [w) g 400 ) ok B 11
GG &5 BN, I 3G 5 OE PG 45 DL JE S B
iy HET RIROCHR, XARFRA T BB LRIk 1 2
SRS M AN R TS, LSS LS 5 8
AW v 8 UK O3 S MR 5 RS el 2
22 S AAL B
41 N BIRRED

17 28 W) 45 1) Th RE 4 R B 035 1 3 25 57
P, A TR DX 2R AN [ 450 BE A 5 B LA R S
TIfe R S HEAR K J75 i 3 beta S B T 311 2 A T8
AN, S5 BCENAALE L S 50 %1
SRR T DA A 1 2 U5E i theta ARUBENS A

w

N

AR S AT I, AR IR v A G BREAE
(Sonkusare et al., 2023). JEIMEICIZTE AL . TLIFE
SERBO R A AT 2 S 2 A X
MY ZR 38 1., 31X X I ) U R4 T O B i L gl 28
HLH AL T B B4 R (Brown et al., 2020; Suarez-
Jimenez et al., 2018; Tomar & McHugh, 2022; Wise
etal., 2021),

BARMIE, B ME0 2 5076 2 E I 1R &
S A RA g AR s I N S R s 3
lia] T Gt B B B ) BR824 {5 L (Wang et al.,
2015) AV A% 0 SMINAZ AR IR AZ B R 2
> it AL A it B S B R AV (Fanselow & LeDoux,
1999) FEJEAMUAF A LISk BA S Hid 1z o
[ AH G I A% 0 254, HAE ARSI ILIE 52 iU AT
Z 5 RHICIZ K I 4E 7 (Gale et al., 2004), 7EBhY)
S rh, FAREARICIZ IS R B T A R AR,
o7 B A0 2 2R B0 B 8 1) T8l AT S (W et al,
2017), BEFERAER T A SRR E | I
I 7 1% B 2% 1R 10 12 BL R T Y T e i 2 L I
(Chaaya et al., 2018), {HFFIEEMZ, FLIKIMUA
AT 52 A R 28 P L 2 1 38 B AE AR 2 A AR
55 RO o AR bz 2R, s R R AR
THRARREMZTC ., TEIRIYT BOV 1238 % 1 40 1]
35| R UREEAT N BIG, R AR I T EE B U R Y
2 AL A U AS 5 7 AR W) A Y 5% T (Sparta. et al.,
2014), XEEWFSEILF SR T IS RO O R
S £ TE BRI 26 0 b g GRS

UTAER, BIFFE R AR B 1) N 2R 1 2
ZRAE FARTE 24T B Al 2 G A AL . — TR
WEFEIE S TR S8 BRI Bl B & 2617
AT bRiE, IR DR H A ), RER
T o 2% 9 2% 1) 3 25 FFAIE (Bijanzadeh et al.,
2022), BFFEHRALEE B0t | w2 L s el
AL S S AE N I OCHETS AT LEP B4,
$EHL theta, alpha. beta I gamma 4 Bt i) L % 4%
fiE, AR T B — 23 )R G R AR AR I . BE T,
T A AR SR R BN TE & T8 2647 o3 254,
SR T 22 ROBE A 2840 0 R AR AE AT 175 2847 A 1 ol
S 7 T A M . AR, RS M R TR AR
Tk L X 2 [BTE I 3 A5 M 46 71k . Kirkby 55
NREFERT AT T A b5, AT G T A
NG RGN A NG X (A S | B Bl B
R ATEIM B B RCR )2, T T X[
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B R AR, IR — A~ LA A% 1 ) beta
W0 B T B 8 2 0 A% 0 1) F P 4% (Kirkby et al.,
2018), {HARERME, ZMSM SRS HE
TELRSHUIA O HH AT, HEER
Wk R, HEA MR A R R I
A AR SR R, X — R AR T — A A
T A B P BN AT AT A R D e 22 I 5 1 AR
5k, WIBHR T % R 5 P AEAE— RS AR RSF
) ot 2 g G AL 1] —— RV A A0 B T 1% i DX 3 [RD ¥
i BV W 4 R S 5 TR

Jackson HIBAMF— IR R T -G beta
BB [R) A1 (0 40 it 3 Aill (Jackson et al., 2024), 8 5
JNERABE TS, AT e R U M A5 A A O i
P 22 TC AR T (] 09 [ 25 W 70000 65 R AH 5C AT 3%
Mo WARFF R, [ 25k TR T W i
DX PN 2 38 A A A 2 A ) v vl A 22 50 1 B [ 9
. EAEEHR I, et 2ot 1 [ 25 oK
TR, AT e 0 sl R B A
FNEE . BB E AR AR EERZ T L,
AR AR /N BRI AR AT S, i — 2D UE SE R A
il 2 IR A TS S S AR P SR . X
LT AR T 25 W Rh R ST (0 17 25 s LA 22 G
AL, A A o R 8 ) ot 22 90 35 1) 156 2 B i T T
WGP T EE ARG . BIRMT, X— &5
TSRS RGN TS . AR A 2 7 2R
27 3 T H G SR 4510 W A7t AR R 4 HR R B R AL
wil, SRR A PR 48 P45 Th BB TR AL T IR ST IRl
42 EHMMEREL

KT IEMRAN 5T R ZEHE P F RN R
48 5 NS CAZ R GE (i B 2z 18] iR ELAE
(Shohamy & Adcock, 2010)., 4% 4537 4 B¢ B ) 14,
EAESTEIRICH 5| &5 AL RN (Knowlton & Castel,
2022), FABHUAEICME, 32 B RBEOH v 5 %
B ILR R, 7E 2 TG R E 9 35 X (VTA)
MRS E8CRIE 5 SMRETEERT, H
FiZ A5 BE gt e gn i (Bromberg-Martin et al.,
2010; Miendlarzewska et al., 2016), A, FFKIE
AT 225 0L BT, AL 2 MR A T B —
ERE FE LK E (Luo et al., 2011),

AR R KRR W= LS, £
UL e %) B % 5 | R B ) % B R
YER, 7 B Fom Ak 00 & i i Al A vt 2 [a)
Y J&B% (Adamantidis et al., 2019; Girardeau et al.,

2017; Klinzing et al., 2019), 7 & W g 5 5 R,
BIE AL G i it AR Y B B 5 1) i 2 L e g IX
BT, R B s 2 DX sl 5 R - 9 T fig i B
I 5 (Bowen et al., 2020), R IIWFFE E HATS
0, A DXCBR, U R M T X, R R R )2
N R G 2 U AN EEORIE, XAy
5 i AR 9 YT AH 56 (Tkemoto, 2010). H R Y 22 B i
AR R LE 2 2] b B R AT ARG B,
94558 20 T U I RO P 1 IZ L IE (Gruber et al.,
2016).

WP AT S5, SN AN AN FG A B2
2 B e BT 5 T AR R R 4 A G 1 B
BUM T2, Bk, 22 5RO e 143 38 7T e
It AIMIN R AN R AR )2 22 0] (4R B A AL
PEATIR AT, WA X [ 2 5 gh LRI R 3 i
Feo SublR ey, fRBRAZ S SORIR 3 2 A S22 5
T, T PR A DX (A5 VA N % i B ) U 47 5
& 51012 i T.(Shigemune et al., 2017),

TEZS B ML T, 2HEAES AR B TR
POEAE AN T A G T iUk 7Y 75 L S 0]
CE¥BAEMEIZ S5, FIRBRE, T
I Y BV TG B P 2 1 98 (Sosa et al., 2020), X
— AR 52T R N 2 BRI kA, T AR
IR S5 30 28 D0 W B A 55 2 L B SR Z R e &
K AENE F (Foster & Wilson, 2006), 51t —%, T/
SR B 1) 22 5 2 B v I 1) B Y R A R (Mattar &
Daw, 2018), [ i 2 23 3 38 1E 1] F0F 51 5 H 52
206 7 51 2 6] i) UC fig 2 & (Bhattarai et al., 2020),
PR, EHGIR S Z UGS & ERE,
REMEIG X B AR 1 25 (B B 5 25 R ST RS BB &R
(Sosa & Giocomo, 2021), WFFRIL K IR, RPHENR
T Bl B8 S 422 BTN 4R 3R 15 45 2 2 W) (9 HE Wk
¥ 4 (Barron et al., 2020), X% WHERAIGEHF
Z RS Th B B G, AT B R A B
THEFBRR, GLR, KRG E T L O
%2 53T e i T &P B, mIEidie
W RS . A AR E . [RIA, IR ) T A P X3
PG It 2R 0 22 () 2 2% 1 K 240 1) Tl e B L,
FEVRFEICALTE A5 22 3R 53 A8 T IR G B A 6

AHEE T2 B B smALE], TUEERCH (an R
) 525 S22 8 1Y 28 Bt BT i Z R GRS .
AR, —FhHr iR 2], BV -
WELZR 4 11 DG B VE FH DR AR A BR 1 4 el 25 (R b 1, g
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TETFAEBFAFTE, RS AR 1 B 23 7R 50 5
17 R a5 W 57 Bk R (Buzsdki & Tingley, 2018;
Rueckemann et al., 2021), & H {55 1T LI TE
- NI R G A RAE, BERESEAL R a1 25
EAR B, WA REs M R RS 1Y 4010, AT S 3L
T4 M B R i 2 M RIEZ L (Sosa &
Giocomo, 2021), EAMRIBL, WBE . HILES
FA A B X 3 W] 2 5 T 225 5 2ME X 7S W] 1
IR A, H K 2 X e 2 ) ) ] 25 B A O A
(Bocchio et al., 2017). Hetr, 225 VE N l&iE M s,
RUAEAE Ay [0 PR BB, A 3 R A AR T AN [ ) ol
Zim %, HETMEZ BRI AR . B
L GIC 1L Z [E A8 B RmABHLE, A OCH B T M
P22 T GA )2 T P A A 45 S A 3 X A T B s )

Rz AL, B R B SRR A2 T
B S G R U B o

5 =ZEHZIZERERENFIRMEREIE

i R 55 R4 BB AL 10 A A G SR BT

G TR fifE AL g A8 o 8 5 B2 AR R RRIE AR IS, T 2K
P45 S R B A R LR AT SR . AR )C AL
G, PIWR )2 theta JI% 3 FEE S (57 5 20 35 2l Y
T TE B T T TS A R R 1
RN BT R B4 beta IR A5 R4
gamma 7 21 N1 45 B A 0 2R P R AL T A R
T o X Tl figp B — 8] 42 A 32 R L 7E 22 T PRV
FHPBREIEGE 1), FBCEIICIZ 5T a
TP 1) TSRS

F1 BAXTFRHKREGRRE

FIER A BT IS H PN EIRS PINGEA WEAES  WEIEhR 2, Sk
W G SO Hz/ SsIF/ss e P ZsESA BRI Bl Suthanaet
0.5~1.5 mA (%T@%) = al., 2012
WIL N TS S0 Hz/ 46-5sTF 1 FEF AESA MEBRZ MO Jacobsctal,
0.5~3.5 mA 4.6~5s % Gi e 7)) 2016
Wit oite  $#2H  Theta burst 2's (iKW PIEZ AT BRI Mgtz K Kimetal,
CE il 1) Eit) 2018
5 S S0 Hz/ 46-5sTF 1 TFH EENERL BICE  BEIEGERE  Qasimetal
0.5~1.5 mA 4.6~55 % A 2023
KOW W SOHz/ LI/ FE BRI WAE JE#icfe Inmanetal,
0.5 mA 5.5-6.55 % 2018
1 -1 iy 40 Hz/ 10s FH LA A PICE AR R S Fell etal,
)—ig 0.01 mA ier» 2013
T $RHLHT 200 Hz/ 20 min 3 LR TRl VA 3 I &S i TanvA Miller et al.,
g 7mA 2015
S S SO Hz/ ssH I B e RRE Bl Kucewiczet
0.5~1.5 mA 465 % al., 2018
SMIETE i 10, 25, 50, 100, 500 ms MR mididle JECE MEidle  Eravatetal,
200 Hz / 0.5~1.5 2018
mA
i 5 Gii 20 Hz /150 pA 4s W WAEITAE RECE JE#idle  Hampson et
et A al., 2018
S HEA 0.5 Hz/ 105 e % % WRTHD  Krageletal,
0.5~5 mA theta 5 (0 1 2025
2 G I EU R
M 7 1 32
SN B 200 Hz/0.5mA 500 ms WS il BECE iR#sidl. Kehanaetal,
2023
it YLE 100 Hz / 50 ms [E3E2N AT ek VA PEHCR fEmidie  Geva-Sagiv
0.5~1.5 mA et al., 2023
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51 iBIZHFIRFE

FFER AL O e L R s S R, AR
T 5% Vg T — P LBz 2 PR B 2 A VR S ki R 38 (Deep
Brain Stimulation, DBS), S A M5 EMH, ZHE
B G R R AN S M S N2 Y i B S AR R ], 38
SR HE VR PE B T T U 5 (Kirkby et al., 2018),
X ARG LR T AR A A
L0 30 S5 40 L 5 s () S AR DG B AL, [ e L%
BEZHESFERSPITRIOAATIRRAET 5
% 15 44 ) F BiE /7 (Whittington et al., 2022), [FI,
W S — N R )2 RGN UCA B TR R LAl C
1CREST, AT RESEMMRR R . T Bt
(i

TCAZ TR AT FE ik 2 vl 3B W 2 20 tHhad 70 4
X Ojemann F1BAAYBE3EME TAE . Al AT] 1 URGHE 3 30
Tt R I R 1 F SRR S e IR, AN TR m
T-Br B i T T & s Bt s il e e R M ——
WO T AR R A R b 25 (Rl E S 0 A [l
1Z.(Ojemann, 1978) . (HAFHE R0 E, ME—REXEIC
2169 0 R A5 A T o i R A A, A G A 8 )
T nT S 2 R S 22t A2 32 LAY 2% B (Ojemann,
1975) 386 L3 A N7 1 AL R 48 1 I 25 R S
PRI, BT FR0A0CAR o B AR T B A 12
0T B B R A DS B

TE T R 2 2% 1) 25 (R 14 403K, Suthana [ A
2012 4FRFRT (Hoets 2 R ) MR EA
H TR % 7 L (Suthana et al., 2012) il 1 B AP L T
WA 55 (B 75 49 1 A 42 BT BLAE 45 40 Ak 3 T v
IR, AT YR AIESE P IR )23 o) 8 T 3 ot
H theta #R 7% . 3 TR DA LR E M SR B2 TS AR
A, RN PR s S5 AT 5 R T
X — R TG e SRR R R, 8RR
S 2 T T A I U 1 DX R B8 B B AR I R AR
o SR 2016 4F Jacobs 41 BA7E Neuron % & 112
MR PR, X P IRRE SN 50 Hz S i) 3
23 W PUE O R P W R A B e Y g,
i B2 B = A R GRS (Jacobs et al., 2016),
XAPOF JE A RR IR TAE SN AR T 22 5 45tk
FRBE T 005 A W R T RE U RO R] Y
Pz gL B o )5 SLAF R — P gl — R I, K.
Kim 8¢ A (201 8)i i /i P4 igi HL [K1HIE 5, theta 7 A 4R
RN s B PR R s M) e A2 SR IO 45 () Th e #R
G, FEEE RO AER A IEAZ B BURE 2 40

52 fREMFIRIFE

TN 246 ) 2 Ao b, AR R AR L
AR IE KA YW IR, B Ty kA 4 48 0
# (Transcranial Magnetic Stimulation, TMS), £ fii
'EL 7% H M3 (transcranial Direct Current Stimulation,
tDCS) 5 £ /i 32 i Hi il #8 (transcranial Alternating
Current Stimulation, tACS), Weigand % A {ii /i
TMS & B Fs 5 A A MU R4 - 57 28 B2 ik 47
o AT R T T A AR AR, iR A 0] i A
B 2 0 e ARUREON A B TR A s R RE
(Weigand et al., 2018), WFFE#E— 47K 1 X M|
PSR X, ®a5 ks -KLET
Z WX D REFE B2 I N, EIEIE A X )=
TIE4 X (He et al., 2023), K1, TMS 945 ] 53 3¢
BeZ B, M LIRS VA ) RS M X, L v R O 3
ATRES| & S AE AN R N, X Sefh g™ EHl 2 T
HCf AR FH AR o Nitsche HTBA(2012)f# ] tDCS
TE S5 22 0 7000 7 850 P R 22 95 T 4 e R 1
25UIRE T, Fink A1 Exner (2019) 85 U4 % $l 38 7
LRI RRE PIIAEMER . B DCS KA
WRERR, ARSI 22 5 23 W25 W B 4 A
SEYT MBS AT tACS TG I 0 fz 245 A
N T.(Hu et al., 2021), {HHAEFHBLE ¥
A, R SRS bR % .

RV TN AR N1 4 A SR TE R, {H
TR TG 25 0 S X (N A% L IR IR
SR HIE 51 B 2 45 ) TR0 T KM B2 J2 1 446 (He
et al., 2023; Weigand et al., 2018), 4 LRI Z
PEFEHR 2 BT 23 18] 23 B A 2 T3 5 0,
i LK i BT 3ok 26 2% A1 109 3 A AT RRAE, X DA S
BT 25 P A B RS HETR 3% . MHELZ T, RA
A DBS e A i B 20K H AR A X LB RN X,
ST O A S A R S MR R T, AR
ST METR PR 26 e 1% CRR I ME TR PR ARAE ) SR 4t T
TR AT BEME(Sheth et al., 2022), HHTIG R HH
DBS #8855 A8 IR N Hms 52 . PR
PN 2 T R Ak 35 [X 5 X 3 (Figee & Mayberg,
2021), TEALHIBFFT I, Qasim 5% 141 A (2023)
KM BFERPHEHEEHREN, HEd
SRR S5 A RS B DX ) B 22 DT L S R R 4
A7, I [F] 20 0 ) RS T30, X 2 RS
TR MG T IR AE NG R KM UESS . AT iz
O i B b, MR A TR U B (High-
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frequency activity, HFA)[] 25 9% 3% 5 3055 & 19 1%
iR S W EAESG, EEENE, R
XSLEE TS 50 (R T e T 08 e 0 5 400 0 92 o 2
X ROBRAF BURPEIIESE . M M4gn) HFA I
BRI A A0 ) B2 AR RE DR W I, % 15 2
DA GEORTRR VAW 23 QI Tiok & 3 b=l i L 3 i R
—iEE HFA G 0REER R DT, o B X5
FHEF 1 B 2R RE AR 4 2 R ey 3 A A -1
B F IS I RIS AL T HEAIEE . R AT
FF & FT DBS I 1% BB I6 7 Jr 22 29 8 PR BE Al
TR T A gt i ph 2R G L, ARk
EF R R S A 477 S5 I T A S5 1A A ol
L PR R PR T R AR

G FF IR IR ALEE D AR 012 51 4R D7 1E
E IS B Bk i i, LA AR T I DR A% O PR
W, PhAHLHIR IR ER & T RSO 1T, B
TR TN theta 9. HFA [F)20 55054
PEBRIC, AH W 0 TR B0 A o] i 220 s e B 4%
AR W ICALTE A 25 T i) . XA AILTENZ
AR, HEZW T AESHCE SRR
Bl f kb, 58—, ez Shasam AL
PRORZ MR, 247 DBS £ fAFE €545, MR
AR 2R (s 2 Ul ST TR |
WK BT AT ) S I A R . X
PP F AT BE R R AR AROR, R A ] T
7% SIS

BT, ROk B 2 05T T A6 SR AR P A
TEHEHOAR, RV Ik S I A 0 b 220 Bl O B A R
T %8, MM SEEURGIE . misk . ik &
PR REME o T FRATT A G X A BT 1] ) — SE AR
Feh R

6 HMIRENERMHED: i2IZiEENH
Bz

TETAS T FR AL 10 FE AL AN ] 55 3 o P A 2
S5 R BRI, PAT PR o 2 R 4 R A S R
DN A 3 R N RE S, TR ORI S s A T
WRIRTSERTHY . ARSI AUk, A4S H i
WA HAERE TS HCIZ AR, HEA
Z WU X SCIEAZ AT BRI I I A T 5200 40 Bk 1
FEAE RS TRIRG BE |« JOE 1) A0S AL 5005 T A
D,

S AL IUIET AR A T M B A e v o 22 9 37 14 K T

138 (Adamantidis et al., 2019; Girardeau & Lopes-
dos-Santos, 2021; Klinzing et al., 2019), #5735,
TEAR PR IR Sl AR B Be, 129837 (0.5~1 Hz) . %
HEP (9~15 Hz) FIJHE I (80~140 Hz) HYFE& T
KIWHCIZE i e E S, Horp, A8 3Ry 4 Jm il
e 20, YR PO IR BAL I, T A I U 0 i
MGk, MITICICNERMES ., X =800
PR, 2R A S K A2 iz o pL )
(Boyce et al., 2016; Brodt et al., 2023; Girardeau &
Lopes-dos-Santos, 2021; Maingret et al., 2016;
Parhizkar & Holtzman, 2025; Viejo & Peyrache,
2020; Zhang et al., 2025)., £ Fx —#L#H,
Geva-Sagiv HIBAAEE T IR HL L R 48, LIEo5R
R A A0 A2 ILIE (Geva-Sagiv et al., 2023), BT
IR B B AT B IR E AN TR I M, RS
He FAR M HLEE A IR AR IC ) o TR0 B8 GBI
A R I AR H A ) e B TR] 3 T X I 45 1C A2 AT
55 I, ZR T A A R 2 e e 2 ) s 0 L A
ARG B . — ELAGIN B)18  h AR Ay sR, S RD
308 3 0 P R e o R T ) R A R, DA S B
T 55 18 P AR AL AORS MEVC L . 25 SR R, EEA
TP 5 AR Oy R RN IR P B U 2 )
P EAER, JHEA T g0 icIc R ;M. R
T IRAENZE P I AIE T L Tl 22 45 A PAT B S8
A R AL MR ICIZ LI, S 28 PR A A U
R 1 AR T AR

IC I G 805 AT LA i P PR 28 PR P BOR 32
i Kahana WTBASE 9 P BRI R 58, RSk
TSI Rl 2 i B K Sl Y 10 12 D) RE RS T R 5
(Kahana et al., 2023), filfi1{# FH B 51 AL 12455
(12 /40K, kA 3 A1ELE), 7EamiD I B L
WO SRR TE 3, IR0 shiim A 28 T 2R 4 (Y
PR A 3 2645 o G T MR T 0.5 B, 57
B i) 20 A - B J2 it i — 1k 200 Hz 1) SUAH H 38K
(500 ms, 0.5 mA), LR BIR, %M Al
W2 19%, H S, )
PR P 2B REAR E TG IZ B, X — I
SEARALEGUE T P PR 2 R 42 X 42 A A A e
AT AT, A TR G B — i — 1 T A A
3SR ST W ST B S e L - T
o

TCAZ 1) S B DX 5 1) o 24 ) R AT LA 3 et 1A
WA TE Y, Kragel H1BABIH 1 #boR
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S 55 RARXALEE DR 10 R TE 5 201

A RN AR, #6878 T 5 theta 4 ¥ 76 25 ik
X 2 {5 B AL 8 ) R 5 ML (Kragel et al.,
2025). i 1A # I BARAS T LR B ERIE D theta
W SNARAL, IR AN B 2 RS i 1] 25 A4
F . MPRBART =AM : B, YA
3% 55 5 theta 16 2 SCBUAH AL B0E B, Il GT R
WA T theta TALIIMZIE 2, HIK,
T WA WG, 15 58 L )2 R T e E 3R
B FEE Mg iR, BARIRILLE theta P BUH AL R 20
IR FRE R T, LK T 3 Bz J2 i i A 42
Wi 17 % 38 B4 505 A i, % PR R T[] A3 36 (Ll
EYURE TR, K 2 2% Bl S SR R B
A ZARTE BRG] A BESAIE T theta 4R %5 1
WG B s P oA, JHE TR
A0 R R TR P SR, AT R IR T T T AR A AN T
RESR LRI .

RAECH 2P IR LB 5, S H)
MRANFAETHR . B ESSUERE, MAR
F2 TR AR L X 5 H E AR A T A2 2
i R T T 2 T L AR AR 1Y 28 L St A2 4Rk
— T B4R A ST 5T A HE 10030 ST it 3% B 85 v A
H T2, Rudoler A [A] = (2024)if 2 {# FH 2= [A] 1
FOCiAAE S, WA, N £ oS ik
b3 BEG B I AR 40 A5 Ay R bR 285 4 o 3R 35
EIMETE, ZRER, kE EEG 55 RBHEARL
X AMEL Y1 5 R WCR A, HLAR RS A 1 5 1012
KB EYIM I, ZRNEEEL R E R
o FH P R P 42 4 T AT AT MR HE (Rudoler et al.,
2024),

LGAKRE, RRAFICICIERG B TEL
M=AT SR . B, fEICiCn 2 A
it A R, RS . TR R IR DL 5 £
AW B Rk, FIEAL A B R IX A AN REAZ 28
IGE S, =5 (8] | B | 15 4555 B RR S M 2 WL
e, AERR BB SR W R 5 R A A i 2 B0 )
ZERHAE o R RE I Y D g S BRI R e
R LM EE BEN IR, RAEBWEH
B . BERE R ic g b i i 3 R A PR S HETR T,
D&k 9 YN B a o R S R e L

7 KREKRERE

BEFHLAR 2T, el R TR I 2 ) ORI G
K&, AR AR A SRR IE SR 1 SR 4

IAEREEME REENEECON PO ET 8 3 e A1)
K. PAERMZEE T RIS, Rl = )il
LTI S 5 ) R 3R —— 195 25 55 D T ) 0 e
23 [ A HCAS T Eh— A IR AR 8 v o 2R A A%
A0 Sk 50 1] 240 A5 A A 0 0 G i A
I Z B E PR M, AR ER A TR i 2R
WSS B theta IR3% o ILAER, DRCHFIH
X B i 2 % 355 IS A A SRR TR B RS v (A T
RIE W B ED I AL E FE S 5. BRitkZ
Ab, RIS gt . BRI R 5 2 S B A
A% LA % T 0 - 45 B T 32 G DX R L . B A s
R IR (RIS S TR VA IO IR S DD SRS RN [ DN
FUEE R 28 P Y beta Jik i BEDIAH G o 3ok BE 8 2 B
149 37 B AL 6 Sl AR O S A ) sh A s it 1
LA . SR, BUSEEREE b 05 B B S A
HAEE N, et R b i RS DI Rl R 52 2 .
WA R RGZ I LEP 5545 AE, JFAFBISEBERHLAS
2RSS W L RS R RS S A R L, Rl
TR R T SRR PRA . FATT MBI T B A 4
ARSI B B A T A4 E T S
7.1 Bl HIH

IR F AT A &I A 22 BIL ) F) P AT R 4
AR BT R, CICIFAR t IR DX S 5E
T 2 MR 73 A =0 Bl 28 19 4% 1 3l 35 D JR) 22 L
(Clarke-Williams et al., 2024; Kirkby et al., 2018),
Hovpr, g Eh AR 5558 B )2 22 1) BRORS Aff I S i X
OIS BRI A O T, T 5 S AL T D A4t
TG RGS R KR RS ERG . ME%E
S 55 IR A AR AR R RGN T b 28 R AE Y A 2
PEo BlmAERy . MR AR D SR R R T
Wi P 22 A5 S R TR R KPR e SO
FIIE it 2 S AS WU G 46 1 SRR RS . 7 P300
b, WEREEWER - REHRER . R OB
YA AR TESR Y P300 R MR, 31X — A 90 S e Lt ey
LN I RE 1 SR AEHL ] AT RE IF AARF G L B
(Jin et al., 2012), 3% L & BL™ & T &5 20N F0Th AE bl
S RAE B S A AEFN O] S8, SR IR AL 1 HOR A R
TEREE

204 T TR M0 11 B 0 R A AR 2R
HUSHER A A UIPE . AR, THE R ARl SR
F18 T T 2 R —— R ) 2 2l 25 2R G BHE ) il 22 B
B 23 Bl ) 2% B 20, L R A A G A A B 6T 3 A =X
M RAE Y Hr—— N ICAZ B 22 2 B AL ] F 52
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FERE T B X IR TR A AE 7R T #4205
BRSO PE A T AS BT, T GE O T B A
H—NFThe i B C R, BT —RdLE
R AR T SCBE A B T U], {75 38 R 1Y) 2,
WA 25 T X6 DA 0 it 2 L iy R SR e B A (o
AEAA GRS HT), A BE SN 28 56 9K B ) KL A
i 3] Jo B 1) R R R W U, RAHESNIZ
SIHE A LABL] S 30 85 00 2 R T 08 Y B o
72 BARERSHEK

LSRG EE . RRE TR H AR R 2 TR E R
g, &M AR A M HLEE D 0 A% O B R M
B, FEPMRED TS REM . FIE T HR
WS AE S M E . K, BIRRSAEN
HRCREMZ L, HIERRE T AR RIANERE
P AEATRG B o R H P 0% T 3 I e bl R LA
1R 25 Bl FE R, R WIAE A S TR I A 5 3 sk GE &
£ 6 N H W TFRIE 40%) . EWHAEMEZE S R
T Az, LATAIURR VG B 22 1 5 P 28 T 4453 (BE
TIRATIE 15%~20%) 5 ) 8, ™ FR i T H A0
PEo Wik, BFREIENFMAL . &L Fipf
LR g oK RUBE D9 A T Ja) 58 B B R RS 461
Neuralink PJ“MEE 227K 4 pm JREWE T 4
SRR MM A Precision FY Layer7 RETEMK TR
FPEIEE AR 1024 588, A S0 AR LA IR
JET 2R (0.335 nm) 5w &6k, st El
GHEOMEZME, BE R RN 50 nm 4
KR FA T SR T A0 B GORG B A P 22 SR, X
HORML EHE S R RAEAE “TORAEA L A5
FE VI 1) I

1AL e W= W L S
FEROR A g e, MATR s R, AL
N ELA W AR SR . BN, fEZS T AR AR
WRMES h, ¥ 5IX 50 Hz J3n] 2 32 T23 1A
WCAZAT S, ABAETFI 8% S v 20T g 7 A s 1) 3%
N, 22 WS B R 45 A 45 2580 5 Y Fi R
RERGANVCES . BLAb, bAoA X 0 R E A
ZABMAER I T B, Kahana 55 A 42
0PSB A PR T 100 2, R AR IR M FEL A AL R
A AR L, 2 TCAAE S R
T+ sk R (Kahana et al., 2023),

Ak T RGN — ARl 2 R B R S
SEIA AR | SIS T A SR 7 SR <A 7R O
B A TR RGP E BT 1 558

VA IR SR g AR B (E, MM (5 5 ik 2
FECR A B Al & R, B RS SRR S NI RE T, R
B2 X #h2 R G A s A T RE 1 o B —AR A
I 72 40 W03 2ok 540 0K 3 A Ty =, X R A 5
it 2 0 137 2 8] 1 bR EOC R IEAT A, S
SRR R WA A SR R ERARAT
1 1 2Pk w5, SRS HE R, & maiiie
kSRR R, RIEGE R T RE S I A SRR S
THMEL R CREE; 5=, MAEREIRE
WA AR R, DREA IS ST . SOl . e DR
X AH [ B S RO e AR AR TR R .
B, AP IR R GEN G sh A BN A | RS R
SIHLH S B R R R, T B S RGE H
2R T, HET SRR S B b i K B LR
FEIBAT o

2240 5D [ RSO L ) A 4 2% e 3% T 1R BF 5
s o BN, Kragel 25 % BUAMUEE - o I 551 il 38w
DIMESRIG T theta WHIMFIE, s BlHCiZE
155 28 VR ¥ 22 8] 9 58 BB T 0 A e R T AL R S
FF(Kragel et al., 2025), X R ATA I ] 2207
N R S = 0 N [ B b R 1 1
AR SE 2 A, U R RS 4 A
Wy 2s LA g B rh R i TRk R, o T bk
B 22 15 T R 1) I 4 AN e i 1 5 ) RE A1 ) XU
A HES] AN AL @A (DCM) 55 A% 7 3%,
TN [ 008 20 A B R s 5000, DT S R 22 9 A
PR AL

MG RIS RE ) B E T T R Gext
INFLR S AL B HERE 1 o MR, B mbLAF
2J 07 (AN SRR T E AL B 0 A A STz
N F LFP 8z 2 B A5 45 19 43 28 5 B0 AT 5%
(Mathis et al., 2024), X677 R AAAIE, 3
FARKE R T ok 5, (AAE b FRAELME | JEPFa .
ZHEFEHEAAHE RN, 8K, RE¥
SRRV G BE R T T AR R RE . BRI 4 M
25 RE A% 412 H s [ 3 3 (] 43 A A2, 0 PR 4 ) 4%
T BT [P 5 2 54549, 1 Transformer 4544
5 H R LS 0 7E R e AR SR B S T SR A
FIRAE ST o XA R R A S A B v I 2, oD
N TAFEARE, L2 AL 1 28R 50 A 5%
RIS T R R SRAER R . SRT, TR
TN AR R REA | i B, AR/ VREAS AN
FE LRSI 85 b 0 1 AT 2 BRI, RSk ik — 25



%2

T 55 AR DR 10 i ht 5 845 203

RIE/NEATT R | BT 4R 5 1 iy o) SRR LA
FBLIE AL

i BPR, A2 IR RS K R IETE
MBEPE T AR, BBt Sk s =5 1 b
[l it 3 i R eI A LA T B | R 2 AL
PR R T 2R I RE ) LU Rk i
AE AR 2 ) A, Rk B S B 2 1) 5 1 4 1
LRGN R R AR, O 2o i
PG IRYT PRI BOR SO B AR . B R
FHNTREBMRERMS, WL A2 R A
P E PTG BRI K ALK FE I BT
RS A, AT RE R E SO IS R Y
SR

2% 30k

Hin, AP, REE, skd, ELLE, BRI, . ER
(2024). LR KRR JEIVIR AR RIEH . #F# G 7
£, 14(3), 2-25. https://doi.org/10.19524/j.cnki.10-1009/
23.2024.03.002

Adamantidis, A. R., Gutierrez Herrera, C., & Gent, T. C.
(2019). Oscillating circuitries in the sleeping brain. Nature
Reviews Neuroscience, 20(12), 746—762. https://doi.org/
10.1038/s41583-019-0223-4

Aghajan, Z. M., Schuette, P., Fields, T. A., Tran, M. E.,
Siddiqui, S. M., Hasulak, N. R., ... Suthana, N. (2017).
Theta oscillations in the human medial temporal lobe during
real-world ambulatory movement. Current Biology, 27(24),
3743-3751.e3. https://doi.org/10.1016/j.cub.2017.10.062

Akiki, T. J., Jubeir, J., Bertrand, C., Tozzi, L., & Williams, L.

M. (2025). Neural circuit basis of pathological anxiety.
Nature Reviews Neuroscience, 26(1), 5-22. https:/
doi.org/10.1038/s41583-024-00880-4

Anderson, M. C., Crespo-Garcia, M., & Subbulakshmi, S.
(2025). Brain mechanisms underlying the inhibitory
control of thought. Nature Reviews Neuroscience, 26(7),
415-437. https://doi.org/10.1038/s41583-025-00929-y

Anumanchipalli, G. K., Chartier, J., & Chang, E. F. (2019).
Speech synthesis from neural decoding of spoken
sentences. Nature, 568(7753), 493—498. https://doi.org/
10.1038/s41586-019-1119-1

Bao, X., Gjorgieva, E., Shanahan, L. K., Howard, J. D.,
Kahnt, T., & Gottfried, J. A. (2019). Grid-like neural
representations support olfactory navigation of a two-
dimensional odor space. Neuron, 102(5), 1066—1075.
https://doi.org/10.1016/j.neuron.2019.03.034

Barron, H. C., Reeve, H. M., Koolschijn, R. S., Perestenko, P.

V., Shpektor, A., Nili, H., ... Dupret, D. (2020). Neuronal
computation underlying inferential reasoning in humans
and mice. Cell, 183(1), 228-243.e21. https://doi.org/
10.1016/j.cell.2020.08.035

Behrens, T. E. J., Muller, T. H., Whittington, J. C. R., Mark,
S., Baram, A. B., Stachenfeld, K. L., & Kurth-Nelson, Z.
(2018). What is a cognitive map? Organizing knowledge
for flexible behavior. Neuron, 100(2), 490—509. https://
doi.org/10.1016/j.neuron.2018.10.002

Bellmund, J. L. S., Gardenfors, P., Moser, E. 1., & Doeller, C.
F. (2018). Navigating cognition: Spatial codes for human
thinking. Science, 362(6415), eaat6766. https://doi.org/
10.1126/science.aat6766

Bhattarai, B., Lee, J. W., & Jung, M. W. (2020). Distinct
effects of reward and navigation history on hippocampal
forward and reverse replays. Proceedings of the National
Academy of Sciences, 117(1), 689—697. https://doi.org/
10.1073/pnas.1912533117

Bhaya-Grossman, 1., & Chang, E. F. (2022). Speech
computations of the human superior temporal gyrus.
Annual Review of Psychology, 73, 79—102. https://doi.org/
10.1146/annurev-psych-022321-035256

Bicanski, A., & Burgess, N. (2020). Neuronal vector coding
in spatial cognition. Nature Reviews Neuroscience, 21(9),
453-470. https://doi.org/10.1038/541583-020-0336-9

Bijanzadeh, M., Khambhati, A. N., Desai, M., Wallace, D. L.,
Shafi, A., Dawes, H. E., Sturm, V. E., & Chang, E. F.
(2022). Decoding naturalistic affective behaviour from
spectro-spatial features in multiday human iEEG. Nature
Human Behaviour, 6(6), 823—836. https://doi.org/10.1038/
541562-022-01310-0

Boccara, C. N., Nardin, M., Stella, F., O’Neill, J., &
Csicsvari, J. (2019). The entorhinal cognitive map is
attracted to goals. Science, 363(6434), 1443—1447. https://
doi.org/10.1126/science.aav4837

Bocchio, M., Nabavi, S., & Capogna, M. (2017). Synaptic
plasticity, engrams, and network oscillations in amygdala
circuits for storage and retrieval of emotional memories.
Neuron, 94(4), 731-743. https://doi.org/10.1016/j.neuron.
2017.03.022

Bohbot, V. D., Copara, M. S., Gotman, J., & Ekstrom, A. D.
(2017). Low-frequency theta oscillations in the human
hippocampus during real-world and virtual navigation.
Nature Communications, 8(1), 14415. https://doi.org/
10.1038/ncomms14415

Bongioanni, A., Folloni, D., Verhagen, L., Sallet, J.,
Klein-Fligge, M. C., & Rushworth, M. F. S. (2021).
Activation and disruption of a neural mechanism for novel
choice in monkeys. Nature, 591(7849), 270—274. https://
doi.org/10.1038/s41586-020-03115-5

Bowen, H. J., Ford, J. H., Grady, C. L., & Spaniol, J. (2020).
Frontostriatal functional connectivity supports reward-
enhanced memory in older adults. Neurobiology of Aging,
90, 1-12. https://doi.org/10.1016/j.neurobiolaging.2020.
02.013

Boyce, R., Glasgow, S. D., Williams, S., & Adamantidis, A.
(2016). Causal evidence for the role of REM sleep theta
rhythm in contextual memory consolidation. Science, 352



204 O B R 2 ot B

534 4

(6287), 812—816. https://doi.org/10.1126/science.aad5252

Brewin, C. R., Atwoli, L., Bisson, J. I., Galea, S., Koenen,
K., & Lewis-Fernandez, R. (2025). Post-traumatic stress
disorder: Evolving conceptualization and evidence, and
future research directions. World Psychiatry, 24(1), 52—-80.
https://doi.org/10.1002/wps.21269

Brodt, S., Inostroza, M., Niethard, N., & Born, J. (2023).
Sleep — A brain-state serving systems memory
consolidation. Neuron, 111(7), 1050—1075. https://doi.org/
10.1016/j.neuron.2023.03.005

Bromberg-Martin, E. S., Matsumoto, M., & Hikosaka, O.
(2010). Dopamine in motivational control: Rewarding,
aversive, and alerting. Neuron, 68(5), 815-834.
https://doi.org/10.1016/j.neuron.2010.11.022

Brown, T. I., Gagnon, S. A., & Wagner, A. D. (2020). Stress
disrupts human hippocampal-prefrontal function during
prospective spatial navigation and hinders flexible
behavior. Current Biology, 30(10), 1821-1833.e8. https://
doi.org/10.1016/j.cub.2020.03.006

Bush, D., Bisby, J. A., Bird, C. M., Gollwitzer, S., Rodionov,
R., Diehl, B, ... Burgess, N. (2017). Human hippocampal
theta power indicates movement onset and distance
travelled. Proceedings of the National Academy of
Sciences of the United States of America, 114(46),
12297-12302. https://doi.org/10.1073/pnas. 1708716114

Butler, W. N., Hardcastle, K., & Giocomo, L. M. (2019).
Remembered reward locations restructure entorhinal
spatial maps. Science, 363(6434), 1447—1452. https://
doi.org/10.1126/science.aav5297

Buzsaki, G., & Moser, E. I. (2013). Memory, navigation and
theta rhythm in the hippocampal-entorhinal system.
Nature Neuroscience, 16(2), 130—138. https://doi.org/
10.1038/nn.3304

Buzsaki, G., & Tingley, D. (2018). Space and time: The
hippocampus as a sequence generator. Trends in Cognitive
Sciences, 22(10), 853—869. https://doi.org/10.1016/j.tics.
2018.07.006

Cantor, J. H., McBain, R. K., & Ho, P.-C. (2023). Telehealth
and in-person mental health service utilization and spending,
2019 to 2022. JAMA Health Forum, 4(8), e232645.
https://doi.org/10.1001/jamahealthforum.2023.2645

Chaaya, N., Battle, A. R., & Johnson, L. R. (2018). An
update on contextual fear memory mechanisms: Transition
between amygdala and hippocampus. Neuroscience &
Biobehavioral Reviews, 92, 43-54. https://doi.org/10.
1016/j.neubiorev.2018.05.013

Chang, E. F., Raygor, K. P., & Berger, M. S. (2015).
Contemporary model of language organization: An
overview for neurosurgeons. Journal of Neurosurgery,
122(2), 250-261. https://doi.org/10.3171/2014.10.JNS132647

Chen, D., Axmacher, N., & Wang, L. (2024). Grid codes
underlie multiple cognitive maps in the human brain.
Progress in Neurobiology, 233, 102569. https://doi.org/
10.1016/j.pneurobio.2024.102569

Chen, D., Kunz, L., Lv, P., Zhang, H., Zhou, W., Liang, S.,
Axmacher, N., & Wang, L. (2021). Theta oscillations
coordinate grid-like representations between ventromedial

prefrontal and entorhinal cortex. Science Advances, 7(44),
€abj0200. https://doi.org/10.1126/sciadv.abj0200

Chen, D., Kunz, L., Wang, W., Zhang, H., Wang, W.-X.,

Wang, L. (2018).
Hexadirectional modulation of theta power in human
entorhinal cortex during spatial navigation. Current
Biology, 28(20), 3310-3315. https://doi.org/10.1016/
j-cub.2018.08.029

Chen, X., He, Q., Kelly, J. W., Fiete, I. R., & McNamara, T.
P. (2015). Bias in human path integration is predicted by
properties of grid cells. Current Biology, 25(13),
1771-1776. https://doi.org/10.1016/j.cub.2015.05.031

Cisler, J. M., Dunsmoor, J. E., Fonzo, G. A., & Nemeroff, C.
B. (2024). Latent-state and model-based learning in PTSD.
Trends in Neurosciences, 47(2), 150—162. https://doi.org/
10.1016/j.tins.2023.12.002

Clarke-Williams, C. J., Lopes-dos-Santos, V., Lefévre, L.,
Brizee, D., Causse, A. A., Rothaermel, R., ... Dupret, D.
(2024). Coordinating brain-distributed network activities
in memory resistant to extinction. Cell, 187(2),
409-427.¢19. https://doi.org/10.1016/j.cell.2023.12.018

Colgin, L. L., Denninger, T., Fyhn, M., Hafting, T.,
Bonnevie, T., Jensen, O., Moser, M.-B., & Moser, E. 1.
(2009). Frequency of gamma oscillations routes flow of
information in the hippocampus. Nature, 462(7271),
353—-357. https://doi.org/10.1038/nature08573

Convertino, L., Bush, D., Zheng, F., Adams, R. A., &
Burgess, N. (2023). Reduced grid-like theta modulation in
schizophrenia. Brain, 146(5), 2191-2198. https://doi.org/
10.1093/brain/awac416

Coughlan, G., Coutrot, A., Khondoker, M., Minihane, A.-M.,
Spiers, H., & Hornberger, M. (2019). Toward personalized

Schulze-Bonhage, A.,

cognitive diagnostics of at-genetic-risk Alzheimer’s
disease. Proceedings of the National Academy of Sciences,
116(19), 9285-9292. https://doi.org/10.1073/pnas.1901600116

Coughlan, G., Lacz6, J., Hort, J., Minihane, A.-M., &
Hornberger, M. (2018). Spatial navigation deficits—
Overlooked cognitive marker for preclinical Alzheimer
disease? Nature Reviews Neurology, 14(8), 496—506.
https://doi.org/10.1038/s41582-018-0031-x

Dolan, R. J., & Dayan, P. (2013). Goals and habits in the
brain. Neuron, 80(2), 312—325. https://doi.org/10.1016/].
neuron.2013.09.007

Edelman, B. J., Zhang, S., Schalk, G., Brunner, P.,
Miiller-Putz, G., Guan, C., & He, B. (2025). Non-invasive
brain-computer interfaces: State of the art and trends.
IEEE Reviews in Biomedical Engineering, 18, 26—49.
https://doi.org/10.1109/RBME.2024.3449790

Eichenbaum, H. (2017a). Memory: Organization and control.
Annual Review of Psychology, 68(1), 19—45. https:/
doi.org/10.1146/annurev-psych-010416-044131

Eichenbaum, H. (2017b). Prefrontal-hippocampal interactions
in episodic memory. Nature Reviews Neuroscience, 18(9),
547-558. https://doi.org/10.1038/nrn.2017.74

Ekstrom, A. D., Kahana, M. J., Caplan, J. B., Fields, T. A.,
Isham, E. A., Newman, E. L., & Fried, 1. (2003). Cellular
networks underlying human spatial navigation. Nature,



%2

T 55 AR DR 10 i ht 5 845 205

425(6954), 184—188. https://doi.org/10.1038/nature01964
Ezzyat, Y., Wanda, P. A., Levy, D. F., Kadel, A., Aka, A.,
Pedisich, 1., Kahana, M. J. (2018). Closed-loop
stimulation of temporal cortex rescues functional networks

and improves memory. Nature Communications, 9(1), 365.

https://doi.org/10.1038/s41467-017-02753-0

Fanselow, M. S., & LeDoux, J. E. (1999). Why we think
plasticity underlying pavlovian fear conditioning occurs in
the basolateral amygdala. Neuron, 23(2), 229-232.
https://doi.org/10.1016/S0896-6273(00)80775-8

Fell, J., Staresina, B. P., Do Lam, A. T. A., Widman, G.,
Helmstaedter, C., Elger, C. E., & Axmacher, N. (2013).
Memory modulation by weak synchronous deep brain
Stimulation: A pilot study. Brain Stimulation, 6(3),
270-273. https://doi.org/10.1016/j.brs.2012.08.001

Fenster, R. J., Lebois, L. A. M., Ressler, K. J., & Suh, J.
(2018). Brain circuit dysfunction in post-traumatic stress
disorder: From mouse to man. Nature Reviews
Neuroscience, 19(9), 535-551. https://doi.org/10.1038/
s41583-018-0039-7

Figee, M., & Mayberg, H. (2021). The future of personalized
brain stimulation. Nature Medicine, 27(2), 196-197.
https://doi.org/10.1038/s41591-021-01243-7

Fink, J., & Exner, C. (2019). Does transcranial direct current
stimulation (tDCS) improve disgust regulation through
imagery rescripting? Frontiers in Human Neuroscience,
13, 192. https://doi.org/10.3389/fnhum.2019.00192

Foster, D. J., & Wilson, M. A. (2006). Reverse replay of
behavioural sequences in hippocampal place cells during
the awake state. Nature, 440(7084), 680—683. https://
doi.org/10.1038/nature04587

Gale, G. D., Anagnostaras, S. G., Godsil, B. P., Mitchell, S.,
Nozawa, T., Sage, J. R., Wiltgen, B., & Fanselow, M. S.
(2004). Role of the basolateral amygdala in the storage of
fear memories across the adult lifetime of rats. Journal of
Neuroscience, 24(15), 3810—3815.  https://doi.org/
10.1523/JNEUROSCIL.4100-03.2004

Gao, X., Wang, Y., Chen, X., & Gao, S. (2021). Interface,
interaction, and intelligence in generalized brain-
computer interfaces. Trends in Cognitive Sciences, 25(8),
671-684. https://doi.org/10.1016/j.tics.2021.04.003

Geva-Sagiv, M., Mankin, E. A., Eliashiv, D., Epstein, S.,
Cherry, N., Kalender, G., ... Fried, 1. (2023). Augmenting
hippocampal—prefrontal neuronal synchrony during sleep
enhances memory consolidation in humans. Nature
Neuroscience, 26(6), 1100—1110. https://doi.org/10.1038/
$41593-023-01324-5

Girardeau, G., Inema, 1., & Buzsaki, G. (2017). Reactivations of
emotional memory in the hippocampus—amygdala system
during sleep. Nature Neuroscience, 20(11), 1634—1642.
https://doi.org/10.1038/nn.4637

Girardeau, G., & Lopes-dos-Santos, V. (2021). Brain neural
patterns and the memory function of sleep. Science,
374(6567), 560—564. https://doi.org/10.1126/science.abi8370

Griffiths, B. J., & Jensen, O. (2023). Gamma oscillations and
episodic memory. Trends in Neurosciences, 46(10),
832—-846. https://doi.org/10.1016/j.tins.2023.07.003

Gruber, M. J., Ritchey, M., Wang, S.-F., Doss, M. K., &
Ranganath, C. (2016). Post-learning hippocampal dynamics
promote preferential retention of rewarding events.
Neuron, 89(5), 1110—1120. https://doi.org/10.1016/
j.neuron.2016.01.017

Hampson, R. E., Song, D., Robinson, B. S., Fetterhoff, D.,
Dakos, A. S., Roeder, B. M., ... Deadwyler, S. A. (2018).
Developing a hippocampal neural prosthetic to facilitate
human memory encoding and recall. Journal of Neural
Engineering, 15(3), 036014. https://doi.org/10.1088/
1741-2552/aaaed7

Hardcastle, K., Ganguli, S., & Giocomo, L. M. (2015).
Environmental boundaries as an error correction
mechanism for grid cells. Neuron, 86(3), 827-839.
https://doi.org/10.1016/j.neuron.2015.03.039

Hassabis, D., Chu, C., Rees, G., Weiskopf, N., Molyneux, P.
D., & Maguire, E. A. (2009). Decoding neuronal
ensembles in the human hippocampus. Current Biology,
19(7), 546—554. https://doi.org/10.1016/j.cub.2009.02.033

He, Z., Li, S., Mo, L., Zheng, Z., Li, Y., Li, H., & Zhang, D.
(2023). The VLPFC-engaged
regulation: Combined TMS-fMRI evidence for the neural
circuit of cognitive reappraisal. The Journal of
Neuroscience, 43(34), 6046—6060. https://doi.org/
10.1523/JNEUROSCI.1337-22.2023

Herweg, N. A., Solomon, E. A., & Kahana, M. J. (2020).
Theta oscillations in human memory. Trends in Cognitive
Sciences, 24(3), 208-227. https://doi.org/10.1016/j.tics.
2019.12.006

Heusser, A. C., Poeppel, D., Ezzyat, Y., & Davachi, L.
(2016). Episodic sequence memory is supported by a
theta—gamma phase code. Nature Neuroscience, 19(10),
1374—1380. https://doi.org/10.1038/nn.4374

Hu, P., He, Y., Liu, X., Ren, Z., & Liu, S. (2021).
Modulating emotion processing using transcranial

voluntary  emotion

alternating current stimulation (tACS)-A sham-controlled
study in healthy human participants. Annual International
Conference of the IEEE Engineering in Medicine &
Biology Society (EMBC), Mexico, 2021 43rd, 6667-6670.
https://doi.org/10.1109/EMBC46164.2021.9630564

Hunt, L. T., Daw, N. D., Kaanders, P., Maclver, M. A.,
Mugan, U., Procyk, E., ... Kolling, N. (2021). Formalizing
planning and information search in naturalistic decision-
making. Nature Neuroscience, 24(8), 1051-1064. https://
doi.org/10.1038/s41593-021-00866-w

Igarashi, K. M. (2023). Entorhinal cortex dysfunction in
Alzheimer’s disease. Trends in Neurosciences, 46(2),
124-136. https://doi.org/10.1016/j.tins.2022.11.006

Ikemoto, S. (2010). Brain reward circuitry beyond the
mesolimbic dopamine system: A neurobiological theory.
Neuroscience & Biobehavioral Reviews, 35(2), 129-150.
https://doi.org/10.1016/j.neubiorev.2010.02.001

Inman, C. S., Manns, J. R., Bijanki, K. R., Bass, D. L,
Hamann, S., Drane, D. L., ... Willie, J. T. (2018). Direct
electrical stimulation of the amygdala enhances declarative
memory in humans. Proceedings of the National Academy
of Sciences of the United States of America, 115(1),



206 O B R 2 ot B

534 4

98-103. https://doi.org/10.1073/pnas.1714058114

Isserles, M., Tendler, A., Roth, Y., Bystritsky, A.,
Blumberger, D. M., Ward, H., ... Ressler, K. J. (2021).
Deep transcranial magnetic stimulation combined with
brief exposure for posttraumatic stress disorder: A
prospective  multisite randomized trial. Biological
Psychiatry, 90(10), 721-728. https://doi.org/10.1016/
j.biopsych.2021.04.019

Jackson, A. D., Cohen, J. L., Phensy, A. J., Chang, E. F.,
Dawes, H. E., & Sohal, V. S. (2024). Amygdala-
hippocampus somatostatin interneuron beta-synchrony
underlies a cross-species biomarker of emotional state.
Neuron, 112(7), 1182—1195.e5. https://doi.org/10.1016/
j-neuron.2023.12.017

Jacobs, J., Miller, J., Lee, S. A., Coffey, T., Watrous, A. J.,
Sperling, M. R., ... Rizzuto, D. S. (2016). Direct electrical
stimulation of the human entorhinal region and
hippocampus impairs memory. Neuron, 92(5), 983—990.
https://doi.org/10.1016/j.neuron.2016.10.062

Jacobs, J., Weidemann, C. T., Miller, J. F., Solway, A.,
Burke, J. F., Wei, X.-X., ... Kahana, M. J. (2013). Direct
recordings of grid-like neuronal activity in human spatial
navigation. Nature Neuroscience, 16(9), 1188-1190.
https://doi.org/10.1038/nn.3466

Jin, J., Allison, B. Z., Kaufmann, T., Kiibler, A., Zhang, Y.,
Wang, X., & Cichocki, A. (2012). The changing face of
p300 BCIs: A comparison of stimulus changes in a p300
BCI involving faces, emotion, and movement. PLOS ONE,
7(11), e49688. https://doi.org/10.1371/journal.pone.0049688

Julian, J. B., & Doeller, C. F. (2021). Remapping and
realignment in the human hippocampal formation predict
context-dependent spatial behavior. Nature Neuroscience,
24(6), 863—872. https://doi.org/10.1038/s41593-021-00835-3

Kahana, M. J., Ezzyat, Y., Wanda, P. A., Solomon, E. A.,
Adamovich-Zeitlin, R., Lega, B. C., ... Diaz-Arrastia, R.
R. (2023). Biomarker-guided neuromodulation aids
memory in traumatic brain injury. Brain Stimulation:
Basic, Translational, and Clinical Research in
Neuromodulation, 16(4), 1086—1093. https://doi.org/
10.1016/j.brs.2023.07.002

Killian, N. J., Jutras, M. J., & Buffalo, E. A. (2012). A map
of visual space in the primate entorhinal cortex. Nature,
491(7426), 761—-764. https://doi.org/10.1038/nature1 1587

Kim, K., Schedlbauer, A., Rollo, M., Karunakaran, S.,
Ekstrom, A. D., & Tandon, N. (2018). Network-based
brain stimulation selectively impairs spatial retrieval.
Brain Stimulation, 11(1), 213-221. https://doi.org/10.
1016/j.brs.2017.09.016

Kim, S. A., Shin, D., Ham, H., Kim, Y., Gu, Y., Kim, H.
J., ... Kim, Y. (2025). Physical activity, Alzheimer plasma
biomarkers, and cognition. JAMA Network Open, 8(3),
€250096. https://doi.org/10.1001/jamanetworkopen.2025.
0096

Kirkby, L. A., Luongo, F. J., Lee, M. B., Nahum, M., Van
Vleet, T. M., Rao, V. R., ... Sohal, V. S. (2018). An
amygdala-hippocampus subnetwork that encodes variation
in human mood. Cell, 175(6), 1688-1700.e14. https://

doi.org/10.1016/j.cell.2018.10.005

Klein-Fligge, M. C., Bongioanni, A., & Rushworth, M. F. S.
(2022). Medial and orbital frontal cortex in
decision-making and flexible behavior. Neuron, 110(17),
2743-2770. https://doi.org/10.1016/j.neuron.2022.05.022

Klinzing, J. G., Niethard, N., & Born, J. (2019). Mechanisms
of systems memory consolidation during sleep. Nature
Neuroscience, 22(10), 1598-1610. https://doi.org/
10.1038/s41593-019-0467-3

Knowlton, B. J., & Castel, A. D. (2022). Memory and
reward-based learning: A value-directed remembering
perspective. Annual Review of Psychology, 73(1), 25-52.
https://doi.org/10.1146/annurev-psych-032921-050951

Knudsen, E. B., & Wallis, J. D. (2022). Taking stock of
value in the orbitofrontal cortex. Nature Reviews
Neuroscience, 23(7), 428-438. https://doi.org/10.1038/
$41583-022-00589-2

Kragel, J. E., Lurie, S. M., Issa, N. P., Haider, H. A., Wu, S.,
Tao, J. X., ... Voss, J. L. (2025). Closed-loop control of
theta oscillations enhances human hippocampal network
connectivity. Nature Communications, 16(1), 4061.
https://doi.org/10.1038/s41467-025-59417-7

Kucewicz, M. T., Berry, B. M., Miller, L. R., Khadjevand, F.,
Ezzyat, Y., Stein, J. M., ... Worrell, G. A. (2018).
Evidence for verbal memory enhancement with electrical
brain stimulation in the lateral temporal cortex. Brain,
141(4), 971-978. https://doi.org/10.1093/brain/awx373

Kumar, R., Waisberg, E., Ong, J., & Lee, A. G. (2025). The
potential power of Neuralink-how brain-machine
interfaces can revolutionize medicine. Expert Review of
Medical Devices, 22(6), 521-524. https://doi.org/10.1080/
17434440.2025.2498457

Kunz, L., Maidenbaum, S., Chen, D., Wang, L., Jacobs, J., &
Axmacher, N. (2019). Mesoscopic neural representations
in spatial navigation. Trends in Cognitive Sciences, 23(7),
615—630. https://doi.org/10.1016/j.tics.2019.04.011

Lebedev, M. A., & Nicolelis, M. A. L. (2017). Brain-
machine interfaces: From basic science to neuroprostheses
and neurorehabilitation. Physiological Reviews, 97(2),
767—-837. https://doi.org/10.1152/physrev.00027.2016

Lee, S. A., Miller, J. F., Watrous, A. J., Sperling, M. R.,
Sharan, A., Worrell, G. A., Jacobs, J. (2018).
Electrophysiological signatures of spatial boundaries in
the human subiculum. The Journal of Neuroscience,
38(13), 3265—3272. https://doi.org/10.1523/JNEUROSCI.
3216-17.2018

Lester, A. W., Moffat, S. D., Wiener, J. M., Barnes, C. A., &
Wolbers, T. (2017). The aging navigational system.
Neuron, 95(5), 1019-1035. https://doi.org/10.1016/
j-neuron.2017.06.037

Lisman, J. E., & Jensen, O. (2013). The theta-gamma neural
code. Neuron, 77(6), 1002—1016. https://doi.org/10.1016/
j.neuron.2013.03.007

Liu, J., Chen, D., Xiao, X., Zhang, H., Zhou, W., Liang,
S., ... Wang, L. (2023). Multi-scale goal distance
representations in human hippocampus during virtual
spatial navigation. Current Biology, 33(10), 2024-2033.e3.



%2

T 55 AR DR 10 i ht 5 845 207

https://doi.org/10.1016/j.cub.2023.04.033

Lloyd, B., & Nieuwenhuis, S. (2024). The effect of
reward-induced arousal on the success and precision of
episodic memory retrieval. Scientific Reports, 14(1),
Article 1. https://doi.org/10.1038/s41598-024-52486-6

Long, X., Deng, B., Shen, R., Yang, L., Chen, L., Ran, Q.,
Du, X., & Zhang, S.-J. (2024). Border cells without theta
rhythmicity in the medial prefrontal cortex. Proceedings
of the National Academy of Sciences, 121(25),
€2321614121. https://doi.org/10.1073/pnas.2321614121

Luo, A. H., Tahsili-Fahadan, P., Wise, R. A., Lupica, C. R.,
& Aston-Jones, G. (2011). Linking context with reward: A
functional circuit from hippocampal CA3 to ventral
tegmental area. Science, 333(6040), 353—357. https://
doi.org/10.1126/science.1204622

Maidenbaum, S., Miller, J., Stein, J. M., & Jacobs, J. (2018).
Grid-like hexadirectional modulation of human entorhinal
theta oscillations. Proceedings of the National Academy of
Sciences, 115(42), 10798—10803. https://doi.org/10.1073/
pnas.1805007115

Maingret, N., Girardeau, G., Todorova, R., Goutierre, M., &
Zugaro, M. (2016). Hippocampo-cortical coupling
mediates memory consolidation during sleep. Nature
Neuroscience, 19(7), 959-964. https://doi.org/10.1038/
nn.4304

Mankin, E. A., & Fried, 1. (2020). Modulation of human
memory by deep brain stimulation of the entorhinal-
hippocampal  circuitry. Neuron, 106(2), 218-235.
https://doi.org/10.1016/j.neuron.2020.02.024

Maoz, S. L. L., Stangl, M., Topalovic, U., Batista, D., Hiller,
S., Aghajan, Z. M., ... Suthana, N. (2023). Dynamic
neural representations of memory and space during human
ambulatory navigation. Nature Communications, 14(1),
6643. https://doi.org/10.1038/s41467-023-42231-4

Mary, A., Dayan, J., Leone, G., Postel, C., Fraisse, F., Malle,
C., ... Gagnepain, P. (2020). Resilience after trauma: The
role of memory suppression. Science, 367(6479),
eaay8477. https://doi.org/10.1126/science.aay8477

Mathis, M. W., Perez Rotondo, A., Chang, E. F., Tolias, A.
S., & Mathis, A. (2024). Decoding the brain: From neural
representations to mechanistic models. Cell, 187(21),
5814-5832. https://doi.org/10.1016/j.cell.2024.08.051

Mattar, M. G., & Daw, N. D. (2018). Prioritized memory
access explains planning and hippocampal replay. Nature
Neuroscience, 21(11), 1609-1617. https://doi.org/10.
1038/s41593-018-0232-z

Miendlarzewska, E. A., Bavelier, D., & Schwartz, S. (2016).
Influence of reward motivation on human declarative
memory. Neuroscience & Biobehavioral Reviews, 61,
156—176. https://doi.org/10.1016/j.neubiorev.2015.11.015

Milad, M. R., & Quirk, G. J. (2012). Fear extinction as a
model for translational neuroscience: Ten years of
progress. Annual Review of Psychology, 63, 129-151.
https://doi.org/10.1146/annurev.psych.121208.131631

Miller, J. P., Sweet, J. A., Bailey, C. M., Munyon, C. N.,
Luders, H. O., & Fastenau, P. S. (2015). Visual-spatial
memory may be enhanced with theta burst deep brain

stimulation of the fornix: A preliminary investigation with
four cases. Brain, 138(7), 1833—1842. https://doi.org/
10.1093/brain/awv095

Moon, H.-J., Albert, L., De Falco, E., Tasu, C., Gauthier, B.,
Park, H.-D., & Blanke, O. (2024). Changes in spatial
self-consciousness elicit grid cell-like representation in
the entorhinal cortex. Proceedings of the National
Academy of Sciences, 121(12), e2315758121. https://doi.
org/10.1073/pnas.2315758121

Nadasdy, Z., Nguyen, T. P., Torok, A., Shen, J. Y., Briggs,
D. E., Modur, P. N., & Buchanan, R. J. (2017).
Context-dependent spatially periodic activity in the human
entorhinal cortex. Proceedings of the National Academy of
Sciences, 114(17), E3516—E3525. https://doi.org/10.1073/
pnas.1701352114

Nicolelis, M. A. L. (2014). Brain-to-brain interfaces: When
reality meets science fiction. Cerebrum: The Dana Forum
on Brain Science, 2014, 13. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4445586/

Nitsch, A., Garvert, M. M., Bellmund, J. L. S., Schuck, N.
W., & Doeller, C. F. (2024). Grid-like entorhinal
representation of an abstract value space during
prospective decision making. Nature Communications,
15(1), 1198. https://doi.org/10.1038/s41467-024-45127-z

Nitsche, M., Koschack, J., Pohlers, H., Hullemann, S.,
Paulus, W., & Happe, S. (2012). Effects of frontal
transcranial direct current stimulation on emotional state
and processing in healthy humans. Frontiersin Psychiatry,
3, 58. https://www.frontiersin.org/articles/10.3389/fpsyt.
2012.00058

Niv, Y. (2019). Learning task-state representations. Nature
Neuroscience, 22(10), 1544—1553. https://doi.org/10.1038/
$41593-019-0470-8

Nyberg, N., Duvelle, E., Barry, C., & Spiers, H. J. (2022).
Spatial goal coding in the hippocampal formation. Neuron,
110(3), 394—422. https://doi.org/10.1016/j.neuron.2021.12.012

Oganesian, L. L., & Shanechi, M. M. (2024). Brain-
computer interfaces for neuropsychiatric disorders. Nature
Reviews Bioengineering, 2(8), 653—670. https://doi.org/
10.1038/s44222-024-00177-2

Ojemann, G. A. (1975). Language and the thalamus: Object
naming and recall during and after thalamic stimulation.
Brain and Language, 2, 101-120. https://doi.org/10.1016/
S0093-934X(75)80057-5

Ojemann, G. A. (1978). Organization of short-term verbal
memory in language areas of human cortex: Evidence
from electrical stimulation. Brain and Language, 5(3),
331-340. https://doi.org/10.1016/0093-934X(78)90030-5

Parhizkar, S., & Holtzman, D. M. (2025). The night’s watch:
Exploring how sleep protects against neurodegeneration.
Neuron, 113(6), 817-837. https://doi.org/10.1016/
j.neuron.2025.02.004

Park, S. A., Miller, D. S., & Boorman, E. D. (2021).
Inferences on a multidimensional social hierarchy use a
grid-like code. Nature Neuroscience, 24(9), 1292-1301.
https://doi.org/10.1038/s41593-021-00916-3

Patai, E. Z., & Spiers, H. J. (2021). The versatile wayfinder:



208 O B R 2 ot B

534 4

Prefrontal contributions to spatial navigation. Trends in
Cognitive Sciences, 25(6), 520—533. https://doi.org/10.
1016/j.tics.2021.02.010

Pronier, E., Morici, J. F., & Girardeau, G. (2023). The role
of the hippocampus in the consolidation of emotional
memories during sleep. Trends in Neurosciences, 46(11),
912-925. https://doi.org/10.1016/j.tins.2023.08.003

Qasim, S. E., Fried, 1., & Jacobs, J. (2021). Phase precession
in the human hippocampus and entorhinal cortex. Cell,
184(12), 3242-3255.e10. https://doi.org/10.1016/j.cell.
2021.04.017

Qasim, S. E., Mohan, U. R., Stein, J. M., & Jacobs, J. (2023).
Neuronal activity in the human amygdala and
hippocampus enhances emotional memory encoding.
Nature Human Behaviour, 7(5), 754—764. https://doi.org/
10.1038/s41562-022-01502-8

Rowland, D. C., Roudi, Y., Moser, M.-B., & Moser, E. L.
(2016). Ten years of grid cells. Annual Review of
Neuroscience, 39(1), 19—40. https://doi.org/10.1146/
annurev-neuro-070815-013824

Rudoler, J. H., Bruska, J. P., Chang, W., Dougherty, M. R.,
Katerman, B. S., Halpern, D. J., Diamond, N. B., &
Kahana, M. J. (2024). Decoding EEG for optimizing
naturalistic memory. Journal of Neuroscience Methods,
410, 110220. https://doi.org/10.1016/j.jneumeth.2024.110220

Rueckemann, J. W., Sosa, M., Giocomo, L. M., & Buffalo, E.
A. (2021). The grid code for ordered experience. Nature
Reviews Neuroscience, 22(10), 637—649. https://doi.org/
10.1038/s41583-021-00499-9

Sani, O. G., Yang, Y., Lee, M. B., Dawes, H. E., Chang, E.
F., & Shanechi, M. M. (2018). Mood variations decoded
from multi-site intracranial human brain activity. Nature
Biotechnology, 36(10), 954-961. https://doi.org/10.1038/
nbt.4200

Schiller, D., Monfils, M.-H., Raio, C. M., Johnson, D. C.,
LeDoux, J. E., & Phelps, E. A. (2010). Preventing the
return of fear in humans using reconsolidation update
mechanisms. Nature, 463(7277), 49-53. https://doi.org/
10.1038/nature08637

Seeber, M., Stangl, M., Vallejo Martelo, M., Topalovic, U.,
Hiller, S., Halpern, C. H., ... Suthana, N. (2025). Human
neural dynamics of real-world and imagined navigation.
Nature Human Behaviour, 9(4), 781-793. https://doi.org/
10.1038/s41562-025-02119-3

Shanechi, M. M. (2019). Brain-machine interfaces from
motor to mood. Nature Neuroscience, 22(10), 1554—1564.
https://doi.org/10.1038/s41593-019-0488-y

Sharp, P. B. (2025). Anxiety involves altered planning.
Trends in Cognitive Sciences, 29(2), 118—121. https://
doi.org/10.1016/j.tics.2024.11.001

Sheth, S. A., Bijanki, K. R., Metzger, B., Allawala, A., Pirtle,
V., Adkinson, J. A., ... Pouratian, N. (2022). Deep brain
stimulation for depression informed by intracranial
recordings. Biological Psychiatry, 92(3), 246-251.
https://doi.org/10.1016/j.biopsych.2021.11.007

Shigemune, Y., Tsukiura, T., Nouchi, R., Kambara, T., &
Kawashima, R. (2017). Neural mechanisms underlying the

reward-related enhancement of motivation when
remembering episodic memories with high difficulty.
Human Brain Mapping, 38(7), 3428-3443. https://
doi.org/10.1002/hbm.23599

Shohamy, D., & Adcock, R. A. (2010). Dopamine and
adaptive memory. Trends in Cognitive Sciences, 14(10),
464—472. https://doi.org/10.1016/j.tics.2010.08.002

Solstad, T., Boccara, C. N., Kropff, E., Moser, M.-B., &
Moser, E. 1. (2008). Representation of geometric borders
in the entorhinal cortex. Science, 322(5909), 1865—1868.
https://doi.org/10.1126/science.1166466

Sonkusare, S., Qiong, D., Zhao, Y., Liu, W., Yang, R.,
Mandali, A., ... Voon, V. (2023). Frequency dependent
emotion differentiation and directional coupling in amygdala,
orbitofrontal and medial prefrontal cortex network with
intracranial recordings. Molecular Psychiatry, 28(4), 1636—
1646. https://doi.org/10.1038/ s41380-022-01883-2

Sosa, M., & Giocomo, L. M. (2021). Navigating for reward.
Nature Reviews Neuroscience, 22(8), 472—487. https://
doi.org/10.1038/s41583-021-00479-z

Sosa, M., Joo, H. R., & Frank, L. M. (2020). Dorsal and
ventral hippocampal sharp-wave ripples activate distinct
nucleus accumbens networks. Neuron, 105(4), 725-741.e8.
https://doi.org/10.1016/j.neuron.2019.11.022

Sparta, D. R., Smithuis, J., Stamatakis, A. M., Jennings, J. H.,
Kantak, P. A., Ung, R. L., & Stuber, G. D. (2014).
Inhibition of projections from the basolateral amygdala to
the entorhinal cortex disrupts the acquisition of contextual
fear. Frontiersin Behavioral Neuroscience, 8, 129. https://
www.frontiersin.org/articles/10.3389/fnbeh.2014.00129

Stangl, M., Topalovic, U., Inman, C. S., Hiller, S.,
Villaroman, D., Aghajan, Z. M., ... Suthana, N. (2021).
Boundary-anchored neural mechanisms of location-
encoding for self and others. Nature, 589(7842), 420—425.
https://doi.org/10.1038/s41586-020-03073-y

Suarez-Jimenez, B., Bisby, J. A., Horner, A. J., King, J. A.,
Pine, D. S., & Burgess, N. (2018). Linked networks for
learning and  expressing location-specific  threat.
Proceedings of the National Academy of Sciences, 115(5),
E1032—E1040. https://doi.org/10.1073/pnas.1714691115

Suthana, N., Haneef, Z., Stern, J., Mukamel, R., Behnke, E.,
Knowlton, B., & Fried, I. (2012). Memory Enhancement
and deep-brain stimulation of the entorhinal area. New
England Journal of Medicine, 366(6), 502—510. https://
doi.org/10.1056/NEJMoal 107212

Tomar, A., & McHugh, T. J. (2022). The impact of stress on
the hippocampal spatial code. Trends in Neurosciences,
45(2), 120—132. https://doi.org/10.1016/j.tins.2021.11.005

Tort, A. B. L., Komorowski, R. W., Manns, J. R., Kopell, N.
J., & Eichenbaum, H. (2009). Theta-gamma coupling
increases during the learning of item-context associations.
Proceedings of the National Academy of Sciences, 106(49),
20942-20947. https://doi.org/10.1073/pnas.0911331106

Viejo, G., & Peyrache, A. (2020). Precise coupling of the
thalamic head-direction system to hippocampal ripples.
Nature Communications, 11(1), 2524. https://doi.org/
10.1038/s41467-020-15842-4



%2

S 55 RARXALEE DR 10 R TE 5 209

Vigano, S., Bayramova, R., Doeller, C. F., & Bottini, R.
(2023). Mental search of concepts is supported by
egocentric vector representations and restructured grid
maps. Nature Communications, 14(1), 8132. https:/
doi.org/10.1038/s41467-023-43831-w

Vindhya, G., Parveen, S., Sowmya, P., Babu, Ch. M., &
Chowdary, P. (2024). Neuralink: Reclassifying the limits
of human insight. 2024 15th International Conference on
Computing Communication and Networking Technologies
(ICCCNT), Kamand, India. https://doi.org/10.1109/
ICCCNT61001.2024.10724926

Wagner, 1. C., Graichen, L. P., Todorova, B., Liittig, A.,
Omer, D. B., Stangl, M., & Lamm, C. (2023). Entorhinal
grid-like codes and time-locked network dynamics track
others navigating through space. Nature Communications,
14(1), 231. https://doi.org/10.1038/s41467-023-35819-3

Wang, M. E., Yuan, R. K., Keinath, A. T., Alvarez, M. M. R.,
& Muzzio, 1. A. (2015). Extinction of learned fear induces
hippocampal place cell remapping. Journal of Neuroscience,
35(24), 9122-9136. https://doi.org/10.1523/JNEUROSCI.
4477-14.2015

Weigand, A., Horn, A., Caballero, R., Cooke, D., Stern, A.
P., Taylor, S. F., ... Fox, M. D. (2018). Prospective
validation ~ that  subgenual connectivity predicts

antidepressant efficacy of transcranial magnetic stimulation

sites. Biological Psychiatry, 84(1), 28—37. https://doi.org/
10.1016/j.biopsych.2017.10.028

Whittington, J. C. R., McCaffary, D., Bakermans, J. J. W., &
Behrens, T. E. J. (2022). How to build a cognitive map.
Nature Neuroscience, 25(10), 1257—1272. https://doi.org/
10.1038/s41593-022-01153-y

Wikenheiser, A. M., & Redish, A. D. (2015). Hippocampal
theta sequences reflect current goals. Nature Neuroscience,
18(2), 289—294. https://doi.org/10.1038/nn.3909

Wise, T., Liu, Y., Chowdhury, F., & Dolan, R. J. (2021).
Model-based aversive learning in humans is supported by
preferential task state reactivation. Science Advances,
7(31), eabf9616. https://doi.org/10.1126/sciadv.abf9616

Wolpaw, J., & Wolpaw, E. W. (2012). Brain-computer
interfaces: Principles and practice. Oxford University
Press. https://doi.org/10.1093/acprof:0s0/9780195388855.
001.0001

Wu, C.-T., Haggerty, D., Kemere, C., & Ji, D. (2017).
Hippocampal awake replay in fear memory retrieval.
Nature Neuroscience, 20(4), 571-580. https://doi.org/
10.1038/nn.4507

Xiao, J., Provenza, N. R., Asfouri, J., Myers, J., Mathura, R.
K., Metzger, B., Sheth, S. A. (2023). Decoding
depression severity from intracranial neural activity.
Biological Psychiatry, 94(6), 445—453. https://doi.org/
10.1016/j.biopsych.2023.01.020

Zhang, J., Ou, J., & Liu, Y. (2025). Replay and ripples in
humans. Annual Review of Neuroscience, 48, 65-84.
https://doi.org/10.1146/annurev-neuro-112723-024516

Invasive brain-computer interface applications:
Decoding and modulation of memory
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Abstract: Alzheimer’s disease and post-traumatic stress disorder (PTSD), characterized by severe memory

deficits, constitute major therapeutic targets for brain—computer interface (BCI) research. We explore the

application of invasive BCIs in contextual memory modulation, with a focus on the encoding and decoding

of spatial and affective components. By leveraging local field potentials (LFPs) from deep brain structures

in conjunction with machine learning algorithms, this approach enables high-resolution decoding of

locomotor dynamics, environmental boundaries, spatial localization, and emotional valence. These neural

signatures serve as targets for precise neuromodulation strategies aimed at restoring memory functions and

regulating affective states. Nonetheless, significant challenges remain, including inter-subject variability,

long-term electrode instability, and the limited adaptability of decoding algorithms. Future progress will

require the integration of flexible neurointerfaces and dynamic network modeling to advance personalized

closed-loop intervention strategies in clinical neuroscience.

Keywords: brain-computer interfaces (BCIs), invasive electrodes, neuromodulation, closed-loop stimulation



