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From Experiments to Models: Advances in Modeling Astrocytes’

Regulation of Neural Dynamics”
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Abstract The complex dynamics of neuronal firing in the brain provide a crucial basis for high-order
cognitive functions and the emergence of pathological states. Astrocytes play a key role in regulating
neural activity on a timescale of seconds, influencing nervous system function through multiple mecha-
nisms such as modulating neurotransmitter levels, ion concentrations, and energy metabolism, as well
as responding to exogenous disturbances (e. g. , temperature fluctuations and noise). Based on recent
biological experimental studies on astrocytes, this paper reviews the latest progress in dynamic modeling
of astrocyte-regulated neural firing and elaborates on the contributions of astrocytes to synaptic informa-
tion transmission and synaptic plasticity at the neural network level. This study offers theoretical sup-
port for an in-depth understanding of astrocytes’ roles in cognitive functions such as memory and atten-
tion. Additionally, the paper discusses the influence of astrocytes on the dynamic behavior of abnormal

neural firing in neurological diseases (e. g. , epilepsy), thereby providing potential clinical value for the
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prevention and treatment of related neurological diseases. Finally, considering current developments in
artificial intelligence (AI) technology, the paper outlines future research directions for more comprehen-

sively uncovering the regulatory role of astrocytes in nervous system dynamics through the integration of

experimental data and dynamic modeling.

Key words astrocytes, dynamic models,

logical data, machine learning

51

il 1

i 28 R G — A v AR R B R A5 R AL
PR GE , Lh S A AV 7 A R 88 O 5 1L 4% 2 A HIHE:
5 RGERMLELPIWARENIRZG IS, HikR
11 2% RGBT B W1 S B e R R e
R 2 R G 1 B AR D) RE B TT 3 o 5 fioh ST AR LR
B SR A A% 0 2% 40 F D 25 4 o dc 249 Bt A=)
iy & KB R 1T . BAE 20 b 42 50 4E AR,
Hodgkin 55 AJE T L Az PSB850 L 15 UKl 2250
I FRL 1% 2l AR A0 Ay B A i i ok R ST T A MY
Hodgkin-Huxley (H-H) #i £ JC 8 1 22 B0, 3%
R hy 1 22 R 58 TAE LI 2S5 1 AR A, 56 T 1k
WFFE R BT P2 7 e S0 Tk H L i L TR i v
R MO AT TR AR AT I P25 2R G Y
WAENLH 58 5 8 A0 5 ARG 8 ) 2= B 5 07
BRIF RGNS M T M E 3 S8 — 38 X2
BET L H AT AR R C R B B b A LT T 0
W K.

¢ J5T 24 At R ol 28 I B 4 L, Tz A A T K
M R G0 B M 2 AN 10~ 50 f5- L H
2 BT I 5 40 i ( Astrocyte) Al &5 JC A H B IJF 2k
A KM IEH 5 Z A BT RE. 1991 4, ( Neuron )4
TE RIS S I I I 5T A0 M A AL AN Pl 22 e ke
SCHERVE RN RAE BEATE N2 5 M 20Tl
SRR S S Y. 1994 45 ( Nature) 24 B K
FIE SCHE - BT 5T A0 M R A B J2 Ak 5
WL RN L T T AR AR A 25T 2000 4, Parpura
T YN A K - 8 75 BT R o 40 A 5 A 5 Al )
A SRR, 348 TV 4T A 4B M e s AL R IR
J5T 2 %o o 22 T8 1 sl 19 Bl ) o R R AL R O i AR
B 5E 1Y £5 5T L

ST I S5 240 L BR300 A1 A 4 Tl ol 28 32 S5 L A
WAMRE ATP 55) 2K, 38 1 X 252 0K, B P e it

synaptic transmission and plasticity,

brain electrophysio-

240 RE 5 I T 2 fl ) BR A B 28 B T B B T UK
FEN ) Ak A T A0 M 3 e P A A S TR iR
5 VR il 22 G A) Y B AR L A Y SR 155
BRI TR 5 A M R A AR F RS B R il
— A5 U B i 5 40 5 b2 o0 R A FE R
S ERE X R,

CA DR WU A h s R R W
O 5 B R AN M R AL A oL H
TS T 5% 2 B 2 TR e o 400 0 4% 0 R o 3k, T LA 44
T 2 fil 28 00 (0 24 A5 PES S AT 75 2% 8
HL. Jung 45 A b = 1) 28 fith 2l g 2 455 R B 5 R B
BT 40 B = i R LB (1P, A2 R Y 5 B 3k
S5 IR R B G IR R T 43 72 B 45
S G 7 A A L I T R A R S A R S RO 5 2R
— 75 T » Bechstein 2 A %6 /N A #i 28 41 21 30F
P Mo K B 2 s ad A v rh A B &
2 IR A LR 3 3 3R R R T T I 4 e 4
21,50 A T R R S L UE TR TR e I A
HLA 1 b 2 A LSS HT B 1 E I RE ). T R IE
52 I 240 A ] 2 5 900 0 45 P 28 S P 5 R Y B
F1 2 LB A S AR B (AR AR A R 2 n) L

ARSCE AR T RIY S T AN A B 4 R G E
WA BRI RE P 2h ) AR A A M R R A
HNFREREE B 0T, S I T Joi 400 e ] 4 e
RGN 112847 R B R e g & R GRS
1R S Ay 0, 5 0 SR AR T R T S5 40 L A
SR G A T A 2 SRR B ) 2 T A SR
TP 2 BSR4 i 3 e 3 Y A
SRR KR E S 5000 s i A oh 4 R
ORI R A Bh 1 2E L. B LA B AT AR K
JE R T L TR M O AN R 4 4 R G A R Ak HE B
F 2 5o A A AR AR I TS A )

1 EERREMAERETHEINERR



%2 FHES NI BB . B

B B

20 L IR 45 P 22 8 g 4 RO DT S 3

NP e LR R TR I R A0 M 3R 22 O R R Y
“=TRZE fih” (tripartite synapses) 3l J7 A& 1, %1 jH)
Tl A R VR TR E M T S B
T I8 J5 240 L AH B 52 e 1 3l g 27 AR 1994 4F, Rin-
zel 2L #2555 ARG Hodgkin-Huxley #f 22 70 5 5l 2
SET 20 R R T S5 A N B B T vk R R U Y 18 R )
Iy B Li-Rinzel BRI e F A5 A0, J Al
Fop SR JE TG 2 AL i B e 5 40 il 5l g 2
A2 2003 4F, Nadkarni Ml Jung 764 BIFiE
P4 ) (Physical Review Letters, PRL)iE T & F
HH #5088 5 Li-Rinzel 45 B 14§ 1% 15 51 4 2
(1 B I M 5 240 M — b 2 e KB A R B g T A
T I Jo 240 L 981 42 ot 28 T 0B B Bl ) 2 03 2 R AE L
SRR BB IE B 5T A0 A 1 S i i 45 T LA R AR A 280t
B EE. A (D FR S8 vy, B9 TR ]
AN ey PR TP, WREE L MY SR A B 4R O 0
A B T J5 240 FH X ot 28 TG T80 H 1 T 1) S k. i 7R
B 52 7] AKX Hodgkin-Huxley #f 28 JT B4 5
Vo { o BRI 2 T 90 1 R I i Jo 4 i 3 ok 2 3
2270 H KR THCHL F ROmU 1Y AZO B

drip,], ([P, 1" —[1P,],)

de Tips
7ips @ (V — 35mV) QD)

N AMF £ F 5T Jung & ATE(PRL) H (1)
TAREXT SIS ol SRS AT T K R AME IR B
WEFE A TR A B XA [6) 2 i DX &% 58 Hh AN [] £
BV AR A 3h g 2 A0 Mo, Chan 28 A BT
58 BRI I 5T 40 M AT 1) T AR ki v A =X pich
18 % 32 5 X 1 I 8 o 3R I HC 7 98 42 O i il 428 4k 9 18
2R P R P 2 AR

1994 4E( Nature )4l 18 & &b 52 56 & BB TV ¢ o
AN AT LR A H T 2 5wz kR
AT T ik 30 BT e S5 40 3 ok R O T S 5 48 T
L B ) 2l B A AR AR AR T 20 R I B
20 JH % R 0 B S AR Y 4B s T R i J5 40 i
A R o 28 G TR 1 PR A R e T R
BRBARUTE LA 3 12T BRI -

d[AGlu], ([AGlu]® —[AGlul,)

de - Tips T

ripg@([CaZ’]—O. 2uM) (2)

I T T 20 30 T8 o R s A i B 3k B 2
P2 TTRCHL TG Bl Ko ds vy — &3 TR (GABA)
UK D— 22 R (D-seine) 71 SCHR[53 1098 %

_|_

HH RLTE B S5 440 5 A RE i GABA 9 5 v (8] b 28
TG, R R 28 00 AR R AR B0 I G R TR i o 4
i L 375 A TR I S5 40 1 T AR % L T R in &
T B 20 8 5 BA B L AR AR AE NT g sh g 2
FIRFSE T GABA % J5 6 5 IF J05 I3t 400 Jfd f) K i) 78 45
BFIRG NS R EER SR B R T
GABA fi& 5 ¥ 16 5 40 f 3 2k 45 15 1 3l 77 2 8 45 0
il AR 52 Z B

P2 R GETAE 9 2 22402 R v, I 3 e
o B N R, ST R R AR &
TR K M 41 28 0 B 3 3 Y Bl S AT R R R
3 3 T T L B A L S R A T
HE— 25 52 WA P 28 T R BT M R b ok R —
AR 38 (4 RE R, Cell Caleium 35 1) 1% 52 56 BF 5% 4
T I L T ST AN L 0 sl EL A P
Wi FH H T AR IR 37 °C L EAR AR E & S HUR B
JISG IR 4T L 5 5 - e B O1R 35 A R AR i R X
B A ia s K RS Pt EXLEERY
P B8 e 9 T B 4 51 R L T 5 40 i 3 4 B
K" Kird. 1 5 {38 38 2y A8 FR A5 , 5 BOR 45 40 i b
20 KA i ss. SN TEARA LB
o AT R R AN A Kird. 1 2 38 T8 A R
T4 Bl ) SR, e T R Y B TR B oA AR X A
TV 8 I 40 4 22 T 3 ) 2 PR A 0 S B 4 L Sy
— 24 % U BE X B 28 FR G B ) 2R AT S Y B
L ST N Sy S R N (K & RPN
B S A, B T 440 R 3 Ao ¢ A 5 4 5 i 4 A
TR EBUE FR UL S 0T, o E— A 18 R TR AR
Xt i 48— B TV i I 40— 1M A5 T RE R & R R 1Y
LR, 2 AR T NGB A Y Kir2, 1
I B PR M Bl T e AR RS T & T BB
JBZ S5 240 L 1S 8 L0 L L T b 22 I . A R T A
R 2 AR R AT DU AUAS [R5 B T P28 ook e R i 4
PARARE TR SE TR BE R S 0 I AR A B i —
A ) BH AR R 51 & 00 B 9 AE BIL RS L X — 5T
A 1ft 22 1 F8 A BRL 70 1 4 FH B4R Bt T
fiff ARy oA Sk WF 5 A1 K 28 A5 A o B 5% 5 B0 Bl
AR LA A 4 0 P2 R G B B T RE Y 52
BEgE T AR R, SCilk (61 RS E i i g R R
JE 5 40 i 5 R 4R 4T Bk A 8 #2 Hodgkin-Huxley
P28 T P BICE AL, R GRS T U I U RIAE
FHBILH 45 5 % B . 5OV e 0 400 1) 2o 24 g o vl i



4 g o o 5 E M o M

2026 43R 24 %

R A P R A X e 8 I v AR Dk R Y 3 R AL
IS o Sy 483 71 PTG A SRS R 42 o 22 v 355 3l 194 20 M 1) )
P £ T IS .

i 22 2R G0 T A IR S5 A0 BE AL 2 AN A A R 5
1 A8 B BEAILFT T A5G A L 22 T 5 fih 3 b R
25 398 T 1 B BIL R 25 S 2% 51 2 B AL MR 0 R
[Fil e 52 W 2 22 R IR Jo 400 L 8] 92 e 2 AR G T FL B )
LR ZEAE NGE T TR R 22 T8 — BT B AN MO R 5 A
YR b5 | A BT T 240 i F) % e 1 MR AL S T
Wi 75 ) oA A8 A 22 T 9 2% P DL R i 28 5 22 8] Y
fi AL 2R AR 55 A X B TR e I 40 M 1P,
W FE AR I TR L BRTE T BEAL IR 5 X 22 T e UK R
FeiT ik PRS0 . BT 5% A BL L BEAL R 75 AT 3 R T
PR TT ] e O B T A MR X — SR W T2
T o 40 i TP, M 7 X i 22 3y ) 2 B i A D i
PEAE R T A 48 78 A S BEAIL R L T S H e L P
JEE o A M TP, 5 36 s Y SR e B 3 T OC it
B,

SRR T 5 40 ML BE 8 44 HE i 2 I 45 41 1 45 4 1Y)
Rt PR Pl 22 oo AR RE 0 3 1 2247 8. Verisokin 45
N WA 22 AR K KA T T S I 465 4
FINAS R B B B 22 00 — BRI T J5T 440 ML T 4 ) g o
B 3 i RO AR R NS R S A B T S S A
R AT B B T A S S 1 kR B A e M
2R 5 HE S K% Blumenfeld #U#2HIB\&
VESEIR A B T e TR I A A0 0 ) R 5 3 T
Jo TR BRGS0k — 2B AT K
BT YAy - 0 P 8 0T 2 Y E G AR L B
T — M 2 o0 — B R A0 — I T 4
B B T M 8 W 45 45 22 32 38 25 1R T 1 Gamma
IR v ¥ 3T B J i B 2 SR SR P T T 4 M A
SRR J5 WO B s i AR 1 B
7N T LA R AE 1Y FE 2 3L 1 X T 4R 55 B R AR
BT T,

PR T 0 440 i 368 o 52 Wi i 28 O 18] 2 gk £ 126 25K
PP 2 AERE B 1 AT RN Tang Y BF
FEAR I L I o A0 M B A A8 2 e 52 R R 1
BN AT 2 0 2 e R S A M S A A

MR S 22 R 45 op B A 1R BRI . Lal-
louette 5 NG 13 # & 3D KL IP i I 4 g ) 265 452 760
AIF AN ] 100 245 41 41 45 7 72 A X I 45 e 2 98 T T 240
it 55 S F AR (S R R g — A R L R

(A) Gamma oscillations in Experiment (B)  Gamma oscillations in Simulations [Fig. 2B
[Fig. 2B from Li et al. Neuroimage. 2019]

from Li et al. Chaos, Solitons & Fractals. 2022]

—0.35

<6
3
= 5 0.3
8
EZ o 4 0252
52 = 2
? g3 <
& | ] 2 02 A
5 o i [*} +
3 1 h a2 ‘o
= ] { o 2y 0159,
£ ; 1 ] v
Bz y " Q
8 ey AT 1 0 0.1
5 | :# i £
O i T E.
i ; i 0.05
“|rest.7ask 45%& Rest,__Task ;Res(lM 2 0 2'0 4'0 GIO 8|0 1(') 0

16 6 a
t (sec) t (sec)

time(s)

BT B R S RO S B Gamma 3R 35 09 il SO ROV B
Ca) S5 & B A9 I R A58 30U 19 Gamma 3R 35 F¢ 82 000
B4 D005 (b) £E BB FE b A I R YR Gamma R ¥ 35 4%

O 5 O e R LS 1S R 9 4

Fig. 1 Post-stimulus effects of Gamma oscillations induced by

long-term activation stimuli: (a) The sustained activation of
Gamma oscillations observed experimentally following
long-term visual stimulation:“]; (b) The synchronization

between the sustained activation of Gamma oscillations

and glial calcium oscillations in model-based studies®"

JIE S50 200 i 4 2 32 4 ) SR P MRRAE AL A L T R 2 4R T A
T JE T3 240 L 1) 4 I 2 gl ) 4 B v 804 4 i g L
114K S Jrg S A L P 2 B o g D A Ay )
28 DI RE B [R) 42 (2 Al BE Al . 2 AR S5 R B o g
FRAs @R (LGlul,. ) 76 4 M A P 57 B 3h 41 22 5
P WF 5T T 0S5 34 JOT AE =[] 5 fih (T 2 fih ot 28 5T —
B T 5t A0 i — I 5% i e 22 TR 0D h B BT
B R B X I 4545 2 A B 5 e L 45 2R o AR
T I 5 200 A G TR ISR B AR 1 i AT ) T 24 A
it 22 ) 255 v AT I8 B I 3 B PRI R i T 32 2 B ] T
B 3 4 28 58 ML AR 5 78 K R TR 1% B A 5

PRSI A N e o 7 Ry L
PE B H G il il SBPERL A Hh kL IR 5E T BB
2 I 240 i % ot 22 B A5 5 Ak B Bl g S ad AR A A 4
PERTE Mo Zhou 45 A M BIF 58 & BR . 5 9B TG IR
200 1 T e S R TR 1 B L cAMP 2 5 48 58 fih
APYAPE Y FET  De A5 N 38 S # R TR i I 4
i 55 5 fk T ) P 22 0 R R 5 2l g A R GRS B P
2 I 240 i RE 8% [] Fof 35 3 4t 222 2 ek F) e P A AT 28
SR mp AR Al 8P Manninen 28 A #F — 5 8 i
ST MR B 2 Bl g 2 R e TR R T A i X
i 2 5 fih Jk o B i) 40 8 T 9 ek L A 4 T
g5 AT UL, BRI T 4 A T A 28 5 i T 9 Y ) 4
RARE CHAE.

2 EERRABSEHMETREREINN
FITARR

KA S I FE A WYL P 220 B R 3k L B T AR



%2 FHES NI BB . B

B B

20 L IR 45 P 22 8 g 4 RO DT S 5

EHKHLIEM 2 RGP 7 AR AR L AL ), 2
G Na KRS 5 0] DL H2 7 & P28 900 i
HLUO9 2004 4F , Bazhenov % A HE T B2 IE 6 40
JH B SR L b s ] K 9 8l ) 2 B Y, O R P I
J AN B A A M Ak A ) KT T RE Rz i R B &
T BE AL HL IR 2 e 3 O B 4 R H O
. 2011 4, Krishnan A58 5 #2260 55 B9 7
B Bl A AR A 1 R 28 00 — BT e o 40 MR G ) 4%
BOAY R B MO Y 7 A S A0 A K B 1Y
Pl Th = A 56, T WU 19 20k 5 40 0 P9 Na ™ ik
This AT SR B Y kOB, B IR S 40
Kird. 1 2 38 308 52 4505 30 = 1005 fih 7 Zb 248 it 18] B
K RIS R T, i oo etk B &
5 % A 28 DU B B )R L Cressman %5 Al
o b R i IO 4 L 5 B4 i A0 A TR KT R TR A
R, TR A T B AN K 4 L AR
S T BE A T BOAN A i RS AN | R R Y
o2 J5U Y Sibille 458 A F 5 & B I I 41 i
T R S A KR BT DL B b T Y % A
i = PR IAC o DA TT 384 5 B 55 P8 A S AL i X A
2 fih VT S8 P R 28 00 A R B AR YL
B2 0 A A1 25 (8] R0 AL e JoT 48 it %) 14 RS AN
Ry I 5 B AR B 1 SF 1, Oyehaug 48 A\ H L
A2 TT L A1 A1 2 R AR Y 5 4 i KA
NS RV S 1R U7 /00 [ s 2 R 1T B L 2
JIC R R 24 if A1 725 ) AT 40 S 3500 40 B A KT vk RE T
192 VR R A T R AR O O 2023 4L R
B BANTE & 2, A K 45 SR ) 45 45 & 4k
JETT 45 H iR 1B i 5T 240 i ) e 25 LR
iR 3h J1 2 B PR AR FH L 2011 4R (35 [ [ R B2
BE 5 Fil ) (Proceedings of the National Academy of
Sciences of the United States of America, PNAS)
e TE v U B R 2 T R 1T K OE TE 2R S HE
i 28 0 S A R ERL 4 ARE SR i B B AR N
T A B A B SR A T RPN
MR )42 Kird. 1 38 38 3l ) 24 880, 5L e 7 pf
2870 — A ML A1 25 (8] — B IR 6 o 4 A A 5 A AR )
U R A A B e B AN L Kird. 1 3 £ MU A
K ZIRE A 5. BF 5% & B Ak e W 5 R 1 R OB
FEAniE Kird, 1 308 HH K DI RE 2 8 & 5 304 i
A K BE TRGGH T 5 L 35 P 42 T8 7 A e A F A
TR Bl Sy pil28 ZR 8 7 A AR TR B B At T — b

BIL A R b B i Jo 240 e S R R T 4% Kird. 1
WA KA A A RN 2 A A KR
BIPIE . Sr v (|l
d[K" ],
dz
Ii./(C*7) — ] g
Li =g /[K' 1,m[V, — (o log[ K1) —
Vkir,z ] (3)
A Zs ) Ko S0 R MY RO 5 &
i 22 190 45 AT R R RN A R A — A R R
Frohlich 1 BAGE o 28 ) 9250 5 ) J) 2 A A 45 &
7 5 A R T A b e R A BT 7 Rl 8 I 2 7 AR
50 15 B 6 N ZE LB Park [T A S8 5 4 22
I 26 2y g 2 AN, e IR TE 200 L 5 fik o 422 1Y) b 22 T
2 KRR EUR W R AT LUF Kl 2 I 4% 7=
A R T H o T LA B Y () 26 R A R b A
%f%@ﬁzﬂﬂm 2012 4, Brender % AfE Brain
AT 8 TR IR S 0T 4 O 4% a4 4 BH 26 2 5 3L
P . Witthoft 25 A % PR . IR 4% 10 1 i % K
BB I i T 200 L S B i 422 B 1 Cx43 1 Cx30 23
A ahas a) K Jmdp ok s BRI & B &
SR HCHRL TG B B R A AR K IR B B
JE IO 441 L D) 4 I 2 1 A PR G RS RN 25 5 A i Ab
K gl Jy 24450, by 8 1T A 28 00 — BB T 40 i 1)
LR W 5T B R M 5T 4 AR I &% 4 R 3% 452 X g Ab
KR 3 1 1 s AL ) L 45 SR 2 BH R R i T 40 ik 4% Bt
B REBIO 2 B T B AN K ¥k RS K Al
I 520 T BRI k4ot B & PR iR,
L 405 F8 3 5 P 48 50 o) 0 R PR T AT R R R
TEAH G IG5 R4 s B Bt 3% 4 D R AR 28 AT R Jy 930K
TR A ARG B i Joe il B v e AR W i ). 1A
2 JER T BESE IR EE KT R0 6E F1 (F) B B 5 Jdi it
P 22 0 R FELASE A TE B A BHAR 2 1) S 0
P A X A A ok AR SR R T TR I e g I
A RLAE S %X — & BN I & DL AR B G 0%
DIhe AERE K RS %0 1Y T BP0 9T 75 2808
TR FEAE AT R O Y A T T S
L ) 35 97 I R B B A
() B, AR T Jo 4 0 6 T A UK GE 1 AQP4 T
Jb W AT A4 L A1 25 TR K 43, 5 3R T T JoT 4 e i ik
FVAH L b 2 TR AR D8/ o (8] 426 5| 400 i b 25 1R 4% 2
FR A K vk BE T . Ak 51 R #2016 B e

:] 1K + 2] pump, N + 2] pump.A



6 g o o 5 E M o M

2026 43R 24 &

PRI Hibel A 3 st H HE 28 i 5 2R T PR B
AR B T R R T AR TT S B E IR A i
F A B A Xk ot 428 3R 5 i o ok R 1 S o R T
Jin &5 A FRB K 8 H 1 AQP4 k-2 7T LI
AR A =S A A BR A4 K T R T — I Ah
[f] — BRIV S 240 = P 25 PR RR 8 2578 A B A, B
REALL T 40 A1 ] /N 5 Kk I A0 s ) KT ik B R
T B AF ST A RO AQP4 B H B UE R
Pl 28 TR B FL SR T Sl LA R

UM A

F=20.0 "’":';‘ F=8.0

100 _

s >

S ENENIEE RRR N
&F — — s = J —— — = = =
100 -100

g 30 E 30

= 20 ot =
< = wf\._,/\,/\,/\_,/\_

Time(s) Ll Timegs) ..

F=0.001 5

AT }

Seizures in vitro
80 [Fig. 2b from Traynelis S F, 1988]

Timeline Spont. Seizures

| V)
°

N

IK"], ,(mM)
8

Time(s)
P 2 TG A TR A T L 4 B B 2 b KT R B () i
Mo ah Ko BE T 5 L33 & 2 ot e 2R B B4 3TV R
g 3 A it A
Fig. 2 Evolution process of spontaneous periodic epileptic
discharges induced in neurons when gap junction-mediated

K™ buffering strength; (F) decreases and extracellular K

L . . . 68
concentration increases without external stimulus input!®®!

SRV TG o AT L A TR % a A mT LA R e A i Ak
PREE 2 A% A E R  WF 50 2 WT 02 I I 2 M B2 i 27
SR e 52 BH 23 R T BOR Y R 5T 40 i A R AR
B 51RO . Flanagan 45 AE 1f 14 £ 2B
JE2 Tt A0 A B TR B A AR 1 Bl ) S TR T 4 3t
e 1A S s DAL i 52 BHL -5 900 2 T 9 3l T 2 56
FUUE M2 WM T KRR T
RO o d, B 21 R AR AP SR T F 1 ) A
B R TT ORI, R GE I W] T A2 5 T 40 2 it e 1%
TEFGIR K A 5 e 4 ek P o 1 SRR A 010

TE RN A FR KA B B I A0 i ¢ B
B ARG L I DA LA PR VB A 4 W e A S LR S A
S BE R L M o0, A LA E AR R I B 40
i B 3 i 8l 2 o e U Ml A 3 4 A OC R 1) —
A B I T 4 L 5% MR A% 4 4 i 3 o A2 T I 4
I 445 5 I 325 40 £ iy 28030 i 22 8L SRR 4 R

G5 TR 0 H AR S Bl il M i A i 4 1 8
B R A B 5T A0 i ) e 2 R R
b A2 B L 3 S B IR I 5T 240 L XoF A 28 T 1 i 2 AR
bt DR AT S 3 T 5 | A a0 ot e g 2 e g ok IXC
Ji B 4 B NG 2 25 D) RE I 45 15 B AL BRI =5 3k Bl
BEE TR R I, 8 R I P 22 B S T R A
W 045 336 5 7 B2 ) 2 LR o e B e ot e Al A
R TN T A TN R N A AL 3 YOG
i A T 2 B A e 1 B A 2R R L T AR OR A A
P28 2 W S 3 2ok Bl g S @A R IT I E € &L
Ik % EE BT T B, Rose 2 ABFST T #i 45
W25 A dit S80I ADL 55 I Xof 355 5% 14 B 0 T Jo 2
JHLPA Na ™ e B2 i 520, 45 SR W, B Jie e 40 it vl
i B ARG s K O R R TR B 20 i Ah s
() 717 Jorn ] Aok 28 T 4 A 30k T FRATT B2 I e Joi 4 e
1 S F Bl 2 B M A O R oA E R S,

Louw %5 A i 55 5 10F B 3% 06 B2 % 108 5T 24
Xl afi 45 405 00 2 e B AR E T 2
) AT B R A T AL IR R U5 A ) el 22 R A A
. Kalia % A o @7 4% 2008 68 28 il 10 255 A= )
Y RN WE T T IR 5 40 i O 45 e Ah S 1 K
R IR N A G I 2T U s Sl - (0
Chapuisat ¢ A\ # 57 T 4 15 40 M 5 23 [6] L #2850 A
BRI e Jo 240 LA G A L BIF 5 i A IR ST BB
JBT 40 10 465 TN 45 1 1 1 3 28 3 i 0 4 ) S o ik
HL A B2 W Swanson 25 N M9 BF 58 48 Y, 7E R 58
4 R R 25 W B, 2 R I 5T 240 M0 48 < AH X I Y
e iR 2, W0 R 6% O 47 b 28 5 f 32 e 1 175 & 1
PO TR A G e ST 200 — P R R
240 if — 1L OO 28 S 5 By 2E AR A UE T B ol e
AT R TR ST A0 X i 28 T U 15 4 B A R
{0 00 A 1

St i A A A T A I BRI T T A e B B O
W 5 ) 1t 28 76 19 {4 BRE. Nakase 58 A F H 2P
Ji2 % 4 i ) it % 2 A 1 Cx43 2 30 0 i 4 v s )
BEARL BT T BT 200 M 4% B 3% 42 1t 2 O AP AR
IV ¢ S5 24 L 4 o i 2 T 0 > e ot P A A 2
) 0 U T R AR L 3R W R P i S5 A0 A R If
g A bR 25 0T L 2 A £ Y. Dronne 4
NG 3 3l g 2 RIS T B 0 5T 40 A X K J5 ik
LA fi 2 o ) 52 0 25 R 3 R O M J5T 400 i 3l e H:
B R s AR Y A R A K VR B X T



%2 FHES NI BB . B

B B

20 L IR 45 P 22 8 g 4 RO DT S 7

YEFE B 22 o0 9 OE T RE R B Ok b B % A & G
o,

Bl N S Ak R BT R 2% BRR (AD)
R RS2 B AT 0 SV, SCHR (118 R G0 [ R T
ZRFEFE AD KR HLEI O AR L B E N BB
FSE S5 240 if R T e 40 R 1) S T R G B OK B
P [RRE, SCRR119 2R 5 BT I S 4l i /2 AD v
(952 Z A FH o I8 B2 T J I 4 M 1) R R . T 5%
2B I M 5 40 i BOE T LA G e Y O BE ) R A E
AR TR tau W BR 1k A1 R 28 S8 0E . I i 28 R
7, CEAT i R0 g, T R
YR A 20 IO M E B HE R Y R I 5 4N A 1 A AR
BATHERH AD B AT S s,

B T 2Rl 10 2 R L Bl S SRR RN E
WF5E AD &AL A B2 T B Ju R i B R
T A 5 el 20 B B ) AH LR L Bl g 2R AR 5T 4
AR T RTY I IO AN A A A W AR R R I 58 E R P
(3 A . Pal 58 N R £ T4 2850 — B Y I 5T 40
MRS A 3l 1 2F AR L R R T A ML AE AD Hh i)
ZHEMEHERERKRFEMES S AR EIR. &
30 U T B 48 S E g . FE D) RE R SR iE AD
KR, H 5 W2 o0 A0 BAE 2 ik — 25 52w 5 0 iE
T AR P AE VA 97 B 5, Parhizkar 45 A G i
ANEE I T4 A b 5 AR T TREM2 A 6 4 455 784
UEBH L /N B e 5 200 Jf ) g dife 2 25 [ B 38 AR Uit
TR /D B A G IR 25 1 ApoE AR 3 L, i B¢
T TREM2 K45 5 4 af X1 5 i) AD KB,
X BIF 5 A B /0N O G 5 AN 1 e R Y
AT HIS KIS,

T I S5 440 L — 2 ik VR 4 40 L 3 7 4 A AR
WFFE R I8 T ALY S 5 40 M 38 5 5 A5 S A R ik
[ 52 M 2 ik T 98 M 1) B0 A A B De 8 N EEAF 5T
FeO R Y B T 40 B RS B D — 22 SR n] Y
NMDA sz fig, i AD ik — HL il #2550 7T B
ST RS Lawal 2 A\ iE— 2 0, BB I
O 4 R 1) 5 A R 8 e {08 4 ok 2 [l B T g e A
St AD i —2 % &' . Rajendran % A5 4t
T /N BT I T AN A 5 11 28 il Bl 2 AD Ry
B g fih 25 2K g S I R Y Xu 26 AR 22 RUBE 3
FIEAERLL BT AD PIER AR E A AR Al tau
P15 B AR A6 7R B 2 i e 0k A L X — AL S TR A
P AR Y K L » LA K s 1 B 35992 ke FiG Y

B S A T & B0 T OB A 0 AR A B S SR A e
55 N LA AD A 5 #2833 ) 4 A 0 L 38
o RGE AT T R IE A M AE AD A [RAR S
P4 b G A LR i, Sck [126]
Wl A5 AD JH 45 #H 56 1) Ryanodine 2% 4
(RyR) &35 5 B TP I o3 40 i 55 25 7 9= 3% 1) & Bk, A
g FiER T RS S AD KRR E K
. RyR k7K V5 40 M o 45 B 7 1k B 19 06 &R
A= .

T = (ko + R, [Ca® I3,/ (Cky 4 kgra)” +

[Ca® 2, ) ([Ca” T — [Ca®" 0 4

AR, B IR 5 41 G e] o 45 Bl 48 R G2 T g
HIWF T AT T 2 a0 R R ZE AT BN IR 4 s T
AMsh AP fise 5T 4H B 38 43 P 4% GABA 3 % 52 91 52
R 8 4 5 4 2% 8 S A LA 5 R IR Dk 141 BA & PR 2
TE I J5 40 B 38 3 m TOR 38 3 0 28 o 8 4 — dp
TV O 2R AT PR RO AR S T T TR e
H7 16 Sl AT BA3E 3 6 E 36 3l /N BRGE AT 2 e XA O
B0 5%, W1 98 Ah ) 22 4% (lateral habenula, LHb)
Pt 22 70 RN LT I S5 AN M A o 45 R 1 TG sh AR A
B B TR 2R T R T T ST AN F R A A R T A
i 1) DG B B2 e, T RE A i ) 4 BRI i 10 By 44 4k
I S0 AR B TR I ST A0 i S S O S 4 i
AL BB 7R T st I 4 (TCF4) 18 45 B2 I IR
240 B 57 B AL S B T IO & LB s A
VAT BN 3 3 B0 40 L 00 A T R £ R T A i
ik 2 ) 25 P61 i, 8 705 JH AR 0 A0SR 5 ST P A 0 4 e )i
BLAI L BRI 5 Sk BT I S5 40 ML ) Bl 2 o 1 I
ARSI I A A 3R TR A

3 RE

Bt 2 N T8 B A DA B A i e 2 A 0 2 A 1
K J KA I S U B 5 B SA RO ) B R D AT
PURIE I 40 i 2 15 ik i 22 3 42 3 0 2247 D 4 4l
TR A R T 0. D Elia 45 A K I B 2% >
5 RS8R ES G QU T B K Sl Y AT i
R J1 R Feng S8 AHRR T M T BE 42
W45 (DNND A JF 44 3l 77 2 5K fif 2o A o i) B2 T
oAy T A K Bl 1 R R R 5 2 A R 114 B HOK i
SRR A S R s g R R 8
Bl 09 3 ) 2 BT 5 05 1 BE R D AR G BIE 5T T A
P (TSR S IR 3 R JEOR T — Rl T 24



8 g o o 5 E M o M

2026 43R 24 &

A A BRI AR Bl 9 R R e 2200 — RIE R B4
JiE oA 2 R g A R AR AE B

Coupling
Astrocyte Network - = =— — — — — =>| Neuronal Network
P e Deep Learing + | _ _ _ _ _ _ =
Dynamics

Ca** dynamics Connectivity

Astrocyte Ca ?* signal | | EEG, fMRI, DTI

P 3 oA I v A B A0 K Sl A R R BE i 280 —
BV G 5 40 D 1) 3% 5 7R HE i &

Fig.3 Schematic diagram of the framework for constructing a

large-scale neuron-glial network model driven by multimodal
electrophysiological data

H A B BT A oE B AR Y B Bl K & v] LLAE
T A PP bR 0 I TR A LS S T I s il
Musotto 5F ANFF & T — Fi AR T € i B T8 15 5T 44 Jfd
PENARIC I AR R LIV I 05 40 45 25 7 sl
2L R Maller AT & T —F £ B (HH
PR W T 3 L B W I S M R 4N 4 S T 5 25 B
AARE S BB 5T O A R it — AL B B T
SRR S E AR R R IR S 54 R 5%
(R 8l 24 AL B T LR B e Ah TR B R A Ze-
brafish Glia Atlas™* 1 GliaDB F &M, Sk #f 5%
LT B B0 AT 5T 1) B SRR R O B 43 AT
TH SRR B TR Y I I 4 M AF 5 1 R
JE& o A Ay 0 5 i ARG ME I T R P A AR T B i
e I N

AN, 45 A I H EEG R 3y 68 #% #E 3L 4k MR
A5 R i 245 K R0 ) e 5CHE 4 R R R O A 2 T 4%
A B B 5T 15 2 Wi & . B Breakspear 3§
R AR SR 20 7 2 BSR4 7
B, 1T DK 22 A58 2 S 00 00 5 ) — A SR R HE B,
T S B L S A K g B A4 5k RN T 4R H
(g T SR AR N LT I i R B0 K i 4
FFN T BE X 28 , ) FH 5 AE A2 43 A7 5 vE AF 5 48 1 K
I ELAT 43 SE AR AL R AE L 1E X il 4 J2 20 20 8 75 K
10 i % it 22 2 b S I T BB 0 B RN 3K G ol Ml HL AT
e KARA B4 B0 68 g A sh 245 5% vEE L) A A A
T4 ) O R N B2 41T R CHCP) il
T2 47 5% NI i 5% 18 8800 TR T I 5, Ak T K M b
2545 1) 43 8 S RGP T R R T Al 5 ma g
1277 R 745 I RE 1 L SR DA R RS
Pl S B T X B 4 A b 28 B AR BT
KR BETT RIS 48 7R T 5K #4240 H OC  Fa

A S A B 1A ALE T  L AT LAE L 3R A R O
F14y 2 U0 AR 5 R IR S 3 R

TEAR R FE b, 27 K 22285 i v A PR 5
L ME B ) AR BE Bl G L A B IR BE 27 2] S LA 2
HEARCARLRETE RS B IR A MR 5% B Y % 0T 41
LB B 24T R B R RUBE P 22 R GE G B B L i
A — 2D 4 7R AR RNy e R 4 o i RO L]
2R AD S IR AT 1 9 10 38 [ T 05 AF
€ AL IR S BRI KR 5 R A TR B S HE

[] B 1 SE B0 245 4 1 vh A VR 2 b
I PRAIE S L 7 R R BB 5 v L &5 A 0 B0 I 4
JHL 5 A S AR T Y EHT AR, DG Sy R o A
PO 5w [ AR 2 R B A L M R
85 B4 46 BB ] AR FTASE IR 1 S 6 1 R R S A L T
J1. Ak L Bl g 2 A AR AT 24 ) 6 R TR I I A
Jitl K %52 R T RE e 5 3ok I R ik K% K i A 5 1Y
24 0 I A R T %) T 4 AL 2 T R T R X 9
RAEWRE M, 2 AR 5T BTV 0T 40 BT 0 VR A
e

H R T e 03 240 i B S AT AR AN 2 B
IV ¢ S5 44 M S S AT 9 A9 A% 0 M B AT U Sy DA
L] 42 BIL T A A2 0o F 58 X6 42, LA B 36T I A R R 5
FLAE A W0 RUE Xt 28 T30 H, 1 8 9 4 T B A5 DR T 1Y
JE B AT 5 i A 2 RERN , R G2
TV 8 S5 40 i 3255 0 — A S — 2 0 R 8 4 4 28 ik
HL B AF S8 A X B = 3 A LR A A T A8 4 TR 5
T 5 A WIS B 8 L 22 W (EEG/ MR 52 55 54
P, HLJS & HAE BN 57 G 3l i, 5
00 A A et B RS TR St A O PR 2 X6 7 L
A5 0 BB M, S 24 11732 400 38 1) T 55 2R T 5 i R R 1l
1 75 11 .

£ % Uk

(1] REF, &5, HAR T80 PID £ 6l & 19 8
REZE PRI ], & TR, 2011, 18(3): 401—404.
WU Z Y, ZHAO L, FENG L. Control of intelligent
vehicle based on fractional order PID [J]. Control
Engineering of China, 2011, 18(3): 401 —404. (in
Chinese)

[2] HODGKIN A L. HUXLEY A F. A quantitative de-
scription of membrane current and its application to

conduction and excitation in nerve [ J]. Bulletin of



5 23

S NI BRI BT

JI52 J5 240 L 9 42 o 2 Bl ) 2 A T 9 9

(3]

(4]

(5]

L6]

[7]

(8]

[9]

[10]

[11]

(12]

[13]

Mathematical Biology, 1990, 52(1/2): 25—71.
1ZHIKEVICH E M. Which model to use for cortical
spiking neurons? [J]. IEEE Transactions on Neural
Networks, 2004, 15(5): 1063—1070.

FREEMAN W J. Neurodynamics: an exploration in
mesoscopic brain dynamics [M]. London: Springer
London, 2000: 1—398.

Wy, EH s e it st A T %
(10, Ji%24, 2023, 55(4) . 805—813.

HAN F, WANG Q Y. Research advances and some
thoughts on neurodynamics [J]. Chinese Journal of
Theoretical and Applied Mechanics, 2023, 55(4) .
8§05—813.
Rim . Mash 5 2000 3 s 5 i o
. 2020, 18(1): 6—10.

LU Q S. Neurodynamics and mechanics [J]. Jour-
nal of Dynamics and Control, 2020, 18(1): 6—10.
(in Chinese)

FEanMe, ERBL, WA, AT G R 2
A Sy oE AR S LT ] J1eE i, 2020, 50€0)
450—2505.

WANG R B, WANG Y H, XU X Y, et al.

(in Chinese)

P
%

Me-
chanical thoughts and applications in cognitive neu-
roscience [ J]. Advances in Mechanics, 2020, 50
(0): 450—505.
DI GARBO A. Dynamics of a minimal neural model

(in Chinese)

consisting of an astrocyte, a neuron, and an inter-
neuron [ J]. Journal of Biological Physics, 2009, 35
(4): 361—382.

CHARLES A C, MERRILL J E, DIRKSEN E R,
et al. Intercellular signaling in glial cells: Calcium
waves and oscillations in response to mechanical
stimulation and glutamate [J]. Neuron, 1991, 6
(6): 983—992.

PARPURA V, BASARSKY T A, LIU F, et al.
Glutamate-mediated astrocyte-neuron signalling [J].
Nature, 1994, 369(6483): 744—747.

PARPURA V, HAYDON P G. Physiological astro-
cytic calcium levels stimulate glutamate release to
modulate adjacent neurons [J]. PNAS, 2000, 97
(15): 8629—8634.

KOZLOV A’ S, ANGULO M C, AUDINAT E, et
al. Target -cell-specific modulation of neuronal
activity by astrocytes [J]. PNAS, 2006, 103(26):
10058—10063.

VOLTERRA A, MELDOLESI J. Astrocytes, from

brain glue to communication elements: the revolu-

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

tion continues [ J]. Nature Reviews Neuroscience,
2005, 6(8): 626—640.

AULD D S. ROBITAILLE R. Glial cells and neuro-
transmission an inclusive view of synaptic function
[1]. Neuron, 2003, 40(2): 389—400.

NETT W J, OLOFF S H, MCCARTHY K D.
Hippocampal astrocytes in situ exhibit calcium oscil-
lations that occur independent of neuronal activity
[J]. Journal of Neurophysiology, 2002, 87 (1):
528—537.

LI Y X, RINZEL J. Equations for InsP; receptor-
mediated [Ca’" ], oscillations derived from a detailed
kinetic model: a Hodgkin-Huxley like formalism
[J]. Journal of Theoretical Biology, 1994, 166(4);
461—473.

NADKARNI S, JUNG P. Spontaneous oscillations
of dressed neurons: a new mechanism for epilepsy
[J]. Physical Review Letters, 2003, 91(26 Pt 1)
268101.

YANG C Z, ZHAO R, DONG Y, et al. Astrocyte
and neuron intone through glutamate [J]. Neuro-
chemical Research, 2008, 33(12): 2480—2486.
TIAN G F, AZMI H, TAKANO T, et al. An as-
trocytic basis of epilepsy [J]. Nature Medicine,
2005, 11(9). 973—981.

NADKARNI S, JUNG P. Modeling synaptic trans-
mission of the tripartite synapse [J]. Physical Biolo-
gy, 2007, 4(1); 1.

NADKARNI S, JUNG P. Dressed neurons: modeling
neural-glial interactions [J]. Physical Biology, 2004, 1
(1) 35.

NADKARNI S, JUNG P. Synaptic inhibition and
pathologic hyperexcitability through enhanced neu-
ron-astrocyte interaction: a modeling study [J].
Journal of Integrative Neuroscience, 2005, 4 (2):
207—226.

BECHSTEIN M, HAUSSLER U, NEEF M, et al.
CNTF-mediated preactivation of astrocytes attenuates
neuronal damage and epileptiform activity in experi-
mental epilepsy [ J]. Experimental Neurology,
2012, 236(1): 141—150.

ARAQUE A, PARPURA V, SANZGIRI R P, et
al. Tripartite synapses: glia, the unacknowledged
partner [J]. Trends in Neurosciences, 1999, 22
(5): 208—215.

DUPONT G, GOLDBETER A. One-pool model for

Ca"" oscillations involving Ca’" and inositol 1, 4, 5-



10 3 1 % 5 o= OH ¥ W 2026 4F5E 24 &
trisphosphate as co-agonists for Ca’" release [J]. cine, 2020, 2020(1): 8750167,

Cell Calcium, 1993, 14(4). 311—322. [36] LIU Y, LI C G. Firing rate propagation through

[26] REATO D, CAMMAROTA M, PARRA L C, et neuronal-astrocytic network [J]. IEEE Transactions

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

al.  Computational model of neuron-astrocyte
interactions during focal seizure generation []].
Frontiers in Computational Neuroscience, 2012, 6.
81.
X, A, X EAE, S R IB KRB0 SR i
ZeonlE HOR AR IALE 2 A L) ], Aoy B 4
2011, 27(1): 57—65.
LIU J, YANG L J, LIU W H, et al. An analysis
on the mechanism of astrocytes cause neuronal hy-
per-excitability [J]. Acta Biophysica Sinica, 2011,
27(1): 57—65. (in Chinese)
GIAUME C, KOULAKOFF A, ROUX L, et al.
Astroglial networks: a step further in neuroglial and
gliovascular interactions [ J]. Nature Reviews Neu-
roscience, 2010, 11(2). 87—99.
VOLMAN V., BAZHENOV M, SEJNOWSKI T J.
Computational models of neuron-astrocyte interac-
tion in epilepsy [J]. Frontiers in Computational
Neuroscience, 2012, 6: 58.
POSTNOV D E, RYAZANOVA L S, SOSNOVT-
SEVA O V. Functional modeling of neural-glial in-
teraction [J]. Bio Systems, 2007, 89(1/2/3): 84—
91.
LIJJ, DUM M, WANG R, et al. Astrocytic glio-
transmitter: diffusion dynamics and induction of in-
formation processing on tripartite synapses [J]. In-
ternational Journal of Bifurcation and Chaos, 2016,
26(8): 1650138.
LIJJ, SONG J, TAN N, et al. Channel block of
the astrocyte network connections accounting for the
dynamical transition of epileptic seizures [J]. Non-
linear Dynamics, 2021, 105(4) . 3571 —3583.
ALLEGRINI P, FRONZONI L, PIRINO D. The
influence of the astrocyte field on neuronal dynamics
and synchronization [ J]. Journal of Biological
Physics, 2009, 35(4) . 413—423.
CHAN SC, MOKSY, NGDW, etal. The role of
neuron-glia interactions in the emergence of ultra-
slow oscillations [J]. Biological Cybernetics, 2017,
111(5/6): 459—472.

LI L C, ZHOU J, SUN H J, et al. A
computational model to investigate GABA-activated
astrocyte modulation of neuronal excitation []].

Computational and Mathematical Methods in Medi-

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

on Neural Networks and Learning Systems, 2013,
24(5): 789—799.

NAZARI S, FAEZ K. Empowering the impaired
astrocytes in the tripartite synapses to improve accu-
racy of pattern recognition [ J]. Soft Computing,
2019, 23(17): 8307—8319.

NAZARI S, AMIRI M, FAEZ K, et al. Informa-
tion transmitted from bioinspired neuron-astrocyte
network improves cortical spiking network’s pattern
recognition performance [J]. IEEE Transactions on
Neural Networks and Learning Systems, 2020, 31
(2): 464—474.

STIMBERG M, GOODMAN D F M, BRETTE R,
et al. Modeling neuron-glia interactions with the
Brian 2 simulator [M]//DE PITTA M, BERRY H.
Computational glioscience. Cham: Springer, 2019:
471—505.

TANG J, ZHANG J, MA ], et al. Astrocyte calci-
um wave induces seizure-like behavior in neuron net-
work [ J]. Science China Technological Sciences,
2017, 60(7): 1011—1018.

YAO W, HUANG H X, MIURA R M. Role of as-
trocyte in cortical spreading depression: a quantita-
tive model of neuron-astrocyte network [J]. Com-
munications in Computational Physics, 2018, 23
(2): 440—458.

AMIRI M, HOSSEINMARDI N, BAHRAMIF, et
al. Astrocyte- neuron interaction as a mechanism re-
sponsible for generation of neural synchrony: a
study based on modeling and experiments [J]. Jour-
nal of Computational Neuroscience, 2013, 34 (3):
489—504.

AMIRI M, BAHRAMI F, JANAHMADI M.
Functional contributions of astrocytes in synchroni-
zation of a neuronal network model [ J]. Journal of
Theoretical Biology, 2012, 292:. 60—70.
ALEKSIN S G, ZHENG K Y, RUSAKOV D A, et
al. ARACHNE: a neural-neuroglial network builder
with remotely controlled parallel computing [ ]].
PLoS Computational Biology, 2017, 13 (3):
€l1005467.

GORDLEEVA S Y, ERMOLAEVA A V,
KASTALSKIY I A, et al. Astrocyte as spatiotem-

poral integrating detector of neuronal activity [J].



5 23

S NI BRI BT

JI52 J5 240 L 9 42 o 2 Bl ) 2 A T 9

11

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[54]

[55]

[56]

Frontiers in Physiology, 2019, 10: 294.
KANAKOV O, GORDLEEVA S, ERMOLAEVA
A, et al. Astrocyte-induced positive integrated in-
formation in neuron-astrocyte ensembles [ J]. Physi-
cal Review E, 2019, 99(): 012418.

MESITI F, FLOOR P A, BALASINGHAM 1. As-
trocyte to neuron communication channels with ap-
plications [J]. IEEE Transactions on Molecular,
Biological, and Multi-Scale Communications, 2015,
1(2): 164—175.

YANG Y Q, YEO C K. Conceptual network model
{from sensory neurons to astrocytes of the human
nervous system [ J]. IEEE Transactions on Bio-
Medical Engineering, 2015, 62(7): 1843—1852.
AMIRI M, BAHRAMI F, JANAHMADI M. On
the role of astrocytes in epilepsy: a functional
modeling approach [ J]. Neuroscience Research,
2012, 72(2): 172—180.

AMIRI M, BAHRAMI F, JANAHMADI M. Mod-
ified thalamocortical model: a step towards more
understanding of the functional contribution of as-
trocytes to epilepsy [J]. Journal of Computational
Neuroscience, 2012, 33(2): 285—299.

LIJJ, TANG J, MA J, et al. Dynamic transition
of neuronal firing induced by abnormal astrocytic
glutamate oscillation [ J]. Scientific Reports, 2016,
6: 32343.

HALASSA M M, FELLIN T, HAYDON P G.
The tripartite synapse: roles for gliotransmission in
health and disease [J]. Trends in Molecular Medi-
cine, 2007, 13(2): 54—63.

MARIOTTI L, LOSI G. LIA A, et al. Interneu-
ron-specific signaling evokes distinctive somatosta-
tin-mediated responses in adult cortical astrocytes
[J]. Nature Communications, 2018, 9. 82.
MATOS M, BOSSON A, RIEBE I, et al. Astro-
cytes detect and upregulate transmission at inhibito-
ry synapses of somatostatin interneurons onto py-
ramidal cells [J]. Nature Communications, 2018,
9. 4254.
LI J 17,

GABAergic astrocyte: Calcium dynamics and in-

XIE Y, YU Y G, et al. A neglected
volvement in seizure activity [J]. Science China
Technological Sciences, 2017, 60(7): 1003—1010.
HEITLER W J. EDWARDS D H. Effect of tem-
perature on a voltage-sensitive electrical synapse in

crayfish [ ] 1.

Journal of Experimental Biology,

[57]

[58]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

1998, 201(4): 503—513.

SCHIPKE C G, HEIDEMANN A, SKUPIN A, et
al.  Temperature and nitric oxide control
spontaneous calcium transients in astrocytes [J].
Cell Calcium, 2008, 43(3): 285—295.
DU M M, LIJ J, YING W, et al. A dynamics
model of neuron-astrocyte network accounting for
LIl
2022, 16(2) . 411—423.

QIU J B, JIN G R,

febrile seizures Cognitive Neurodynamics.,

HUANG G Y, et al
Differential responses of primary astrocytes under
hyperthermic temperatures [ J]. IEEE Transactions
on Biomedical Engineering, 2023, 70 (1). 125 —
134.

YUANZ X, YUY Y, WU Y. Enhanced neurovas-
cular dynamic model for exploring vasoconstriction
febrile LT
Dynamics, 2024, 112(14): 12449—12467.
YUAN Z X, FENG P H, FAN Y C, et al. Astro-

induced by seizures Nonlinear

cytic modulation on neuronal electric mode selection
induced by magnetic field effect [J]. Cognitive Neu-
rodynamics, 2022, 16(1) . 183—194.

RASER ] M, O’SHEA E K. Noise in gene expres-
sion: origins. consequences, and control [ ] ].
Science, 2005, 309(5743): 2010—2013.

TANG J. LIU T B, MA ], et al. Effect of calcium
channel noise in astrocytes on neuronal transmission
[J]. Communications in Nonlinear Science and Nu-
merical Simulation, 2016, 32.: 262—272.

L1JJ, FENGP H, ZHAO L, et al. Transition be-
havior of the seizure dynamics modulated by the as-
trocyte inositol triphosphate noise [ J]. Chaos,
2022, 32(11). 113121.

VERISOKIN A Y, VERVEYKO D V, POSTNOV
D E, et al. Modeling of astrocyte networks: toward
realistic topology and dynamics [ J]. Frontiers in
Cellular Neuroscience, 2021, 15: 645068.

LIJ J. KRONEMER S I, HERMAN W X, et al.
Default mode and visual network activity in an atten-
tion task: Direct measurement with intracranial
EEG [J]. Neurolmage, 2019, 201: 116003.

LIJJ, ZHANG X, DU M M, et al. Switching be-
havior of the gamma power in the neuronal network
modulated by the astrocytes [J]. Chaos, Solitons &
Fractals, 2022, 159.: 112135.

DUMM, L1J]J, CHEN L, et al. Astrocytic Kir4.

1 channels and gap junctions account for spontane-



12 g % 5 & o# % W 2026 57 24 B
ous epileptic seizure [ J]. PL0oS Computational sive disorder [J]. Journal of Affective Disorders,
Biology, 2018, 14(3): el005877. 2019, 245 265—269.

[69] TANG ], LUO J M, MA ]. Information transmis- [80] KAGER H, WADMAN W J, SOMJEN G G. Sei-

[70]

[71]

72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

sion in a neuron-astrocyte coupled model [J]. PLoS
One, 2013, 8(11): e80324.

LALLOUETTE J, DE PITTA M, BEN-JACOB E,
et al. Sparse short-distance connections enhance cal-
cium wave propagation in a 3D model of astrocyte
networks [J]. Frontiers in Computational Neuro-
science, 2014, 8. 45.

ABREGO L, GORDLEEVA S, KANAKOV O, et
al. Estimating integrated information in bidirectional
neuron-astrocyte communication [ J]. Physical Re-
view E, 2021, 1030 . 022410.

ZHOU Z W, OKAMOTO K, ONODERA ], et al.
Astrocytic cAMP modulates memory via synaptic
plasticity [J]. Proceedings of the National Academy
of Sciences of the United States of America, 2021,
118(3): €2016584118.

DE PITTA M, VOLMAN V, BERRY H, et al. A
tale of two stories: astrocyte regulation of synaptic
depression and facilitation [J]. PLoS Computational
Biology. 2011, 7(12): e1002293.

DE PITTA M, BRUNEL N, VOLTERRA A. As-
trocytes: orchestrating synaptic plasticity [J]. Neu-
roscience, 2016, 323: 43—61.

MANNINEN T, SAUDARGIENE A, LINNE M
L. Astrocyte-mediated spike-timing-dependent long-
term depression modulates synaptic properties in the
developing cortex [J]. PLoS Computational Biolo-
gy, 2020, 16(11): e1008360.

BAZHENOV M, TIMOFEEV I, STERIADE M,
et al. Potassium model for slow (2-3 Hz) in vivo
neocortical paroxysmal oscillations [J]. Journal of
Neurophysiology, 2004, 92(2). 1116—1132.
KRISHNAN G P, BAZHENOV M. Ionic dynamics
mediate spontaneous termination of seizures and
postictal depression state [ J]. Journal of Neuro-
science, 2011, 31(24) . 8870—8882.

LARSEN B R, MACAULAY N. Kir4. 1-mediated
spatial buffering of K : Experimental challenges in
determination of its temporal and quantitative contri-
bution to K clearance in the brain [J]. Channels,
2014, 8(6): 544—550.

XIONG Z W, ZHANG K, REN Q, et al. Increased
expression of inwardly rectifying Kir4. 1 channel in

the parietal cortex from patients with major depres-

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

zure-like afterdischarges simulated in a model neuron
[J]. Journal of Computational Neuroscience, 2007,
22(2) . 105—128.

CRESSMAN J R, ULLAH G, ZIBURKUS ], et al.
The influence of sodium and potassium dynamics on
excitability, seizures, and the stability of persistent
states: I. Single neuron dynamics [J]. Journal of
Computational Neuroscience, 2009, 26 (2): 159 —
170.

ODYEHAUG L, @STBY I, LLOYD C M, et al. De-
pendence of spontaneous neuronal firing and
depolarisation block on astroglial membrane trans-
port mechanisms [ J]. Journal of Computational
Neuroscience, 2012, 32(1).: 147—165.

DU M M, LIJJ, WANG R, et al. The influence of
potassium concentration on epileptic seizures in a
coupled neuronal model in the hippocampus []J].
Cognitive Neurodynamics, 2016, 10(5): 405—414.
SIBILLE J, PANNASCH U, ROUACH N. Astro-
glial potassium clearance contributes to short-term
plasticity of synaptically evoked currents at the tri-
partite synapse [ J]. The Journal of Physiology,
2014, 592(1). 87—102.

S, BEMA, MBE, F O RN ENER
UM AR B Ty HLRI LM, PG % . 7% 58 R
AL, 2023,

WU Y, L1JJ, DUM M, et al. Dynamical mecha-
nisms of glial cell regulation on epileptic seizures in
the nervous system [M]. Xi’an: Xi an Jiaotong U-
niversity Press, 2023. (in Chinese)

JORGE B S, CAMPBELL C M, MILLER A R, et
al.  Voltage-gated potassium channel KCNV2
(Kv8. 2) contributes to epilepsy susceptibility [J].
PNAS, 2011, 108(13): 5443—5448.

ONODERA M, MEYER J, FURUKAWA K, et
al. Exacerbation of epilepsy by astrocyte alkalization
and gap junction uncoupling [J]. The Journal of
Neuroscience, 2021, 41(10): 2106 —2118.
STEINHAUSER C, SEIFERT G, BEDNER P. As-
trocyte dysfunction in temporal lobe epilepsy: K™
channels and gap junction coupling [J]. Glia, 2012,
60(8): 1192—1202.
HOUNSGAARD J, NICHOLSON C.

Potassium

accumulation around individual Purkinje cells in



5 23

S NI BRI BT

JI52 J5 240 L 9 42 o 2 Bl ) 2 A T 9

13

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

cerebellar slices from the Guinea-pig [J]. The Jour-
nal of Physiology, 1983, 340: 359— 388.
FROHLICH F. SEJNOWSKI T J, BAZHENOV
M. Network bistability mediates spontaneous transi-
tions between normal and pathological brain states
(. 2010, 30 (32):
10734—10743.

PARK E H, FENG Z Y, DURAND D M. Diffusive

Journal of Neuroscience,

coupling and network periodicity: a computational
study [J 1. 2008, 95 (3):
1126 —1137.

BEDNER P, DUPPER A, HUTTMANN K, et al.

Biophysical Journal,

Astrocyte uncoupling as a cause of human temporal
lobe epilepsy [J]. Brain, 2015, 138(5): 1208 —
1222.
WITTHOFT A, FILOSA J A, KARNIADAKIS G
E. Potassium buffering in the neurovascular unit:
models and sensitivity analysis [ J]. Biophysical
Journal, 2013, 105(9): 2046 —2054.
WANG F S, QI X M, ZHANG ], et al. Astrocytic
modulation of potassium under seizures [J]. Neural
Regeneration Research, 2020, 15(6): 980—987.
AR, IMVIRSR, ZERadk, A AU N 00 i S
ZH ZURE IV I o 200 I A T 2 4 P ) O A S
TIIE 4.1 WA )], b E e g S 9Lk,
2012, 18(3): 215—218.
XU Q, SUNZR, LIG L, etal. Loss of perivascu-
lar aquaporin 4 and inwardly rectifying potassium
channel 4. 1 in human mesial temporal lobe epilepsy
[J]. Chinese Journal of Rehabilitation Theory and
Practice, 2012, 18(3): 215—218. (in Chinese)
WU N, LU G Y. Role of aquaporin 4 in central
nervous system diseases [ J]. Journal of International
Pharmaceutical Research, 2013, 40(2). 145—149.
HUBEL N, ULLAH G. Anions govern cell
volume: a case study of relative astrocytic and neu-
ronal swelling in spreading depolarization [J]. PLoS
One, 2016, 11(3): €0147060.
JIN B J., ZHANG H., BINDER D K, et al. Aqua-
porin-4-dependent K' and water transport modeled
in brain extracellular space following neuroexcitation
[J]. The Journal of General Physiology, 2013, 141
(1): 119—132.
FLANAGAN B. MCDAID L. WADE J, et al. A

computational study of astrocytic glutamate

influence on post-synaptic neuronal excitability [J].
2018, 14 (4):

PLoS Computational Biology,

[100]

[101]

[102]

[103]

[104]

[105]

e1006040.

LID., LIS H, PAN M, et al. The role of extracel-
lular glutamate homeostasis dysregulated by astro-
cyte in epileptic discharges: a model evidence []J].
Cognitive Neurodynamics, 2024, 18(2): 485—502.
LI D, LI Q, ZHANG R. Dynamical modeling and
analysis of epileptic discharges transition caused by
glutamate release with metabolism processes regula-
tion from astrocyte [J]. Chaos, 2024, 34 (12):
123170.

YANG C Z, LUAN G M, WANG Q, et al. Locali-
zation of epileptogenic zone with the correction of
pathological networks [J]. Frontiers in Neurology,
2018, 9. 143.

ZHANG H H, SHEN Z, ZHAO Q G, et al. Dy-
namic transitions of epilepsy waveforms induced by
astrocyte dysfunction and electrical stimulation [J].
Neural Plasticity, 2020, 2020(1): 8867509,

AN K N. DU L., ZHANG H H, et al. Transition
and propagation of epilepsy in an improved epileptor
model coupled with astrocyte []J]. International
Journal of Bifurcation and Chaos, 2024, 34 (3):
2430007.

NEWMAN L A, KOROL D L., GOLD P E. Lac-
tate produced by glycogenolysis in astrocytes regu-
lates memory processing [JJ]. PLoS One, 2011, 6
(12) . e28427.

[106] RUBER T. SCHLAUG G, LINDENBERG R.

Compensatory role of the cortico-rubro-spinal tract
in motor recovery after stroke []J]. Neurology,

2012, 79(6): 515—522.

[107] VAN MEER M P A, VAN DER MAREL K,

[108]

[109]

WANG K, et al. Recovery of sensorimotor function
after experimental stroke correlates with restoration
of resting-state interhemispheric functional connec-
tivity [J]. Journal of Neuroscience, 2010, 30(11):
3964—3972.

MARRIF H, JUURLINK B H. Astrocytes respond
to hypoxia by increasing glycolytic capacity [ ]J].
Journal of Neuroscience Research, 1999, 57 (2):
255—260.

ROQUE C, BALTAZAR G. Impact of astrocytes
on the injury induced by in vitro ischemia [J]. Cel-
lular and Molecular Neurobiology, 2017, 37 (8):
1521—1528.

[110] ROSE C R. WAXMAN S G. RANSOM B R.

Effects of glucose deprivation. chemical hypoxia,



14

8 %

5 &

2026 43R 24 %

E

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

and simulated ischemia on Na® homeostasis in rat
spinal cord astrocytes [J]. Journal of Neuroscience,
1998, 18(10): 3554 —3562.

LOUW D F, MASADA T, SUTHERLAND G R.
Ischemic neuronal injury is ameliorated by astrocyte
activation []].
Sciences, 1998, 25(2): 102—107.

KALIA M, MEIJER H G E, VAN GILS S A, et

Canadian Journal of Neurological

al. Ton dynamics at the energy-deprived tripartite
synapse [ J]. PLoS Computational Biology, 2021,
17(6): €1009019.

CHAPUISAT G, DRONNE M A, GRENIER E, et
al. A global phenomenological model of ischemic
stroke with stress on spreading depressions []].
Progress in Biophysics and Molecular Biology,
2008, 97(1) . 4—27.

SWANSON R A, YING W H, KAUPPINEN T M.
Astrocyte influences on ischemic neuronal death
[JJ. Current Molecular Medicine, 2004, 4 (2).
193—205.

YU Y Y, LI J J, YUAN Z X, et al

Dynamic

mechanism of epileptic seizures generation and
propagation after ischemic stroke [ ]J]. Nonlinear
Dynamics, 2022, 109(4). 3113—3132.

NAKASE T, FUSHIKI S, SOHL G, et al. Neuro-
protective role of astrocytic gap junctions in ischemic
stroke [J]. Cell Communication & Adhesion, 2003,
10(4/5/6): 413—417.

DRONNE M A. GRENIER E, DUMONT T, et al.
Role of astrocytes in grey matter during stroke: a
modelling approach [ J]. Brain Research, 2007,
1138: 231—242.

HENEKA M T, CARSON M J, EL KHOURY ],
et al. Neuroinflammation in Alzheimer’ s disease
[J]. The Lancet Neurology, 2015, 14(4): 388 —
405.

LIU Z Y, ZHANG H T, LIU S ], et al. The dual
role of astrocyte-derived exosomes and their contents
in the process of Alzheimer’s disease [J]. Journal of
Alzheimer’s Disease, 2023, 91(1): 33—42.

PAL S, MELNIK R. Coupled neural-glial dynamics
and the role of astrocytes in Alzheimer’ s disease
[J]. Mathematical and Computational Applications,
2022, 27(3): 33.

PARHIZKAR S, ARZBERGER T, BRENDEL M,
Loss of TREM2 function increases amyloid

et al.

seeding but reduces plaque-associated ApoE [ ]J].

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132] QIN H W, YU S G, HAN R Y, et al

[133]

Nature Neuroscience, 2019, 22(2): 191 —204.

DE PITTA M, BRUNEL N. Modulation of synaptic
plasticity by glutamatergic gliotransmission: a
modeling study [ J]. Neural Plasticity, 2016, 2016
(1): 7607924.

LAWAL O, ULLOA SEVERINO F P, EROGLU
C. The role of astrocyte structural plasticity in regu-
lating neural circuit function and behavior [ J]. Glia,
2022, 70(8): 1467—1483.

RAJENDRAN L., PAOLICELLI R C. Microglia-
mediated synapse loss in Alzheimer’ s disease: A
computational study [ J]. PLoS Computational
Biology, 2021, 17(8): ¢1009338.
XU C R, XU E Z, XIAO Y, et al. A multiscale
model to explain the spatiotemporal progression of
amyloid beta and tau pathology in Alzheimer’ s
disease [J]. International Journal of Biological Mac-
romolecules, 2025, 310(Pt 2): 142887.

WANG J N, YANG X L. Dynamic modeling of as-
trocyte-neuron interactions under the influence of AR
deposition [J]. Cognitive Neurodynamics, 2025, 19
(1): 60.

LIY P, YANG X L, YANG H, et al. Modeling of
neuronal hyperexcitability modulated by AB-media-
ted astrocyte dysfunction [ J]. Physical Review E,
2025, 1110 : 064419,

CHENG H K, CHEN D, LI X, et al. Phasic/tonic
glial GABA differentially transduce for olfactory
adaptation and neuronal aging [J]. Neuron, 2024,
112(9): 1473—1486.

ZHANG L S, XU Z Z, JIAZ H, et al. Modulating
mTOR-dependent astrocyte substate transitions to
alleviate neurodegeneration [ J]. Nature Aging,
2025, 5(3): 468—485.

XIN Q Q, WANG J Y. ZHENG J K, et al. Neu-
ron-astrocyte coupling in lateral habenula mediates
depressive-like behaviors [J]. Cell, 2025, 188(12):
3291—3309.

ZHANG Y D, LI D, CATY Q, et al. Astrocyte al-
location during brain development is controlled by
Tef4-mediated fate restriction [ J]. The EMBO
Journal, 2024, 43(21): 5114—5140.

Age-
dependent glial heterogeneity and traumatic injury
responses in a vertebrate brain structure [J]. Cell
Reports, 2025, 44(4) . 115508.

D’ ELIA R. Interpretable neural system dynamics:



5 23

S NI BRI BT

JI52 J5 240 L 9 42 o 2 Bl ) 2 A T 9 15

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

combining deep learning with system dynamics
modeling to support critical applications [ EB/OL].
(2025-05-20)[2025-10-09 7. https://arxiv. org/abs/
2505, 14428.

FENG N, ZHANG G D, KHANDELWAL K. On
the application of data-driven deep neural networks
in linear and nonlinear structural dynamics [ EB/
OLJ]. (2021-11-03) [2025-10-09 ]. https://arxiv.
org/abs/2111. 02784,

PIKULIMSKI M, MALCZYK P, AARTS R. Data-
driven inverse dynamics modeling using neural-net-
works and regression-based techniques [J]. Multi-
body System Dynamics, 2025, 63(3): 341—366.
MUSOTTO R, WANDERLINGH U, D’ ASCOLA
A, et al. Dynamics of astrocytes Ca’” signaling: a
low-cost fluorescence customized system for 2D cul-
tures [ J]. Frontiers in Cell and Developmental Biol-
ogy» 2024, 12; 1320672

MULLER F E, CHERKAS V, STOPPER G, et al.
Elucidating regulators of astrocytic Ca’" signaling
via multi-threshold event detection (MTED) [J].
Glia, 2021, 69(12): 2798—2811.

LEGAREA, LEMIEUX M, DESROSIERS P, et
al. Zebrafish brain atlases: a collective effort for a
tiny vertebrate brain [J]. Neurophotonics, 2023, 10
(4): 044409.

SNEDDON T P, ZHE X S, EDMUNDS S C, et al.
GigaDB: promoting data dissemination and repro-
ducibility [J]. Database, 2014, 2014 bau018.
SEMYANOV A. HENNEBERGER C. AGARW-
AL A. Making sense of astrocytic calcium signals:
from acquisition to interpretation [ J]. Nature Re-

views Neuroscience, 2020, 21(10): 551—564.
BREAKSPEAR M. Dynamic models of large-scale

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

brain activity [ J]. Nature Neuroscience, 2017, 20
(3): 340—352.

WANG R, LIN P, LIU M X. et al. Hierarchical
connectome modes and critical state jointly maximize
human brain functional diversity [J]. Physical Re-
view Letters, 2019, 123(3): 038301.

WANG R, LIU M X, CHENG X H, et al. Segre-
gation, integration, and balance of large-scale
resting brain networks configure different cognitive
abilities [J]. PNAS, 2021, 118(23): e2022288118.
ZHANG G, CUIL Y, GUO S Q, et al. Computa-
tional exploration of the SSVEP response and regu-
lation in schizophrenia by large-scale brain dynamics
modeling [ ] ]. 2025, 113
(15): 20169—20189.

GUO S, ZHANG G, ZENG X, et al. Ten years of

Nonlinear Dynamics,

the digital twin brain: Perspectives and challenges
[J]. EPL, 2025, 149: 47001.

XIONG H, CHU C Y, FAN L Z, et al. The digital
twin brain: a bridge between biological and artificial
intelligence [J]. Intelligent Computing, 2023, 2:
55.

LU W L. ZENG L B, WANG ] X, et al. Imitating
and exploring the human brain’s resting and task-
performing states via brain computing: scaling and
architecture [J]. National Science Review, 2024, 11
(5):
PERUCCA P, GILLIAM F G.

nwae080.

Adverse effects of
antiepileptic drugs [J]. The Lancet Neurology,
2012, 11(9): 792—802.

CARCAK N, ONAT F, SITNIKOVA E. Astro-
cytes as a target for therapeutic strategies in epilep-

sy: current insights [J]. Frontiers in Molecular

Neuroscience, 2023, 16: 1183775.



