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Fig. 1. Synaptic changes and neural dynamical transitions induced by the synaptic plasticity for wakefulness-sleep cycle. (a) Changes

1
of Ay (solid line) and A_ (dashed line). Wakefulness: Ay = 0.006 + O.OOBW , A_ =0.006 + 0.003 [17
1 1

W] , sleep: A_ = 0.006 + 0.003m , Ay =0.006 + 0.003 [1 T 1 e 000507900y

t' represents the remainder of ¢ divided by 10000 and ¢ represents the remainder of ¢ divided by 5000. (b) Average synaptic

} , where

i 1 N
weight W . (c) Potential x; of a randomly chosen neuron 4. (d) Average potential T = N Zi:l x; . (e) Synchrony index Syn

of the network. The vertical dashed lines indicate moments of exchange between wakefulness and sleep. Parameters Ay and A_
rapidly exchange between 0.009 and 0.006 in very short periods during wakefulness and sleep. Here, parameters 7 = 7— = 25,

cp =1 and c¢q = 2 are given during both wakefulness and sleep.

248706-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 24 (2023)

248706

Syn(i,j) Fe 7R M4 I0 o M j 2 (8] 1 & TR 26 B
Syn(@j)iﬁ)lﬁﬂW::

S Bim)B;()
S BmY. Bi(n)
FEAS 28 1) [R) 25 38 HL Syn & SN BT A B 4850 X%
(i, 5) IR AR B Syn (i, §) BFHIME. A kS
BT =400 F1 AT =10,

WA 1(d) Fr7R, Y048 135 28 fil kLA W 4

1 N

/NS, P PR TTF I 7 = > T
R R =R 5 W BORRE, 7 B
FERT A e AR AT ) M2 e 8. @ X RS A mT U
P 245 v i 28 0 A TR R 28 AR AR i B AT 1(e)
fIers, WEVINGE, 28 AR 28R Syn /1N, M0
LI SR BN AN AD A BRSO, S BCF A
i 7 SEBLHIRIE | Rk WOBCRI, 2% 14 [A]
AR Syn R, MZTTHAN R Y5 B REOT
R AL A TR A B R B R AT, AT 3 ECF-349 Ji i Ao

(7)

Syn(i, j) =
\/

1.0

HEEH

= 0.5

30000

= 0.5

30000

E 2

T 1 JE 2 2R 71N o I R £ S8R I %1

T I S IR A P TG 8. X ek AL i -
HER ] 301 v 1 S 3 WA AR 1591,

FTT 0 v T - e R ] 01 i ) 5 ke B A A
TTE5E, JF LR H R 4R STDP ((5) 3X) Ak
STDP ((6) =) MR Z [ 22 5. 45 R a8 2(a)
7R, PR HAUE MO SO0 T, 58 filss FEAR
55 5] Winax = 15 Winin = 0 B AE. I H B
b TR oS M IR V) ) i, SO 381 B8 22 1) 28 S {1
S B FIE T (WL 2(b)). IABUE KR ,
2 fishiyie 5 (14) 48 A 52 I BR ], RS 7E - s 8] 1 5 i 5
MRS, 2 AN (T Bz 2 i AN (LI 2(c) AN
& 2(d)). Ff HAEK B R el AR AR S, BUEMAS Y
Wik STDP 23 2% -1 35 S flAU(E W A2 fil AL
1B 43 A0 #0382 — A FeE RS (WA 2(d)). B
SRAFA T I BUEATY SR Bl i 2870 1Y) R R A T o
B, AHJREEA 48 S A 1~ E W LR
FEAAE . FRATHE P 25 35 BRI -T2 S il A
SCRHEE B IIAUE W . N IRITEABER & A AUE

1.0 ~
:
1
1
1
1
1
1
= 0.5 :
i P(w,t)
1
! 20.0
1
1
1
1
! 15.0
0 }
80000 100000 120000
t 10.0
1.0 .
(d) e ' HEEHIG
1
! 5.0
1
:
1
! 0
1
= 0.5 :
1
1
1
1
1
:
0 :
80000 100000 120000

T BT - WA 301 Y, 5 Ml ASUAEL 43 A M85 B2 P (W, ) 19 0 BE 1 10 245 - 24 Sl AL W7 B8 A 2 (524K N
B A BUE A Y 5 4R STDP 15 4L; (c), (d) & A BUE AR Y Bl STDP 17 I ; 5 I M AR J&] 3515 & & 10000 (a), () F1 40000 (b), (d);

t

(), (b) &

Fig. 2. Gray-scale plots of probability density P(W,t) for weight distribution and the average synaptic weight W (solid line) in

the absence of weight dependence (a), (b) and in the presence of weight dependence (c), (d), for the different periods of wakefulness-

sleep cycle, 10000 (a), (c) and 40000 (b), (d). The vertical dashed lines indicate the moments of exchange between wakefulness and

sleep.
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Slope = 0.5
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ACy/ca=2
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ALJA-

(a) cp =cqg =1 EEAREE, 74 /7— BURFEMLLAE; (b) 74 =7— =

25 [l 5E A, cp/cg MAF R WA, SHGEBEMT: A_ £ [0.002,0.01] M5 B N EEHLIUE, Ay REED A 3fe LU R 19 FLIE TS

F; (a) or— =25, 74 2> BIAREAE R B LU AR T R4

i (b) Hep =1, cq g3 IR AR B9 L AR B 45 . A Bl AR 2 5

SEEUETH R T BI5G R T, 72 (), (b) MBI RR Ws =054 /AL, Wo=A /A MW, =2A, JA_ INEKMXFR
Fig. 3. Stable average weight W as a function of A4 /A_ : (a) At different ratio 7+/7— and ¢, =cq = 1; (b) at different ratio

¢p/cd and T4 = 7_ = 25. Here, A_ is given randomly in the range of 0.002 to 0.01, A4 is calculated and given by using the

ratio of the corresponding parameter. 7— = 25, and 74 is calculated and given by using the ratios of the corresponding paramet-

er in panel (a). ¢p =1, and c¢q is calculated and given by using the ratio of the corresponding parameter in panel (b). Data are av-

eraged over 5 independent realizations. For comparison, the solid lines indicating the linear relations Ws = 0.5A4/A_,
Ws=A;/A_ and Ws=2A;/A_ are shown in panels (a) and (b).
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oA /A =1 e cp/ca=1
AALJA_=2 ACp/ca=2
0 . 0 ;
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TL/T- T/

B4 FUENTHSMAE W, 5 ILE v /7 MRBOCR  (a) o =ca= LEEARE, Ap/A- BARRMILME; b) Ay = A =
0.006 [H 2 AN7AE, cp/cq BURF Y HLAE. S8BT 7— 78 [10, 75] /Y75 Bl I BEDLEUE, = M(EE I r— 3 DLA R 1Y He (75 31
(a) fr A = 0.004, At S SIARSEHI R A HLAEH A 1 (b) Foep = 1, cq 23 TIARTEAR R 0 HOAE 3 45 . A SR E #R 2 5 Wl S7
B R A EG h T, 72 (a), (b) AL SRR W = 0574 /17—, Wy =14 /7— F1 W = 2 /7 LML R

Fig. 4. Stable average weight W as a function of 74/7_ : (a) At different ratio A4/A_ with with ¢, = cqg = 1; (b) at different
ratio ¢p/cq with Ay = A_ =0.006. 7_ is given randomly in the range of 10 to 75, 74 is calculated and given by using the ra-
tio of the corresponding parameter. A_ = 0.004, and A4 is calculated and given by using the ratio of the corresponding paramet-
er in panel (a). ¢p =1, and cq is calculated and given by using the ratio of the corresponding parameter in panel (b). Data are av-
eraged over 5 independent realizations. For comparison, the solid lines indicating the linear relations Ws = 0.574/7— ,

Ws=r74/7— and Ws =274 /7_ are shown in panels (a) and (b).

1.0 1.0

& 0.5 & 0.5

Slope = 0.5 Slope = 0.5

mA /A_=05 m7/7-=0.5
e A /A =1 o7 /T-=1
AAL /A =2 ATY/To=2
0 L 0 L
0 1 2 0 1 2
cp/cd cp/ca

5 RBEMNTERMAUE W 5 HAE cp/ca WRBEER  (a) T4 = 17— =25 BEAZE, Ay /A BURFIMILE; (b) Ay = A_ =
0.006 [ EARAE, 74 /7— BUREM AL, SEGEFATT: cq 76 [0.5, 2.5) (LRI BEHLEE, cp FIELE T cq 7 LIAR R A9 LIS 3; (a)
A =0.004, Ay 2y BARIEFI I LA 1 (b) thor— =25, 7 S BIARSE A BL Y HE AR5 4 L A BURER R 5 O Sr 5K
TETFFA T IEG T X, 2 (a), (b) P BIHSELRIR W = 0.5¢/ca, Ws = cp/ca Fl W = 2¢p/cq MR F

Fig. 5. Stable average weight W as a function of cp/cq: (a) At different ratio Ay/A_ with 74 = 7_ = 25; (b) at different ra-
tions 74 /7— with Ay = A_ =0.006. ¢4 is given randomly in the range of 0.5 to 2.5, and ¢, is calculated and given by using
the ratio of the corresponding parameter. A_ = 0.004, and A4 is calculated and given by using the ratio of the corresponding
parameter in panel (a). 7— = 25, and 74 is calculated and given by using the ratio of the corresponding parameter in panel (b).
Data are averaged over 5 independent realizations. For comparison, the solid lines indicating the linear relations W = 0.5¢p/cq

Ws =cp/ca and W = 2¢p/cq are shown in panels (a) and (b).

W I ELSE S BUER S B R Z5R ((8) ) —2L SO . PRI, AR SCHY BRI 3 B 25 2R 5 R E A AU 45
MY Apricpy/A_T_cq = Winax = LEF, Wi BIBIHSS BB

REGRHEE 1, /DTS E. X2 Ky 28 fil 5 i Ky 1 kL EAE (8) 2 (8 (10) 20) 2R EA
Wij FEAERIGH R, ARSI B oK 2% TG ALY Bk, B AL, Ao, 1y, T, ¢ Ml ea SMITE—
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BEHLAL A 1 FEAE Ay cp/ A ca 5 HIRE W, 10 96
BOE RN 6 B, 25 R0, KU R S5 15
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Bl 6 FasE PR mAUE W S Ayryep/A_T_cq
BIPRBOCER . Ho Ay 1 A 75 [0.002,0.01] 11 Fil A B AL ik
W, oy Ml 7E (10, 75] JEFEINBENLIEER, ¢, Fil cq 7E (0.5, 2.5]
110 I A B AL 328

Fig. 6. Stable average weight Wy as a function of
Ay7yep/A_T_cq. Here, AL and A_ are both chosen
randomly in the range of 0.002 to 0.01, 74 and 7_ are
both chosen randomly in the range of 10 to 75, and ¢p and
cq are both chosen randomly in the range of 0.5 to 2.5.

e, (8) 3% (5% (10) %) B, T, LBk
F AL Aprocp/A mca AN, 5 HEA (85
56) BHBERIRUE T . X F 0 3.1 WHIZS 3¢
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WA P gl (RIFREZE o, ) B340, AU I 575
ARGE. N TPRAH AT MR P I I A B 5.

14

1.0

14

(b)

P

1
0.01 0.1 1

7 AR oy ST 5 MBUE G A I HE R E P(W)
(a) TELRME-LRE AR AR T (b) FEXTH- Lo A b v 1) JE 2k
KRN o, M9 AH N B AR BUME Wy . SECEHE T -
Ay =A_ =0004, 7y =7 =25, cp=1Rlcg=2. %
R 20 KEUH TR RYF 1Y

Fig. 7. Probability density P(W) for different o, in lin-
ear-linear space (a), and in log-linear space (b). The vertic-
al dashed lines indicate the corresponding most probable
weights W), for different o, . Here, parameters A =A_ =
0.004, 74 =7- =25, ¢p =1 and ¢4 = 2 are given. Res-

ults are averaged over 20 realizations.
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Fig. 8. Characteristic quantities of the stable synaptic
weight distribution as a function of o, : (a) The average
synaptic weight Ws and the most probable weight W s
(b) the most probability density P, ; (c) the standard devi-
ation of weight ow and the coefficient of variation CV .
For comparison, the theoretical value of Wy in Eq. (10) is
shown by using the horizontal dashed line in panel (a). The
vertical dashed line denotes the critical o, . Here, paramet-
ers Ay =A_=0004, 74y =7 =25, ¢p=1and ¢g =2

are given. Results are averaged over 20 realizations.
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Abstract

It has been found experimentally that learning during wakefulness leads to a net enhancement of synaptic
strength, accompanied by the neural dynamical transition from tonic to bursting firing, while the net synaptic
strength decreases to a baseline level during sleep, accompanied by the transition from bursting to tonic firing.
In this paper, we establish a model of synaptic plasticity, which can realize synaptic strength changes and
neural dynamical transitions in wakefulness-sleep cycle by using the coupled Hindmarsh-Rose neurons. Through
numerical simulation and theoretical analysis, it is further found that the average synaptic weight of the neural
network can reach a stable value during either prolonged wakefulness or prolonged sleep, which depends on the
ratio of some specific parameters in the model. Particularly, the synaptic weight exhibits a stable log-normal
distribution observed in a real neural system, when the average synaptic weight reaches a stable value.
Moreover, the fluctuation of this weight distribution is positively correlated with the fluctuation of noise in the
synaptic plasticity model. The provided model of the synaptic plasticity and its dynamics results can provide a
theoretical reference for studying the physiological mechanism of synaptic plasticity and neuronal firings during
the wakefulness-sleep cycle, and they are expected to have potential applications in the development of
therapeutic interventions for sleep disorders.
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