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SR AR R G P AN RIS IR 35 35 Bl ) LR B 18] 5¢ R ARZRE BN 1 22 I QB R R — o Ot as 1
REJ A DY, [l i 5 o AR s TE 4 121, DRI Ta) 8 40 3 e 3 R 3t B S A el R 3l 1 ) LA 7 B A
MEFRET, R R, RIERDBER N1 UARRTT RS 52 il oge W, Sule, EE ()
FORER (HZ) VEFN AT LURINSLIN, AR SR B A B Pl X RS i) TR ISR AT A7 3141
FEIX LR, FE— D RIIBIASTER A, 2R o2 ORISR 22 0 ) I 2852 EAE S BN, T84 RIS ) 22 3 AMK At
TR R SR VIS TR BV A O R VT 217 o FRATTRR T Sk M (1 A R 3R 2% e 22 [ g 1) L AR 254 (R 38t (buiilding
blocks) ) B J RS, B WK B =G0 R oA s [ O, AT — OW SR B kB 2k NTES) )
FICRM B RRAE AR WP LT — RIS BOREH MDA U P R0E5E d RN (Semephs o
AR S)) AR BEH . %5778 (heteroclinic) Z5HXHEHIZEIIARBHAHEREM (robust).

FATELE T Hodgkin-Huxley (HH) SRUEHP LT 2% o 3 BLEIE Zh BURE R AR A 10 70 & 7 81, BLRAETR]
— WAL VI (]2 () BANEZE N R REIR (heteroclinic cycle) HILHIZ 75 FATRIIX L5
HFEAHRI Y o

P P 26 R = e R SR A LSRR HH M n k. s o ilARiE HH J7 e fifiid

dvi(t)

C dt = *INa — IK — Ilcak - Isyn - Istim (11)

;H\:Elj 1= 1, 273 I’EXT?Q@%T—D%I%, ‘Hﬁjﬁ EE\Z)ﬁ I]eak (t) = (leak [m(t) — Eleak ], INa(t) *D IK(t) were [8]

INa(t) = gNami(t)3hi(t) [Vz(t) - ENa]

Ix(t) = gxna(t)* [Vi(t) — Ex]
Liim 2/ MEEMMNERBGMIEIG, FEY Lan MARAIRRERE. BN BE MRS L=
yi(t) = {ni(t), m;(t), hi(t)} Wi —B 7 HE

dyi(t)
dt

(1.2)

= oy (Vi(1)) [ = wi(8)) | = By (Vi(#)) i(t) (1.3)
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Kl 1 sk, HH ME oy (1)-(4) X ERBARIR Lo(73#) BEERRF . LT3 (10)(402) v

I
= o

Hrf, JELMEREL o, (V) and B,(V) FERWF

a, = 0.032(=50 — V) /{exp[(—5 — V) /5] — 1},
Bn = 0.5exp[(—55 — V') /40]
= 0.32(=52 — V) /{exp[(—52 — V) /4] — 1},

(1.4)
Bm = 0.28(25 4+ V) /{exp[(25+ V) /5] — 1}
ap, = 0.128 exp[(—48 — V) /18]
Brn = 4/{exp[(—25 - V)/5] + 1}

ZHAEW T C = 0.03uF, gleax = 1iS, Elax = —64mV, gna = 360uS, Exa = 50mV, gk = 70uS, Bx =

—95mV XA TG 5 MMl B2 T SN HEINAL, Iy, = 3, Tynyi » SR EBRUR BT 225 30k
(9]
Isyn,ji = gjiSi (V] - Vrev) )

dSZ Smax - Sz

T = (R; — KS;) . (1.5)
dR;

P =0(Vi- Va) — R

HAg PO BRER Vie = —20mV, RN EREN 7 = 50 ms, FflJ5 45 &85 10 K E 0 N
Smax = 0.045, 5 [E E SRR EZRA £ = 1/2, and © F/R Heaviside ERREL. R, RMEH
JRAE RALRTRE SR R IEH. S, R RANG LG ML . LR PR T2 A Ve . S T AT A I 434
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RN 1%, BAVER S;, AR LR ol AL V; F B9 AR IE JE P A .

B A—MERIRE! (Reduction to a rate model) . % JH K RAFIRN R, =& IRKE ), B —
RUENALTTHR Ry B P — 0, ZREFRATH AT Lod i —ANMd 5 i Dt (D1 7% = a(z;) — ry RIEUE
B RAETRIE T H Ry, Hob o 02 o BAERRE KA, AT @ BIRIEER. FATEL R r, = R, 1Y
5 B S AT SRV ST H SR R AL o, T

dri _ 1—exp(—Topire /T)
"W T el ()] (16)
b rpike BTE Vi = 0mV I (9T FE, AEFRATIX BLEL 75 = 0.695 ms. BR T AESRIEIAR], V; Bl T 4K,
ﬁﬁ&ﬂ]?ﬁﬁj U\)EH ‘/rest %Tﬁ ()Eﬁ sz 5{%1&11 Sz)

5yn_] = Zgjzsz rest — Vrev Zgjzsz (17)

Lo, B ZEHORILE] g5 ho BEAN, HH #ha oA B A AR5 TSI ket R SRR SC R, 7T LR
(2]

S

z; = xg [max {(Layn, i + Lac — Io) /nA,0}]" (1.8)

W Ty = 0.0439nA, a = 0.564,2 = 0.185, /N 3% (Fig. 1), XL f — T iR 10 IS5
IR IR ()58 B — 5 (MLF). 32 §ij = Gi;/nA, T = (Inc — o) /nA, FATEH

ZQZJSJ] (1.9)

+

T; = Xg

with [...]¢ = (max{...,0})*. Inserting (11) into (8) yields

dr; 1 — exp (—Tspike /T)
= —_ T’i

Tt
dt - B a -1
1 —expg — <x0 [I - g,;jstrT) (L.10)
1.10
~ LZ'O li— Zgiij‘| T—T;
J

+

Hor, JAMEA exp(z) = 14z ST/ |z|, H o = [1 — exp (—Tspive /7)) wo. B, FAVRF] T X FIEAM)
AL A AR A

dsi ( ) Smax — 5
T = Ty — RS;
dt Smdx
m, (1.11)
- xO ngsj T—T;
+

where g & 2.57 x 1073, I =~ Iy./nA — 0.0439, §;; ~ 20g;;mV/nA, 3£ H (13) ZHTF (6)

ZIREM (Multistability). 375248 (1)-(7) FAT BRI T M 2R 703 Z [AIER 0 Ttk (5
A2 T A EiESE — A aE R R AR RIR) . AR RGHIENHR (915 ~ g5:), B 2(a) - 2(d) HAT
ANRGE (1)-(7) 43 20 FIBE 2 11 SR (1 AR 7 ) ) A 4 1&%%—%;%%@ BIRE & AR SRR gi5 = 950 = g
MT S, AL T — AR ERIERE [ﬁu%fﬁ?ﬁ‘%ﬁ A RIER D, WE =4 B —4
WePRIR, 76 S = (Sy,S,,S3) 2 MM A —ANEEY & (stable node)[(Fig.2(a)]; % B AN — XHE BAAH L S0 1)
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WIREALE (limit sets) 7E. X THIRKTES, REXMBZIRaENE, MIAE K =4EI0 KRR I 5 =M
SE B " AEFR T (SRR [R) A0 I AR IR IR T ) 3EA7, S BT W AN 22 T AN R0 (RN WA 50 7527 72 S ARSI,
XL 5] F (attractors) ML 5] 7L ( basins of attraction) A2 # ( saddles) FI7rH4k. Ycdrit— Dkl
i [Fig.2(c)] IXLEFEUN PRI G| 7 8 5 EE T a I (7 S &), & ERERAMaE T ARSIy —
Mg MERIMIRYE Fig.2(e)-2(h) HHRH 3- & uitld R (13) 1 (14) IR 73 Z0AHTE, Ho
FAVENE P A s A RN B (Fig.3).

(b)

@ )

Bl 2: =240 HH 8% (a) - (d) B3 75 5 9 BERT IR FRAE BAR I A (o) - (h) MR, RoR i =4
AR B IPHER B IX = AP TTH AR . X TRIER T, XM R TTRIE T 51 KB IE B AR,
BEAR B 1 RIEE BN AR IO T ZRMFEN, HE g fFTin AR L. Rt T
(a)g = 10nS, (b)g = 30nS, (¢)g = 50nS, (d)g = 60n.S, (e)g = 30nS, (f)g = 40nS, (¢9)g = 51.4nS, (h)g = 60n.S.
X R R + RN R

F1a%EM (Heteroclinic structur) . Jy 7 EMEZER = A HLE],  FRATL A0 HT #2702 8] H 28 AXEFR
HUEFE T P2 3. BATH g1 BA— DRSS, H go R RITHFRAES, FHFBrEEiin
XS BRE . S A AR AR A3 2 7 FInE 2(c)s 4(a)s 4(b) Fiarn. BT T AN, S 25 [8] o g )
FoE T REEE, RRUE T RO N AR B IR LS (— AN EFAANUIERMEATT) . 24 HU L Bl A
g =g+2 0, BE5RENRGIE RETRARS B, NnHILREIR (K 3(c) 1 3(d)]. HEEAA (13)
N (14) M EHFAN 558, ERAR% (1)-(7) PUERN D ZEES, BEEXNTER T —F. Fi,
BER BN 735 FF AT IR U I (] 4015 .

BERIERFT (Stable heteroclinic sequence). *f T2 B4 0 F N AESRIESTZR, S filigh oK 5 34 7Y
AORZS, XBRIK T AT NS /152, RodR, FEAK T [BIER BB A= (K 5). 5T 2% RIHE TR N AER
gEgE, FMEI (heteroclinic cycle) WNWE| (attracting) [11]: 3K 3715 ToMR IS [ 5(c)].
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K 3. CEZR), XRS5 (F AUTO-07p[14] K1), T2t s 2. =25 g Ao
@,«ﬁﬂ, Hahn g Wk AN E . e (I ¢ (a) =T A =N ITE 14 (g = 35.1n8), (b)
HHE T R SRE 1 SR, BONERRE, HIL=ASEEGRE, H) 3 ) (g = 41.58nS), (¢) =MEZHEIA
B 3 4b, AT A, FHFEAE X EE (g = 46.3n5), (d) #ES 4 AR =ANEE S A&IE, TR H 0 R,
3 LI AT IR A ME—FRE A E /U (g = 51.5ns .
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4: CEEZ) . SHEFBHEA (o). (D) FHHMHEFRREZML, HH BE (). (b)) 17 X0 1 E R
PRI AT T HHEIRI S5 2 ke sh B N, mASABN S EIE, WK, Hr-E— DRG] R
FJIEERBRIN () g1l = 60nS, g2 =45nS, (b) gl =80nS, ¢g2=35nS, (c) gl =60nS, g2 =50nS, (d)
gl =80nS, g2 =35nS.
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PATEIL T = HH #2705 0] 1k 5 il A TS & 38 1 [l i oh o A A RE AR AR RS . IE A2 TR ) AN AR
SENEFECT A0 P SIFEA RN /) R GE i i 2 (] o B (W 4(a) A 4(b) BIoR). TR 2 R G
SN BRI 8] S~ 2oy o A AR v S5 75 e 47 o3 & BOARABLYE - 7T BAAS RSBl 77 A AN T BN 22 T R AR VT B 4
Mo S AN AL RGN MG RAE TS [12] BHT R — MR RIR . thdh, BATEIRUE T i A
B8y A AGEIR f X 2% F N 3 0 2 R A R e BORIRATEAHIE e rh e £ 1 =M@ n iRy, (HIER N
SRR B T P 4 OS2 21 1 S di 6 A0 S T IR HERS S 2 TR RS sh D3 I & (] 2 7E [13] Hh).
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Bl 5. (BB (a) - (o) =MHEIuERAL Vi FINTEIFS (a) Ly, = 0.08 A&, (b) Istim = 0.16 A
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T TE PR SR 8] 7 41 (R R R SR IR (D) (o) Hsh fi2Eid% (S =D W, Bk 16,

We thank Valentin Afraimovich for many helpful discussions. This work was supported by the NSF,
Grants No. PHY-0414174 and No. EIA-0130708, and the NSF/ NIH, Grant No. RO1 NS050945.



3 REFERENCE F

3 Reference

[1] R. Meucci, A. Di Garbo, E. Allaria, and F. T. Arecchi, Phys. Rev. Lett. 88,144101 (2002).
[2] G. P. Saraph, T. M. Antonsen, Jr., G. S. Nusinovich, and B. Levush, Phys. Plasmas 2, 2839 (1995).
[3] H. Riecke, J. D. Crawford, and E. Knobloch, Phys. Rev. Lett. 61, 1942 (1988).
[4] N. Masuda, Neural Comput. 18, 45 (2006); E. Schneidman, W. Bialek, and M. J. Berry II, J. Neurosci.
23,11539 (2003).
[5] J. Huxter, N. Burgess, and J. O’Keefe, Nature (London) 425, 828(2003).
[6] O. Sporns and R. Kotter, PLOS Biology 2, €369 (2004).
[7] F. Busse and K. Heikes, Science 208,173(1980);J. Guckenheimer and P. Holmes, Math. Proc. Cambridge
Philos. Soc. 103,189 (1988); G. Saari, The Basic Geometry of Voting (Springer, Berlin, 1995); M. Rabinovich,
A. Volkovskii, P. Lecanda, R. Huerta, H. D. I. Abarbanel, and G. Laurent, Phys. Rev. Lett. 87, 068102
(2001); M. I. Rabinovich, P. Varona, A. I. Selverston, and H. D. I. Abarbanel, Rev. Mod. Phys. 78,1213
(2006).
[8] R. D. Traub and R. Miles, Neural Networks of the Hippocampus (Cambridge University Press, New York,
1991).
[9] W. Rall, J. Neurophysiol. 30, 1138 (1967).
[10] O. Shriki, D. Hansel, and H. Sompolinsky, Neural Comput. 15, 1809 (2003).
[11] A stable (attracting) heteroclinic cycle attracts all trajectories in its vicinity, i.e., it behaves like a stable
limit cycle (with infinite period).
[12] The image of rhythmic spiking-bursting activity in the phase space of the system (1) — (7) is an attracting
2D torus with unclosed winding in the general case or closed winding in the case of high order synchronization
between spiking and bursting oscillations.
[13] M. Abeles, H. Bergman, I. Gat, I. Meilijson, E. Seidmann, and N. Tishby, Proc. Natl. Acad. Sci. U.S.A.
92, 8616 (1995).
[14] E.J. Doedel, http://indy.cs.concordia.ca/auto/.



	引言【INTRODUCTION】
	结论
	Reference

