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(VE 2S8R EAMUR AU A5, HUBES H 9 SR X 9B %, 792 710049)

(20164 11 A 25 HYH); 2017 46 1 A 6 HYZ R E0H )

JE AR A ] 8t 2 T 6 LG A BRI B BHIZ B 1 3 ) RS A SO IR N B AR, R T — N
B3N ) &G0, Dt AH Az e B il Ze 52 1 1 — Pt 72 vl £ o0 B 2R SR AT 9 BB LR AR SCER tH—Fhok
FA AR M N 28 Y 5 v, BT s ) B L, i Hodgkin-Huxley, FitzHugh-Nagumo, Morris-Lecar £l
Hindmarsh-Rose # 2 TR A 56 UF 12 5092 T TH 5 B F50H R A58 i R AR Bt 2. 1 B0 e iR T oA
BEAEIE SRR AR R PR R BT Bl SR i ) B s IS e rr A o7 i 7 o 2 2 B2 vl L 43 2 SR B
YesE; #£ Morris-Lecar B8 ik S —Fh 46 T Hopf 73 7 26 1 T % fUR T8 P08 70 20 1 1) b 8 SRR, AR A
NN R J8 T 58 2Rl Ik O 5 P A A7 i 7 T 8 P T B R SR A5 i I PR AE R RN B2 T SR AN B e TP B P
T EAT BT RD i L A A S v ) R A5 i 7 o 28 Db ) P g T30 b () R A5 i 7 ) 4286 B Dl &R .

KBRIR): ANCLUAR 2k, VTR, FRIBCH, )7
PACS: 05.45.-a, 87.19.11, 87.19.In
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PRZ TTAPR 2 TT T A M & R G B A
RRWIBN 12T N, R R AR IR, B
AR ZR 1k Bh 77 2 A B TR B e 22 T AN 2 R
GHAT AR T ). AR — R R
TENLE )RR IR G M I BN 705 RSB AR
LU R G TR B R S B S A LR A
25 0 AR T, 9 [ AR B 2% X Hodgkin A Huxley [
@37 1 Hodgkin-Huxley (HH) MR & GE1R b i
TR R 5 AR A 8 0 I TR (spiking) AT . X —JF
Uk TTAE B e BT 78 RO A A A 2 R PR A B ARy
PR ERERRE. SN T E T B AT, 5 1961 4F A1 1962
4, FitzHugh fl Nagumo 5§ 73 H o Hu S H 17—
AN 2 T KA (1) — 4k FitzHugh-Nagumo (FHN)
RS 23] AR AL R L SRR R, FHIE T A
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454 HH A RN FHN AR % 5 B9 A0 mi Rt 17— 1
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IR A (— M E ST N BN ) LA 21 2 H AR
REAE ) —4E Morris-Lecar (ML) #8Y ) B 7E 8 1E
N AT Tz 51 . BE 5, Hindmarsh il
Rose "1 T fiff ¢ “ 2 FL IR IR #% (tail current rever-
sal)” I R 42 H T Hindmarsh-Rose(HR) £ 41. HR
R AT DA S LU T4 R R AR TBC (bursting) 1724, H
BT BT XA AV FIAS [F R B (R 2 e 2 i Sr |
REMBAL O] T ZIOHAL, BT Rt T L@
I AE 2 M) ) 2 B 23 BT A 4 T SR T E T
AT A, JRER R AR e LB, O KER
PR BEAE 3 A B e A 22 oA AL b 4 A L TR 43
AR MBI R 17, 7S TEARASAE, ST B R
R FRIRIE Tt 3% WY NG 75 AT BEIYG SR A 48T L BHEE T N 2%
LA A E: R GRS 15 5 A 7y [ —221,

T 30 e 2 e A R BB T SRR 2 5 T 3 A
L IuA PR 2R I TBORRE K, B f e S0 T E L A 3
AR TSC P« VS O Vg R P L VR L A TS R R A R
S RS0 SR A S0 0 TR R A J] D A5 TR R A e
TR, TP A s R A 3O A e 1k 3 ) 2 A
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P2 AR BRIAHR T, T 2 A2 PR A ) e 7 R 1) 7 2
AT K IR 7 A A, 38 I A A7 AR 3 h AT A
% BR R A 7 ) S Y e S 38 — A fR RH A B Y, XA
AT RBIRT REMHTM. LT IR IE5)
RAS IR T 28 GE0 1 57 ) o) o2 A E mT DA
ARALIR . 1 2k (phase response curve, PRC) #E4T%]
1 (25241 A7 ] 7 ) 2% 7 B B R AR o 2 ot 2
(phase resetting curve, PRC). PRC &—/N KT
RLHT R, B R TR PRI R T AEAS R AR L AL Hr 41 5
P 5l IR A W A

PRC #& H3CHR [25,26] ZERF AW 1 R I
AR SN, AR 2 07 I #A A FL s E AR A,
W 5 o S B2 s |G b, fEAH A [ R PRC 3
AN B JE R T AR AL B S A B . a0 R A
T A W4 5L T, WIRR N AH AL H2E AT (phase ad-
vance); M5, WR AR T, MIAR AR AL A S
(phase delay). 7EBFFLAEYHIHIN, PRC R0
FRIbRAE TR Hn NARXE SR B0H PRC 2 4
FE FIR IS [B) 97 925 () BRAR Rt 72O JE 9 %, PRC
I SR A % P R I R A BT AR
R A AL A AR A AT F R 87 4k 52 2% i A 2 R
S A AL RO i R — AN R T RSN
PRC, AT LMRE 25 5y b T 2 9 1~ 76 52 2] 40 5l
BT B9AT 9. 54, PRC ] FSK Tl Ja 30 ) i) 4
7 (entrainment) ARG IR T HIAHET (phase lock-
ing), M A] DL SR B AT 9k % 4%« 173 (traveling
waves) 5B 14T . M-SR TC AR AR H e 2
i) LU PRC #UE v 5045 2 B2 Sck [33] PR4H A
AR PRC AN H. A AT FEE M
JE AU T ERL PR A 2 TG I PRC AT 43 B K28 290 28
— R PRC AR PRCHUE 4 N IE8H 40, 3X
FEXAY VEP Bl R 5 B0 T e $ T B J s T o
KA PRC/Z 1 PRC BUEZ PRI, 70 A IE,
I3 A IR RERE T B P B N £E A [F] i AH £ 4k
IS, 853 AH A A 51 RS TR B AT, 175 23 AH AL A T
FEC T L )

1M PRC ) 2 8 5 b 28 70 I S8 380 J& 3900 0ee e
LIS R 2 B R AL DA O, Bk iR, A
B RUPRCHM A TSR | AL bz 45
77 7 (saddle-node on invariant circle bifurcation,
SNIC), M HEAH KM PRCHIMAE LA T
Hopf 73 7. I PRC 2R R 54 o) % Ay PE 2k
Y —— X} 0.

JE AR T 1 PRC 5 J& 191 04 7% (1) PRC 8
AL, PR A e 2 B AN RS R —
ANREIRIS %) 5 AR I Bh IR TR AL 2. 3T )H
WA PRC 5 H o 2 K B2 TR 6 &, BT
RE FEE LD B Z B R RIEANTERE. A,
BFRIHIX — R R AT HR B e Z HIR R A
TR PRC.

PRC o] i 5296 iR i8 0 Hr 15 8. AEE AT B
WOrHTHS, TFEE ) RG Bk RER. T
— LG A R PRC AT R A R Ak T 145
IR AR, EXE M. LM & TR
PEAE TR SR AR, DR e AT 06 38 3 B i A
FIHPRC. H Rt 5 PRC Yk A BB A w5 b 52
— R MR HE PRC 1 5E X, B M4 0 HR 7 % )
I P o S B AR, 0% R DU B, (R
R RIEE S, SRS RARIRKEH; 5
— Bl U R T AE A R R B T 2R M AL, SR A
20 1 P B 5 R, AR R A B 7 RE R A S AR
HARE, W EEIEAR R, A ixEiEe
— LB R PRC K5, L n XPPAUT B4 AN
MatCont P21, X i — b JEL 1 BT X o f) B4 5 vk
W R AT D SR e Bl GX — R
4 e I R R AR B 1) — AN 90 Z sl s
U SEBR A A B AR AEZ T VR X RS I, T
H A G BT 7 e s e £, st
HR B F5 B € 5 NS5, R n—4, 5
Pt BOL JERR /N B i etk S BB R
— b BT R SEET R R L. R EVEAR R TE TR
FRFFAE R B, 76 VT S5 S AR 42 TR Y (1) PRC B
K Gy, LT GR. B0 iZ 5 R A T Chay 1
IR Wang BRI, il B0 7 3 HH AR, RIUR R T
FIREER R, ARSI T — R T PRC E
SMHTEERE, TR s E NI sh R, ZH %
EIBcERR T 3 Gi¥ 1) Gl

AL AELZHU T 5528565 B e AT
BB, B HH B 50 Z E VAT AT M, R
Ja ¥ Z Sz FH 3 FHN B #8578 FHN #1480
I PRC AL 28 38 7 R A SC ) B H @ i
ML A5 R 47 50 & 30 06 st FRLASE 2L (1) PRC R R BUAFAE,
WRY BRI S PRC AL AL R, 46 4 3850
i HR AR50 TR 12 0k R R IE A T o SR R AR T80 R
11 PRC; 26 5 #4518
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2 PRCHWEHFEE & LA
2.1 FREMHMEEZEEL
X—ANEIREN 1 RS, HAER] e U
dx
5 = &), (1)
Hrh, X = (v1,20, ,xn) NN 4EH 2 8] 1R
AR, WERAMBRANX () = ¥ (Xo,t), H
Xy = XO0)BVBHE HEZRGIFME—
MRE IR, KA W AT, W IR M Fik
B— M XOE AWM S, B Xy = X2, W w] 15
B — U5 A PR 2R Bh (0 B R T i 2k, R
X (t) = (X0,t), @ (X0,t+T) =¥ (X2,t). 1M
B TR E 1) — s AR AL BT L E 39 A (5] 1 7
AT X — PR AR AL, R BRI K S
PSR T &, H— PR RE A MR
RIS () ¥ 5038 n it 47 B . ARIEAR AL R4 v, A
SCRH JE— i X, RO iZ e TR 3] — AN R
FAEAL A WS AR 146 s AH AL N 0,
T SR B At S AR A A

0 (X, (1) = t/T (modT). (2)

St F G 1E MR PR R b — 5 o A I — 313N
FZREN UE AL IR ER RS, R 3 0 1F
FRAN R 84 I s/ 3l 7 7 G5 00 JE 0, s A R
RT3 5 1 725 2 (8] B 15 o Ak (0B TRD, T3 5 0
AL 7 g

PR (00) = (to — ) /T = (T - T) /T, (3)

Forto AR NN A R o A& HY B — IRl 2 R
zo KEIRIIN 8], do AN 58— UK [l B o AEHAIIN [i],
T R G R W. PRZER ML R (phase re-
sponse).

ANEAR 3R 2 F I8 F SR AL, — AN 33
B HNEEN  E iDL R ( ER Py <SSy
B IBIESHI. (RTINS ) PRC I,
SEBMERR D RN R GE F 2SNzl AR AL (i
%), BRMRAE MRS (F + F), B KK E
NPBNFFE RIS AL, 285 AR A EE R IR R 4
F, B Ja A AL SRS (3) 2R A#, W PRC Hi it b

FE [0, 1) DX TA]_FFAR Bl Bt 7 (R AR AL e S A4 . 3%
B ASCHE PRC I HEFE. fE1HE PRC IR
I, 8 H B E PRl J5 2R 4 E — YR 3E )5 [ £
BRI AEGE b, FRLLF — R B S A
A7 (B 3 Ve T80 R — M EEEE P A7 S5 1 1) SR U BT 1))
SR AR AL R, AN A T B B A, BRI
BN PRI HIE EI— BN S s R IF LRI
], iL At =0, A0 = 0. AT IPEI R TT I
Wz, KRR 1, RS R, RIYERBhFE
ST IR ¢, SR B CRAEH 5 1, DRI 7 i bt
3. ZIRBI M INAE R ™0 2 0 I HL A AR A B o T
FEAT o 0L, o AR B R AR 4 e AR o, AT
PAER A AV /dt = (F(V) + F)/C, b ¢ M
7%, G LT 52 B A AR B () PRC A PRCy,
BH T A% ST T ) T S50 2 A I L AT b e D Ak A
31, 3 ATH PRC k%R PRCy, AR AT X 4.
KT S, t, FIERE, X W
ME, I, BFIR/NE T B A [ AR A R AR DL S A A
Hh A IR 0 KN (R AZAE), P HRURE i A e i Bl
AN K /N 1/20—1/5; ¢, FE BT FE 1 1)
Ko, I BR B RFGE (A B, — M I R IE A
T 0 TR (A Jok o B . R FE TR T S ¢ B0
{H — AN BRI AR N — AN 2R 0 2 1 HaL AT ) 4R 488 F 11
I, (REUAE 28100 0 80, B0 T J A i, 2
TERAEPSIE R RN 09 IEAN B BE R A= AR 1.
BRI SISO R A

1) VAN 0 B i e mi R B A T
I () AR BR 2R B L B, A2 B BACA Ty, X4 Tt &
SR AT I () RO AR 4, 4 R AR 1, AT 525
Mk [37];

2) FEARPRIA Bk BUZ 2 A4, 0 to (X A
WA P, — 3 BB AR A K 1 N 4 S S A
Iy Sk JE WA R, — RO R B — AN I VR JEE FL AT B
KIIEZIE RS H AL,

3) W PR PE Fi i [A] & TB) BR 4 S n AN X,
n = 1/t,, LEARGFERN, RN RAHHE
R0y, FEAFAERBNIN [(m — D)ty mt,] I A1 P,
BN R FBUER 7y, 1 <m < ny WRKFE—
VR IE| B 22 AL IS ], 388 4oy MRYE (3) it
AN AR PRCAH, #5 KT 0 WA AHRLEZ AT, 25 /)N
ERUE G DRGSR
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2.2 HH#®EZ TR FHAIEMREBERN PRC

NT 5OA B SCRR T 25 R Bk U B AR S
PEH R B RE R IER M, R R SR [37) Y
HH # 2 SRR 5. HH # 2 TR RS i B AR T 2
R

% = [_gNamSh(V - VNa)
— grn*(V = Vi)
- gL(V - VL) + Iapp]/cv
dn _ e (42)
dt —an(v)(l n) bn(V)n,
dm
pr am(V)(1 —m) — by (V)m,
% — an(V)(1 = h) — bp(V)h.

Hp V oARHAL, C AMEHEZ; m, h A Na B 1 il 18
MITEZRE; n AK S TIHEEREEE; gk, gNa
F gr, 531N K B 7 I8 38  Na 25 138 18 Al FE i
KT Vi, Ve BTV 20900 BATT& B I G H
BL; Lapp NAMIMHEILSRE. a,(V), bu(V), am(V),
bin(V), an(V') F0p (V) 2
0.01(10 — V)
V) = o0 — Vi1 = 1°
b (V) = 0.125 exp(—V /80),
0.1(25 — V)
exp[(25 —V)/10] — 1’ (4b)
by (V) = dexp(—V/18),
an(V) = 0.07exp(—V/20),
1
exp[(30 = V)/10] + 1°

am(v) =

bn(V) =

C =10, gna=120, gk =36,

gL, =03, V. =857, Vk=—11,

Vi, =10.599, I, = —41.
Horp e S A A mS /om?, HLE BN mV, HLZ
A9 uF fem?, HLREAL A pA /em?,

TE 3R 2 HOPAE 5% 11 T HH AR B A7 76 75 A A2

SE WML BR IR, 73 3Pk Ay SRR SR IR A0 Y A BR 3. A
SCHTEMIG 26453 3R (5.25, 0.07, 0.60, 0.011) Al
(7.25,0.17, 0.13, 0.55), t0F& 1 Fiox.

3 4 7 OPE XPPAUT X HH 85 7Y i i e
B2 56T A0 N R IR BRI B e b, RBLA
A X B A7 7 P A Fa e i PR 2R 3L AE BB T, B AT
43 [34.95, 38.51] F1[40.01, 41.28], Wik 2 Fis.
B2 (b) 2Kl 2 (a) K RIEBOR. EF LR
EPATAS, MRIER R TE PR, R ERR
T 5 W PR PR O 3R 97 B K RN B /ML, T 0 2R R R R
T W PR IA IR 35 e KRR B /IME (AR SCHR BT 2 %
FI#CR H iX Ah ik 5 ). HB %R Hopf 43 4; FLC
RIAARBRIAYT B3 7 (fold limit cycle bifurcation),
A I Y 12 SR 2 25 53 7% (saddle-node bifurcation
of limit cycles). W LA tH Bl 1 AN JLA7 A% R
INIERAE S R XA LAY 1., = 41 3R45 1.

0.7

0.6 |

0.5

0.4}

0.3+

0.2 |

0.1}

0

10 15 20 25 30 35
\4

1 HH Mo AN S R IR IAE (V, m) H

SETH B

Fig. 1. The (V,m) projections of two coexisting stable

-5 0 5

limit cycles of the HH neuron model.

Fe T okiE ARSI B S HH AR A
AR BRFR 1K PRC. % P A% BR 26 B it in 1% 8 50
I, =10, t, = 0.004, TH5HAK A 0.001(FHIH—1fk
A1, U RIBRE); x5 A% BRER BTt i 3 3
I, =5, t, = 0.004, 155K 90.0001. iXFEHH #
LB A L AMRBR PR ¥ PRC w181 3 s, A1
M TE 25 SR 5 SR [30] 45 SRR T iR AR AN 5] LA Ak
JUF5e 4 —8, HL b, PRCAIEA BAE L.
TEAERIZ, BT IERBRIE L ATH I IaH 25
A —FE 18 B PRC T 86 1 487 B AN 7], (EL% B Y 2
S4B, AT U0 B AR SC IR S WA 1.

H P13 T, oVl AR PR PR IE A2 A B B3R, HH
M ORI PRC A REAT IE (B XA fifl, X 3R
HH # 28 Jo i3 () PRC N 38 — 2K PRC. HiI AT 1
{353 2 3 AT ) 60 UL 490428 0 A5 28 B S 81 80 FL S
2177 — Ak 5+ Hopf 43 2.
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2 HH A28 o 8 e o 36F A1 e i FEE 7 7 227

Fig. 2. Bifurcation diagram of the membrane potential V' versus the strength of the applied current Ipp in

the HH neuron model.

(a)
0.10 |

0.05

PR

—0.05 |

—0.10 L L L L

1.0
Phase

0.012

K3 (a) WIIRFEI PRC; (b) SMEIRFFE) PRC

Fig. 3. (a) The PRC of the inner limit cycle; (b) the PRC of the outer limit cycle.

2.3 FHN#HZ iR FHAIER B PRC

FHN #4128 TE AT B0 AT R4 2 LB B
55 BT 58, {H 2 %t PRC 10 1 5008 85 R b I,
PRl 1k A S0 % 7 B 4 3 E@E?ﬁﬁ/iﬁﬁﬁPRO.
FHN # 2 ey (i 20an 280

dv
ar =VQA-=V)(V —a)+w+ Lapp,

dw

T c(V — bw), (5)

HA vV RIREEAL; wRRIKERE; a,b,c NRS
BHL Lpp NAMINARSREE. FHN AR — /NG
IR JCRRE Y.

WMZ¥a = 0139, b = 2.54, ¢ = 0.008, 7> #r
FHN #2875 7Y B8 A1 i e i o 5 19 40 2 LR, 4
Bl 4 P,

A 4AT%0, 24T = 0.03469 I, #&TCLH—
AN 5 Hopf 43 7 B i B2 A8 9 Ji] e Jilc v >4
I = 0.1509 B}, £ Jf 55 7k — /> ]I 57 Hopf £, HH

0.008
0.004

0
—0.004

0 0I.2 OI.4 0I.6 OI.S 1.0

Phase

JESHIE R AR N ER RS, B B Az
M PRC, At sh I, =0.002, t, = 0.004, it

FOP K 0.001, HCER S PRC X B R U
Kl 5 .

1.2
0.8
=" |HB
e
N 04 F /,/
.//
,///
o T HB l
_0.4 1 1 1 1
0.04 0.08 0.12 0.16
I,

app

B4 FHN #ZIOHE 15 7 K
Fig. 4. Bifurcation diagram of the membrane poten-
tial versus the applied current strength in the FHN

neuron model.
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1.0

0.5
-~ ol

—0.5

1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Time

0.008F

0.004 -

—0.004

0 0.2 0.4 0.6 0.8 1.0
Phase
Bl 5 FHN e B ROoR % 20 R T Ri ) PRC
Fig. 5. Periodic spiking and its corresponding PRC in
the FHN neuron model.

ME] 5 7] LU 2 FHN #1122 o5 2 i) PRC BUE
HIEA i, RIONE KM PRC. X 5H#& 0T
22 )7 1) Hopf 43 7 % PIAHS%. 1 H . PRC IR E 5 K
HIEA S ME IO I IE R ZIAETERT LG R, T
e BUE HGRTF sl Bt in i g 18] R IR my LA 2
PRC 7EHT ¥ A HABUE L3R T 0, 78 )5 1 i A
LR AR AL, I H T TR A 06 B X AR R
PEANASGURR, T FE 2 H B R AR A DX ISR o ) ) S
B, FUSST BRK X EE PRC BUA LT 0.

3 ML#Z gy PRC

HT T ML A R AE A 7] 2 505% A F BE AN AL i
SREAEAFRN D AT, BT ML R K
PRC fig 8 78 70 #1 15 75 70 & 5 PRC IR ) 5% &.
ML RS = Ffr el i, B REL U 5 R IR AN FE
W, BpATER A

dv
Cqp = Lapo — g(V = VL) — gxn(V — Vk)

— gcamoo(V)(V = Vea), (6a)
S GlnaclV) = ) (V).
K E Mmoo (V), noo (V) Fl 7, (V) 12
Moo(V) = 0.5 (1 + tanh((V — V1) /Va)),
Noo(V) = 0.5(1 + tanh((V — V3)/Vy)), (6b)
(V) = 1/ cosh(V — V3)/(2V2),
S V SR B 0 W IRST A R C R
%5 Vi, Va, Vi 81V ol MU BB S

o NRMEIS R LA gea, gi A gr 20904 Ca
TIEIE . K 5l AR iR s K S Vaa, Vi
VL 53 N EAT & E R BT Ly, NAMINE
WomE. Ho i SR AL mS/em?, B BN
mV, BERAA uF /em?, AN pA/cm?.

R ML R — AN g R A AL E
131 &5, SAMTEA RIS 504E T 2] LAR I H
F B W AT N B538] ARSI AN R = 41 S Ht
Ft ML A (150 /25K, insk 1 sl

#1 ML BRWSHIE
Table 1. Parameter sets of the ML model.

ZH HFH gt ]
é 1/15 1/15 0.23
gca 4 4 4
gK 8 8 8
gL 2 2 2
Vea 120 120 120
Vk —80 —80 —84
, —60 —60 —60
i —-1.2 —1.2 —-1.2
Va 18 18 18
V3 15 4 12
Va 17.4 17.4 17.4
C 5 5 20

fE bk = HZHORA T 5E T ML AR 4b
TN R AL 98 B AR AR 23 T AT . AR — S UK
~, ML AR5 525 21 A W TR FAE L = 38.76
A4 7T —NSNIC, 2B — KM M
K6 (a) . B6(b) RIS HS &M T, ML
NS B R AV R TE Ly, = 454TRET T
— AN 5 Hopf 4 70, RBLEE KRB AP, 4F
M, R = HSHOERAM T, B SN0 R R
B R, MLBLAILE I, = 39.96 &b 54518
— ANV R A Gy B R, BE R — A il
Hopf 43 %, T >R AR BRER 1, 52 30—~ 1 _F 1 A 34
W, XARBRIREE S SN R 5 BE 2 WD, AE
Lpp = 35.01 A 1E— Mg R A G BUIE 73 7 (saddle
homoclinic orbit bifurcation), W& 6 (c) frax. M
K6 () 3& 7T A B A7 7L — A el 1 2% 8 B 0 A ) 26
Bt & (e A% X J), 7E MG IX A] Py, ML A B B A £
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39, 45 139, AT LA I HT TH P AP E . ML LA S
JE G R, An & 7 (a) AT 7 (b) BT 1 e —Fd
THE MR b8 PR, Wl 7 (c) Fis.
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Fig. 6. Bifurcation diagrams of the membrane poten-
tial versus the applied current strength in the ML neu-
ron model with different parameter sets: (a) The first
parameter set; (b) the second parameter set; (c) the

third parameter set.
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HL; (o) TSR =BT, 2 Lapp = 39 N ML AL
B LA iR

Fig. 7. Firing patterns of the ML neuron model with

different parameter sets: (a) Periodic spiking with the
first parameter set when I.pp = 39; (b) periodic spik-
ing with the second parameter set when Ilapp = 45;
(c) suprathreshold periodic oscillation with the third

parameter set when Iapp = 39.

I8 BB S ML B A B = A2 5
%M N 2 Lpp 70 W55 39, 45 F1 39 i) ff PRC. 1E
BB HEMNT, M Lyp = 390 BNk 3h
NI, =20, t, = 0.004, T+ K 40.001, PRC U
K8 (a) . 1EE ZHBHKM T, X Ly = 45
i BT P38 1, =30, t, = 0.004, itFH LK N
0.001, PRC @1 8 (b) Frzw. K8 (¢) fiznii PRC A
R MBS T M Ly = 39 IS5 R, B
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Pl sh A I, = —10, t, = 0.005, HHL KN
0.001.

Time
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30 (b)

0 0.2 0.4 0.6 0.8 1.0
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0 OI.2 (;.4 Olﬁ 0I.8 1.0
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B8 (a)EHE—HSE T 4 Lpp = 39 B ML A1
W i e HXE R PRC; (b) TEE —HSH &M T4
Tapp = 45 I ML HL7 f J& 110 s J% L 4 B 19 PRC;
() BB = AL B H AT ™ Tapp — 39 1 ML B [ -
JEHATR G S H XS B2 PRC

Fig. 8. Periodic oscillations and their corresponding
PRCs in the ML neuron model with different param-
eter sets: (a) Periodic spiking and its correspond-
ing PRC with the first parameter set when lapp =
39; (b) periodic spiking and its corresponding PRC
with the second parameter set when I.pp, = 45; (c)
suprathreshold periodic oscillation and its correspond-
ing PRC with the third parameter set when Iapp = 39.

B ML 8) PRC THE S5 R ) 0, 4 2R i B
A3 JE WG RO 22 5 SNLC 43 72, W)@ T 5 — 5 7Y
Perrtk, HPRC WA A —KA, PRC HUE L
AN IE. 2 S A B JE A U T8O HL 22 1) Hopf
Oy, HLET R R T A 2R AL 1 PRC BUE BE
HIEXA . R =HSHKMN T, X Lpp = 390
ML #8 f) PRC BE A 1EE XA Ul RINEE =28
R PRC. s2hr b, B =HBHEMT, BEE S
TR IR SR PN, ML B 22 ) — /MR I 5t Hopf 43
e ARG, 2 ARG AR SR PR T
— AN [E] 1R B oy 2. 6 IR R 0 TG R 5% B S
R 2E B AR 3 BT B PRC 2R AL, H R %
HUER AT 0, F 3R 3% A2 i Hopf 2 2 512 1, RIE 3
PRCERI A R MR G- FEER. [F FHN ##
22U PRC THRL 25 R —#F, ML SEAY (1) i f A7
AR AR AR U B %1 55 3 PRC HUE (1) JR) F AR 4B I A X6t
N7, 3X K B PRC A HL kT 1t o s i sy [a]. % ML
BT &, HAEA RS EEA TR A )57
17, R v e PRC AT LLR BN 5 — 28 R el 58
TR AT R E I I T 2 HOR SEE PRC SR AL

4 FRM N E A EH R R
PRC

N T B IE AR SCE B F v R A AR SO PRC 1F
S B, A1 HR M4 oA 33k 47 PRC it
S ER R D H A0 O Sk A HR B
) PRC 45 A % LA % . HR #£4 jois A% 3
F I8l

% =y —ax® +br? — 2+ Lpp,

d

G =e—da’—y, (7)
dz

i r(s(x — xg) — z].

HR AR [A FHN AL —FE, RIEENN. b ek
IR TUIR AL, o R AR &, AR Na MK S5 PR
BT IEIE R M 2 AR, RIS R T
EHL a,b,¢,d, s Mg NRGESEL r yPIE I [H]
FRIZER T Lpp NAMNMETERE. A% o = 1.0,
b=30,¢c=10,d =50, s =40, x = —1.6,
r = 0.001.
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TESE bR s EN A HE X, AHAR SR A BiX —
B, EAEENZ, AEELIERE T, %
R PRIz B — N SV Jfr of 2 ] I 221

Y Lpp = L.30F, HR 28 Ju 582 15 N 2 U >
R 5, FL R A R B (AR BR A ] 10 BT,

BRACEHEFER T A ZFZM T HRM AT
BEAL A BARE O PRC. b I, = 0.05, ¢, = 10,
K 0.0001, G5RE 11 Fios.
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Fig. 9. The variation of the number of spiking in a

bursting under a strong perturbation.
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Fig. 10. Periodic bursting and its corresponding limit

cycle in the HR neuron model.
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Fig. 11. PRC of periodic bursting in the HR neuron
model using the direct method with square wave per-

turbation.
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Abstract

Neuron is a typical dynamic system, therefore, it is quite natural to study the firing behaviors of neurons by using
the dynamical system theory. Two kinds of firing patterns, i.e., the periodic spiking and the periodic bursting, are the
limit cycle oscillators from the point of view of nonlinear dynamics. The simplest way to describe the limit cycle is to use
the phase of the oscillator. A complex state space model can be mapped into a one-dimensional phase model by phase
transformation, which is helpful for obtaining the analytical solution of the oscillator system. The response characteristics
of the oscillator system in the motion state of the limit cycle to the external stimuli can be characterized by the phase
response curve. A phase response curve illustrates the transient change in the cycle period of an oscillation induced by a
perturbation as a function of the phase at which it is received. Now it is widely believed that the phase response curve
provides a new way to study the behavior of the neuron. Existing studies have shown that the phase response curve of
the periodic spiking can be divided into two types, which are closely related to the bifurcation mechanism of neurons
from rest to repetitive firing. However, there are few studies on the relationship between the phase response curve and
the bifurcation type of the periodic bursting. Clearly, the first prerequisite to understand this relationship is to calculate
the phase response curve of the periodic bursting. The existing algorithms for computing the phase response curve are
often unsuccessful in the periodic bursting. In this paper, we present a method of calculating the phase response curve,
namely the direct algorithm with square wave perturbation. The phase response curves of periodic spiking and periodic
bursting can be obtained by making use of the direct algorithm, which is verified in the four neuron models of the
Hodgkin-Huxley, FitzHugh-Nagumo, Morris-Lecar and Hindmarsh-Rose. This algorithm overcomes the limitations to
other algorithms in the application. The calculation results show that the phase response curve of the periodic spiking is
determined by the bifurcation type. We find a suprathreshold periodic oscillation starting from a Hopf bifurcation and
terminating at a saddle homoclinic orbit bifurcation as a function of the applied current strength in the Morris-Lecar
model, and its phase response curve belongs to Type II. A large amount of calculation indicates that the relative size of
the phase response and its positive or negative value depend only on the time of imposing perturbation, and the phase

response curve of periodic bursting is more complicated than that of periodic spiking.

Keywords: phase response curve, spiking, bursting, bifurcation
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