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Abstract The information transfer of neuronal network is closely related to the coupling synchronization
dynamics of multiple neurons. Numerous studies show that the coupling synchronization problem of neu-
ronal is crucial for the process of brain processing information. In this paper, the complex discharge of
neurons is studied based on a three-dimensional hybrid neurons model, the model is composed of the fast
subsystem of Wilson model and the slow subsystem of Hindmarsh-Rose model. Despite its simplicity,
the model is capable of reproducing a range of dynamical behaviors commonly observed in regular spi-
king, fast spiking, continuous bursting, and intrinsic bursting cells. Based on the three-dimensional hy-
brid neuron model, this paper explores the synchronous discharge behavior of two neurons under three
different types. Explore the different firing states of neurons under different coupling intensities, and
compare the synchronous firing states of two neurons through phase difference. This study will provide
guidance and help for people to further understand the mechanism of neurological diseases, and provide2

possible research ideas in the field of neuroscience.
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Fig. 1 Time series diagram of two electrically coupled neurons
and phase diagram on V-V, plane
04 04
@ ®

0.2 0.24
2
I
< 00 0.0

02 -0.21

0 100 200 300 400 0O 100 200 300 400
04 04
© @

202 0.2
<
I
z 0.0{ yr—— 0.0+

-0.2 -0.24

0 100 200 300 400 0 100 200 300 400
t/ms t/ms

(a) G=0,(b) G=0.5,(c) G=5,(d) G=15
B2 A2 R 1 A A
Fig. 2 Phase difference of two electrically coupled neurons

(2) 25 P A it 28 T 11 A1 35 30 35 R 3 JROAS (] 7
i, B0 1,=0.35,1,=0.4 I, 38 B 33 7 4 #h 2 o640
FHEEFRA.

XHESCT ARG B AT E IR % e, =V,
—V,.e,=R,—R,,e,=H,—H,. \E 3 7] LI13
S50 TER A R BB WM K AT AR 1E R Y
P28 0 LT B0 3 AL [R] 20 R o S 2 U AE v (R

—G=0
—G=05
0.5 —_—0=50
—G=15
-
0.0
0.5 T T T T T 1
100 200 300 400 500 600
0.15
«
)
0.00 4
0.15
T T T T T
100 200 300 400 500 600
0.3
W00 e e ———
03
086 T T T T T
0 100 200 300 400 500 600
tims
, e ,q N
B3 MG MAEICHIIRY ¢ e, e, MRS AZ LA
Fig. 3 Time variation diagram of the error e, ,e,,e,



XBE R [l RS A 25 AL =2 Hybrid #ZICIR % 8 1 2% 73

54 W
041 (@) ®)
02
~ 024
)
|
< 0.0 0.0
-0.24 02
100 200 300 400 100 200 300 4
03
(c) ()
0.2 02
o 0.1
<
|
< uof\Y"‘ 0.0
£ 0.1
024 02
T T . 03 . . T T T
100 200 300 400 100 200 300 400 500 6

t/ms

t/ms

{EL A [R) B P ot 2 0 A A (8] B9 S0 57 0 s O T 52
B AT R AR S /)N BE 1 38 R 5 9 B B 22 T
HL KL R B B B I ol 22 7 4 T v B A
i S B RS R UL AE TS SR B 14 T A
ST TCARAT 32 M 1 5 R A B2 I AU W A 5
JEAE—E R LR 2ok G178,

M6 AT, 2R £ 5 5 Y (8 O I, P R 4
TUH N RCARARZS AR SR 1 WP 2250 K A
BRSOk 2 1 RO T T R 22 T R L O Bl i 2 R

(a) G=0,(b) G=0.5,(c) G=5,(d) G=15
P4 AL 22 Bl I 1A Ak P

Fig. 4 The phase difference of two electrically coupled neurons
B ORE T DU TT O AT O R BN R AR S L RIS
AR G R ] DA7E — i R b e R R 2 o0 Y [
AT 9. IR 4 TR 22 ST AR 0 22 BB A I ) A 728 Al G
Z P ] DA BIHIESE , Bl A M 5 9 1Y R 2 5. 0 1
L R PP FL R 5 o 22 T T 58 A [ 2, 4k 0 1 R
R 7 A ] R

2 UERMBEMETRLSHNEF

2.1 #HEHNE

AT BHE L S il AR5 #9 = 4E Hybrid #2250
AR S [R] AE 8l g 247 g IRl HoOy B Rak n T
dV i,
dr

gl\’Rl<2) Vie =V —H o)+ +

C

:—g(V) (V](z) _V\Ia) -

0

GV Vi) /(e "0
Hr v, FoR 095 1 2% 28 filokl & 1 i 2 oo 19 s i
HLAT 5o AR 3R I 2 — Tl bb R 400, 0 T 2R R i 2 8 file
5 {8, S BUOPUE Vo, BUTUE AR i) P 22 T (3] 22 30
SR A A ELAE S BE A R AR R RO V= —
0.1,0=—0.1,6=10.

2.2 HEEMEER

AT IRATIHE T U4 A IR G
Pt 28 T A T 1 TR AR R R S RS G R R X R 2P
HIPIES R AR

(D)5 LT &b F 18 [RR 25T 19 7 A 1k 2 #
G2 ICTEAR RS G 3R T P& OT AT AP 5
R BUE 1, =1,=0. 35.

5 85BN, MG R B 0 (E BUE B, ) R

TCFPARZS L RIH 2 o0l L 15 B B TR L.

VA,

VIV,
& A
S o
%ﬁ

0y

100

(a.b) G=0,(c.d) G=1.0,(e.D) G=2.0,(g.h) G=3.0

200
t/ms

300

&5 A A B ] B R V-V, ST L Y A R
Fig.5 Time series diagram of two electrically coupled neurons
and phase diagram on V-V, plane
0.4 04
@ ®

0.2 0.2+
2
I
< 00 0.0
’ 021

0.2

0 100 200 300 400 © 100 200 300 400
0.4 04
© (Y

~ 02 02
<
‘,
< 00 0.04

-0.2 -0.2

0 100 200 300 400 © 100 200 300 400

t/ms

t/ms

() G=0,(b) G=1.0,(c) G=2.0.(d) G=3.0
P 6 A A 22 I A 199 22 A

Fig. 6 Phase difference of two electrically coupled neurons

(2) 5 79 pft 28 50 1 A0 S 80 FR O BOAS () {A
I,=0.305,1,=0.4 M oAb T A 186 [FR A, X
F ML 2R G P20 R G AR ST UL AR T A
G 5 B ST Tt A0 ) B

758 LTS E TR IR 2 ¢, =V,
—V,,e,=R,—R,,e.,=H,—H,. AR ExR,



74 g o o 5 E M o M

2024 45 22 4

T T T T T 1
0 100 200 300 400 500 600

0.00 -
&
0.15 % = = E
-0.30 T T T T T
0 100 200 300 400 500 600

t/ms
K7 FEMATTHEIIRE e, ey e, WHAEILIE]

Fig. 7 Time variation diagram of the error e, e, e,

0.4 04
@ ®
0.2 02
2
I
500 00
0.2
02
0 100 200 300 400 0 100 200 300 400
0.4 04
© @
0.2 02
2
I
S 00 0.0
0.2 02
0 100 200 300 400 100 200 300 400
t/ms t/ms

(0) G=0.(b) G=1.0.(c) G=2.0.(d) G=3.0
B8 AHAL 22 B I fi] 7 22 A 1R
Fig.8 Phase difference of two electrically coupled neurons

2R 5RO IBUAE 50 /N 1 I A o I R 5 R 32 1
TR P28 70 1 R FR R A 2 B VR L L e R R U A
TR G PR 22 TT 0 HE 5 0 R S U, 5 2 M R
JERZ . N8 n] LA BIHE 52, P AL 2 # 5 1 #
2870 PO G iR NS LI HL T Bl B0 2 o B AURR L 5 )
IR T PN QR el B 12 8

3 WBHBREHMERRISHNEFE

3.1 EEHANE

AT JE AT 3 A B R Al YRR A SR B AN A
[v] 1) Pft 2 50 R LA 3k B AS () 28 8 [ 25 i e R 28 %
FAGE A A A M 280 40 G o B U — > Bl
IF A [5) i 28 70 19 0 s A R T L3R B () 26 R
FE 2 LB 5 3% N AL R A 28 T Y L AT Dk
—AMEAFF I I H ARG B TT R ECE TR R R
mr.

dVl(Z)
dz

gRRl(Z) Vi =V —H ) Hl o —
ki (a + 33@?(2) Wiy +GVyay, —Vie)

C :*g(V) (V1(2) *V.\Ia) o

d901(2)
de

Forp AR G 378 1 5 SCR M 28 T ) 19 R 5 58 2
2 IUIE L AR X A 2 0™ AR A Bt 2 AL (EL IS
Xl 28 707 AR E B

=V —k 2®P102)

3.2 HEEMESNT

FEAT o BATHHE T A BEE A8 5 B TR & #
SR TOAL T IE S A5 A1 G IR 2 I S 5 5 R X [ 25
EIpESiE Al

COARFERE A3 50 BE Sy 1 (B Pl 28 70 i vt 35 3 B
Bl E G BIBAE N 0.5 W, #2250 R 28 3 12247 0.

M 9 AT DL . 845 58 2 B9 (H B 0.5
R, A5 FL AL L0 K B8 R BT Bl R ST L AT D B
el 20 R A A R P WL 22 AT 10 Y AT A0z 22 Bt
I ) A2 A 5 R PRTRT LU Y L 25 R 5 8 B — 5 I R
HM SRR A R BE TR TR PR R 11 ]

@ ®

30 -30
zi 45 45
>

60 -60

-75 -75
30 -30
45 -45
60 -60
-75 -75

100 200 300 400 100 200 300 400
t/ms t/ ms

(a) 1,,=0.305,(b) I, =0.35.(c) I, =0.4.(d) I,,=0.5
B9 e A ) B fR] B

Fig. 9 Time series diagram of two coupled neurons

VIV,

@

02

0.0

sin (0, —0,)
=} o o
S} o N
@

02
0 100 200 300 200 0 100 200 300 400
©
02 }
2
I
s 00 !
02 02
0 100 200 300 400 0 100 200 300 400
t/ms t/ms

() 1,,,=0.305,(b) I, =0.35,(c) I,,=0.4,(DI,,=0.5
10 A 22 I e ] Y A2 Ak 1R
Fig. 10  Phase difference of two coupled neurons
(a) I,,=0.305,(b) I, ,=0.35,(c) I ,=0.4,(DI_,=0.5
11 R A e ] O 5 R



5 439 XY A [ R A 28 B = 2 Hybrid #2250 W) 4 3 g 2% 75

-20 -20

@ ®)
-40- 404
~
2
N
60
60
-80 . ; : , T
0 100 200 300 400 0 100 200 300 400
-20 -20
(c) (d)
40 -401
o
z
>
-60
-60 il
-80
0 100 200 300 400 0 100 200 300 400
t/ms t/ms

Fig. 11  Time series diagram of two coupled neurons

0.4 0.4
@ ®)
0.2 0.2
2
I o0 0.0 v
s w wm
" 02 0.2
0.4 0.4
100 200 300 400 500 600 O 100 200 300 400 500 600
04 0.4
© @
~ 02 0.2
2
I
< U'OW""" o.o-mmmr,
0.2 0.2
0.4 ; , ; , , 0.4 , , : ,
0 100 200 300 400 500 600 100 200 300 400 500 600
t/ms t/ms

() I, =0.305,(b) I, =0.35.(c) I,
Bl 12 AR 22 B 1] Y 22 £

Fig. 12 Phase difference of two coupled neurons

=0.4,(dDI,,,=0.5

ext

201 (@) 204 (b)
40 40
>
> -60 -804
-804 -804
0 100 200 300 400 0 100 200 300 400
-204(¢)
ek 40
2
>
-60
el o o B L L
-804
| -80
0 100 200 300 400 0 100 200 300 400
t/ms t/ms

(a) I,,,=0.305.(b) I_,=0.35,(c) I, =0.4.(dDI_,=0.5
B 13 e o ] 9
Fig.13 Time series diagram of two coupled neurons
DAAS Y — 3500 25 98, 22 1 Pl 48 G [A) A A 5
5.0 B, AR FEI R B 0. 305 B PN H4oT 3R
B — R AT S 2 A AR R T 0. 35 B
P 20 R B = RO AT Sy, X5 A0 5 i
TR 0. 4 B P A 28 0 2 B0k DU JE s AT R 2
SN AL A 0.5 B AN 428 7T 2 B K PR i
CRLAT . B 12 AT DAUESE , [ 2 R A 0 o Bk

{ELIN AR & B9 4 22 0 38 B[R] A5 T R A O o 38 RSk
G R AL e T R ST AR R A DA

() MFBAERIE G N ERT, #h2 on [ 2 3 )
AT BAEE AN B R, 18] 13 2 AR R
0.5 I IS FE 5 Bl 28 T 7R A (W] A0 SRR O
A [R]2E TR AT Ry 5 2R S s AR A SRR RN R
417 B A 28 TR R VA 22 L AR AN A 28 ST R

-
T T T T T 1
0 100 200 300 400 500 600
s
&
0.30 T T T T T
0 100 200 300 400 500 600
tims
(a) I,,=0.305,(b) I, =0.35.(c) I, =0.4,(dI_,=0.5

Bl 14 AR 22 BE I ] A9 42 1k P

Fig. 14 Phase difference of two coupled neurons

01 () 01(b)
-30 -30
z
> &0 -60
SO Gl e il e
90 90
100 200 300 400 100 200 300 400
01(e)
-30
=
=
Y 6

" WAL S e S

B e i

-9 9

0 100 200 300 400 0 100 200 300 400
t/ms t/ms

(a) 1, =0.15,(b) I, =0.2,(c) 1,,=0.25,(d)I, =0.3
B 15 B ER A7 A s 1] 3 IR

Fig. 15 Time series diagram of two coupled neurons

(@ ®

o
@
o
Bl

o
o
=1

0.00

sin (0, —0,)

&
&
I
&

-0.30 1.0.304 |
0 100 200 300 400 0 100 200 300 400
© @
0.15 0.15
)
|
- 0.00 0.00
N
0.15 -0.15
-0.30+1 T T T 1-0.30 1 T T T |
0 100 200 300 400 0 100 200 300 400
t/ms t/ms

() I,,=0.15,(b) T, =0.2.(c) I, =0.25.(DI_,=0.3
[#l 16 A Ao 22 6 o ] A 22 4k 5

Fig. 16 Phase difference of two coupled neurons



76 8 %

5 &

E

2024 45 22 4

R O R 2 PR AR A SO R A0 BT R 2. I 14 A AL
22 BN ] A2 Ak 5G 2R PRI AT LA BIHIE S, 2 0 5 5 R
BER A —5. 0 iF B ZE SR ANIET 15 20 R A R 5
{14 5 /0 B LD /) L A0 2 5 /0 19 b 53 L 3t A
REVE 34 2200 S A WL AT O Bl A1 55 R 3 FL O )
BER M2 TR AR L Y W (EL A 22 (LA 1 2250
TRCREPR S B S AT ] 25 25 L o st e i 2 R 5
SRR AR T 8 0 A TR S SR T AN B T 4 e
JURY X S 20 (R 2547 S AIET 16 A3 22 Bl i 1] 22 £k
KA AT LR RIESE.

Y

15 ZA

ARSCHET =4 Hybrid 2 B8 R T H A
R IRVRE & 2 70 19 = 2k Hybrid ¥ 28 0T (9 7 4 i i 47
S b T HL 5 iR B 20 TT AR G R O
I o 28 TE AR T AT A T SR R A B R 4 SR
FRIAS BT84 0 93 A 0 28 5 4 I o, o7 g 2 3 0L 7
B BIAEB R T LR HE TS A 2 T A T
SRS, I S BR 1) 25 v AT g 9% — 7 1T e T4k
5 Gl R A B Rl 28T T Al 2 W ) el 428 0
2 B L L 3 30 5 M T S SO R T
ZeTTR MU R L (N Y. RS L ROE R A
(19 =4 Hybrid #2858 0, 484 9 0% g 1E i, B
5 MBI A (TR I 5. 0. 3 28 TC B R A7y ph
T PR A LR ) o FAT R 2 R R
SR T2 2 AR A 22 5 PR o (L2 3 AR S 7
ZILHI S AT .

2% Lk

[1] MEARS D, ROJAS E. Properties of voltage-gated
Ca’" currents measured from mouse pancreatic beta-
cells in situ [J]. Biological Research, 2006, 39 (3):
505—1520.

[2]  RAMRACHEYA R, WARD C. SHIGETO M, et al.
Membrane potential-dependent inactivation of voltage-
gated ion channels in alpha-cells inhibits glucagon se-
cretion from human islets [J]. Diabetes, 2010, 59
(9): 2198—2208.

[3] WANG J, LIU S Q, WANG H C, et al. Dynamical
properties of firing patterns in the huber-braun cold re-
ceptor model in response to external current stimuli
[J]. Neural Network World, 2015, 25(6): 641 —

655.

[4]

(5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

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
Mathematical Biology. 1990, 52(1): 25—71.
FITZHUGH R. Impulses and physiological states in
theoretical models of nerve membrane [J]. Biophysical
Journal, 1961, 1(6): 445—466.

HINDMARSH J L, ROSE R M. A model of the nerve
impulse using two first-order differential equations
[J]. Nature, 1982, 296: 162—164.

BURKITT A N. A review of the integrate-and-fire
neuron model: I. homogeneous synaptic input [J]. Bi-
ological Cybernetics, 2006, 95(1): 1—19.

TSUMOTO K, KITAJIMA H, YOSHINAGA T, et
al. Bifurcations in Morris-Lecar neuron model [ ] ].
Neurocomputing, 2006, 69(4/5/6): 293—316.
WILSON H R. Simplified dynamics of human and
mammalian neocortical neurons [ J]. Journal of Theo-
retical Biology, 1999, 200(4): 375—388.

MCCORMICK D A. Membrane properties and neuro-
transmitter actions [ M]//The Synaptic Organization
of the Brain. Oxford: Oxford University Press, 2004 .
39—178.

BOOTH V, RINZEL J. A minimal, compartmental
model for a dendritic origin of bistability of motoneuron
firing patterns [J]. Journal of Computational Neuro-
science, 1995, 2(4): 299—312.

ERMENTROUT B. Neural networks as spatio-tempo-
ral pattern-forming systems [J]. Reports on Progress
in Physics, 1998, 61(4): 353—430.

FOEHRING R C, WYLER A R. Two patterns of fir-
ing in human neocortical neurons [ J]. Neuroscience
Letters, 1990, 110(3): 279—285.

GIL Z, AMITAI Y. Properties of convergent thalamo-
cortical and intracortical synaptic potentials in sin-
gle neurons of neocortex [J]. Journal of Neuro-
science, 1996, 16(20): 6567 —6578.

GRAY C M, MCCORMICK D A. Chattering cells:
superficial pyramidal neurons contributing to the
generation of synchronous oscillations in the visual
cortex [J]. Science, 1996, 274(5284): 109—113.
LU J, SHERMAN D, DEVOR M, et al. A puta-
tive flip-flop switch for control of REM sleep [J].
Nature, 2006, 441: 589—594,

SATO Y D, SHIINO M. Spiking neuron models
with excitatory or inhibitory synaptic couplings and

synchronization phenomena [ J]. Physical Review



5 439

XY A [ R A 28 B = 2 Hybrid #2250 W) 4 3 g 2% 7

[18]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

E, Statistical, Nonlinear, and Soft Matter Physics,
2002, 66(4): 041903.

LAMPL I, REICHOVA I, FERSTER D. Synchro-
nous membrane potential fluctuations in neurons of
the cat visual cortex [J]. Neuron, 1999, 22(2):
361—374.

BELOVA E, ISCHENKO 1. The role of different
class neurons of cat visual cortex in the local syn-
chronization [J]. International Journal of Psycho-
physiology, 2014,94(2) :196.

NASE G, SINGER W, MONYER H, et al. Fea-
tures of neuronal synchrony in mouse visual cortex
[J]. Journal of Neurophysiology, 2003, 90 (2);
1115—1123.

MALDONADO P, BABUL C, SINGER W, et al.
Synchronization of neuronal responses in primary
visual cortex of monkeys viewing natural images
[J]. Journal of Neurophysiology, 2008, 100(3):
1523—1532.

ISOMURA Y, FUJIWARA-TSUKAMOTO Y,
TAKADA M. A network mechanism underlying
hippocampal seizure-like synchronous oscillations
[J]. Neuroscience Research, 2008, 61(3): 227 —
233.

FUJIWARA -TSUKAMOTO Y, ISOMURA Y. Neu-
ral mechanism underlying generation of synchro-
nous oscillations in hippocampal network [J]. Brain
Nerve, 2008, 60(7):755—762.

RUBCHINSKY L L, PARK C, WORTH R M. In-
termittent neural synchronization in Parkinson’ s
disease [ J]. Nonlinear Dynamics, 2012, 68 (3):
329—346.

TRz Bl R FRHE 21 I 5 B 60 0 ) 2 A
AW Chay fZ Ty R 20 [T, L9 B2 4
2005,21(6) :449—456.

WANG Q Y, LU Q S, ZHENG Y H. Conduction
delay-aided synchronization in two coupled chay
neurons with inhibitory synapse [J]. Acta Biophys-
ica Sinica, 2005, 21(6):449—456. (in Chinese)
DHAMALA M, JIRSA V K, DING M Z. Transi-
tions to synchrony in coupled bursting neurons [J].
Physical Review Letters, 2004, 92(2). 028101.
B, WS, £, . GRS Chay fi
ZIoUFB R G MEFTTL ] AR, 2003, 19

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(2): 135—140.

GEML, GUOHY, WANG G J, et al. Research
for synchronous oscillation on electrically coupled
chay neurons [J]. Acta Biophysica Sinica, 2003, 19
(2): 135—140. (in Chinese)

WU K J. WANG T J, WANG C L, et al. Study on
electrical synapse coupling synchronization of Hind-
marsh-Rose neurons under Gaussian white noise
[J]. Neural Computing and Applications, 2018, 30
(2): 551—561.

ZHANG X, YANG J, WU F P, et al. Synchroniza-
tion of time-delayed chemically coupled burst-spi-
king neurons with correlated noises [ J]. The Euro-
pean Physical Journal E. 2014, 37(6) . 53.
JUANG J, LIANG Y H. Cluster synchronization in
networks of neurons with chemical synapses [JJ.
Chaos, 2014, 24(1): 013110.

WANG Q Y, LU Q S, CHEN G R. Synchroniza-
tion transition induced by synaptic delay in coupled
fast-spiking neurons [J]. International Journal of
Bifurcation and Chaos, 2008, 18(4): 1189.

BR M, SCHLL E, TORCINI A. Synchronization
and complex dynamics of oscillators with delayed
pulse coupling [J]. Angewandte Chemie, 2012, 51
(38): 9489—9490.

JOERG D J, MORELLI L G, ARES S, et al. Syn-
chronization dynamics in the presence of coupling
delays and phase shifts [J]. Physical Review Let-
ters, 2014, 112(17). 174101.

LV M, WANG C N, REN G D, et al. Model of e-
lectrical activity in a neuron under magnetic flow
effect [J]. Nonlinear Dynamics, 2016, 85 (3):
1479—1490.

LV M, MA ]J. Multiple modes of electrical activities
in a new neuron model under electromagnetic radia-
tion [J]. Neurocomputing, 2016, 205: 375—381.
LI Q D, TANG S, ZENG H Z, et al. On hyper-
chaos in a small memristive neural network [J].
Nonlinear Dynamics, 2014, 78(2): 1087—1099.
PHAM V T, VAIDYANATHAN S, VOLOS C K,
et al. A novel memristive time-delay chaotic system
without equilibrium points [ J]. The European
Physical Journal Special Topics, 2016, 225(1): 127
—136.



