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Fig. 1. Different bursting patterns of the Rulkov model stimulated by steady current I when I = 0.15: (a) Period-
11 when I = 0 (the position of the hollow circle corresponds to zn, = 05 = —0.5); (b) peiod-4 when I = —0.15;
(c) period-5 when I = —0.1; (d) period-16 when I = 0.05; (e) period-20 when I = 0.1.

240502-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 4 Acta Phys. Sin. Vol. 67, No. 24 (2018) 240502

U PR L T A T S PR, RO 1) WRF 52 42 b6 2 Ky 28 A 10~ 48 5 R A R BR
10 8 B AR, 1B/, A0 H R SR EORR )N o, AU E 2 (a) s, TRTF RGA PIA T4
M1 = —0.15F1 —0.1 B, SR A 0 8 1 E oy 5l A2 oy B, AN S (N, BER) R — MR 5 A5 (N, HLSK
415, AR, WIE 1 (b) ME 1 (c) . 2 ), FEET y < ysn ~ —3.62212 (IS HEEH P ; #%
TRt P Rty OB i S BOR T 11, ke MAE L, GiRAET. MTFRRIEy = ysn AFFE—
B5E. 4N, T = 0.05F10.1 B, #5780 1R %N AN R I B 45 43 7 (SN), B RN 45 s G 3 )5 P
16 A1120, 40 1 (d) A 1 (e) Fran. X845 v A s e, Ty = yn ~ —3.69969 4, T R G {7
488 S0 FR « A A T Rk 95 T8 P B 25 SRl LE— AN B4 2 (HD), o T R s A BB R

FEEEE R G N, Hifib . 7RG MR E IR EE Ty > yn
ks b h ML g\ i (2 5050 B, s BRIR IRy — R AR %, IR 3% 1 &
3.2 FRIFEMERANRIBERN S AMERE A BIBRID N X (F SSEIAS228) 1
I = O I 1L FECR BB A B B Xoax (LEBIIANSELE). [F— y fH B AR 10
AL S 55 /ME Xonin 15T 850 £ 1B LB KT
29 2 9

(a) (b)
Xmax Xmax

Xmin Xmin
_’_/—/—/.SN
N, N;
—24 8 —24
T T T T
—3.72 —3.68 —3.64 —3.72 —3.68 —3.64
Y y

Kmax
8 04
Xmin
SN
_2 T T T T T
—3.50 —3.48 —3.85 —3.80 —3.75
Y Yy

2 I = 0.15 WA E F I T Rulkov R M HUER RIS (a) T = OWRT RGEM y 170 7 (ResE 4
HNs (RHSEZR)EE AT Ny (FER) BRGS0 8 05 SN A a0 27 1 H IR A I R Xmax (EASEER) MR AME Xmin (B
M2R)); (b) B (a) 5 1 = 0 11 FRRCRIKIBLL (HAFRLIISEER) 2N (c) T = —0.15 BRI 4 AR s (A
L) FIPTF RGN E; (d) T = 0.1 81 20 FRECRIUE (RSN S LR) A7 RGN 4 &

Fig. 2. Fast/slow variable dissection of the bursting patterns of the Rulkov model stimulated by steady current with
different values when I. = 0.15 : (a) The bifurcations of the fast subsystem when I = 0; the stable node Ng (bold
solid line), the saddle N, (dotted line), the saddle-node bifurcation point SN, the homoclinic bifurcation point H,
and the maximal (Xmax, the upper thin solid line) and minimal (Xmin, the lower thin solid line) values of the stable
limit cycle; (b) the trajectory of period-11 bursting (middle solid line) when I = 0 and panel (a) plotted in one
figure; (c) the trajectory of the period-4 bursting (middle solid line) and bifurcations of the fast subsystem when
I = —0.15; (d) the trajectory of the period-20 bursting (middle solid line) and bifurcations of the fast subsystem
when I =0.1.
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Fig. 3. A new burst pattern (solid line) can be induced by excitatory impulse current (dotted line) with suitable
strength (A) applied at suitable phase (At) within the quiescent state of the period-11 bursting (the dashed line):
(al) and (a2) Burst with 11 spikes when At = 306 and A = 0.03; (b1) and (b2) burst with 10 spikes when At = 306
and A = 0.1; (c1) and (c2) burst with 8 spikes when At = 256 and A = 0.1; (d1) and (d2) burst with 6 spikes when
At = 216 and A = 0.1; (el) and (e2) burst with 5 spikes when At = 186 and A = 0.15; (f1) and (f2) burst with
2 spikes when At = 126 and A = 0.17; (gl) and (g2) burst with 1 spike when At = 116 and A = 0.17. Left panels
correspond to fast/slow variable dissection; right panels correspond to membrane potential and impulse current.
The hollow circle is set as the zero time point of the application phase of the excitatory pulse, which corresponds

to zn = 0s = —0.5 locating on the ascending branch of the first spike, AT = 8.
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Fig. 4. Distribution of the bursting pattern in the (7,g)-
plane for the Rulkov model with excitatory autapse. The
numbers 4-11 represent the number of spikes within a burst,

and black corresponds to complex bursting pattern.
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Fig. 5. Bursting patterns and the corresponding fast/slow variable dissection of the Rulkov model with excitatory
autapse at different g values when 7 = 200: (al) and (a2) Period-11 bursting when g = 0.02; (b1) and (b2) period-7
bursting when g = 0.03; (c1) and (c2) period-8 bursting when g = 0.08; (d1) and (d2) period-9 bursting when
g = 0.09. Left panels correspond to membrane potential (solid line) and coupling current (dashed line); right
panels correspond to fast/slow variable dissection (including period-11 bursting (the dashed line)). The hollow

circle corresponding to z, = 0s = —0.5, which is the zero time point of time delay 7.
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Fig. 6. Bursting patterns and the corresponding fast/slow variable dissections of the Rulkov model with excitatory autapse
at different 7 values when g = 0.078: (al) and (a2) Period-10 bursting when 7 = 249; (bl) and (b2) period-9 bursting
when 7 = 230; (c1) and (c2) period-8 bursting when 7 = 191; (d1) and (d2) period-7 bursting when 7 = 177; (el) and (e2)
period-6 bursting when 7 = 149; (f1) and (f2) period-5 bursting when 7 = 129; (gl) and (g2) period-4 bursting spikes when
7 = 110. Left panels correspond to the membrane potential (solid line) and the coupling current (dashed line); right panels
correspond to fast/slow variable dissection (including period-11 bursting (the dashed line)). The hollow circle corresponding

to xn, = s = —0.5, which is the zero time point of time delay 7.
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Fig. 7. Complex bursting pattern of the Rulkov model
with excitatory autapse when 7 = 125 and g = 0.06:
(a) Membrane potential (solid line) and excitatory
coupling current (dashed line); (b) fast/slow variable
dissection (the complex firing pattern (the dashed line)
and the origin period-11 bursting (the solid line)). The
hollow circle corresponding to z, = s = —0.5, which

is the zero time point of time delay .
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Abstract

Nonlinear dynamics is identified to play very important roles in identifying the complex phenomenon, dynamical
mechanism, and physiological functions of neural electronic activities. In the present paper, a novel viewpoint that the
excitatory stimulus cannot enhance but reduce the number of the spikes within a burst, the novel viewpoint which is
different from the traditional viewpoint, is proposed and is explained with the nonlinear dynamics. When the impulse
current or the autaptic current with suitable strength is used in the suitable phase within the quiescent state of the
bursting pattern of the Rulkov model, a novel firing pattern with reduced number of spikes within a burst is evoked.
The earlier the application phase of the current within the quiescent state, the higher the threshold of the current
strength to evoke the novel firing pattern is and the less the number of the spikes within a burst of the novel firing
pattern. Moreover, such a novel phenomenon can be explained by the intrinsic nonlinear dynamics of the bursting
combined with the characteristics of the current. The nonlinear behaviors of the fast subsystem of the Rulkov model
are acquired by the fast and slow variable dissection method, respectively. For the fast subsystem, there exist a stable
node with lower membrane potential, a stable limit cycle with higher membrane potential, a saddle serving as the border
between the stable node and limit cycle, a saddle-node bifurcation, and a homoclinic orbit bifurcation. When external
simulation is not received, the bursting pattern of the Rulkov model exhibits behavior alternating between the spikes
corresponding to the limit cycle of the fast subsystem and quiescent state of the fast subsystem, which is located within
the parameter region between the saddle-node bifurcation point and the homoclinic orbit bifurcation point of the fast
subsystem. The spikes begin with the saddle-node bifurcation and end with the homoclinic orbit bifurcation. As the
bifurcation parameter turns close to the homoclinic orbit bifurcation, the disturbation or stimulus that can induce the
transition from the quiescent state to the spikes becomes strong. Therefore, as the application phase of the current
within the quiescent state becomes earlier, the strength threshold of the current that can induce the transition from
the quiescent state to the spikes becomes stronger, and the initial phase of the spikes becomes closer to the homoclinic
orbit bifurcation, which leads the parameter region of the spikes to become shorter and then leads the number of spikes
within a burst to turn less. It is the dynamical mechanism of the decrease of the spike number induced by the excitatory
currents. The results enrich the nonlinear phenomenon and dynamical mechanism, present a novel viewpoint for the

excitatory effect, and provide a new approach to modulating the neural bursting patterns.
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