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Table 1.  Parameter values used in the theoretical model.
C 21 pF Om, —6 mV GNap 2.8 nS ENa 50 mV
Om, ~40 mV om -5 mV INa 28 nS Ex -85 mV
Om -34 mV on 6 mV gL 2.8 nS Ey 65 mV
On —48 mV on —4 mV Gronic-c 0.4 nS Th 10000 ms
On —-29 mV o -5 mV e 6 T 5 ms
0Os —-10 mV Qs -5 mV
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B 1 RE ge FEAMZITHBTE (b, V) PR AHE  (a) gk = 7.10S; (b) gk = 7.8nS; (¢) gk = 10.0nS; (d) gk = 25.0 nS
Fig. 1. The (h, V) trajectory of the single neuron at different gg values: (a) gk = 7.1nS; (b) gk = 7.81nS; (¢) gk = 10.0nS;

(d) gk =25.0nS.
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Fig. 2. Bifurcation of the single neuron model with increasing gk : (a) Bifurcations of ISIs; (b) the enlargement of ISIs within the

square at the down-left corner of fig (a).
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2 Al gx THRTRGEHCHEERYEASE b HE
Table 2. The values of slow variable h of the bifurcation or key points at different g values.
\ hiffE
PS7isy
F1 F2 subh HC LPC A7 X

gk =7.11nS 0.4928 1.6780 0.2128 0.3265 0.4308 [0.3265, 0.4308]
gk = 7.8 nS 0.4928 -1.6680 0.2858 0.3476 0.4973 [0.3476, 0.4928]
gk = 10.0 nS 0.4928 -1.6390 0.5072 0.3941 0.7025 [0.3941, 0.4928]
gk = 25.0 nS 0.4928 —1.4800 1.7880 0.4849 1.9240 [0.4849, 0.4928]
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Fig. 3. Bifurcations of the fast-subsystem of the single neur-

on with respect to h when gg = 7.1 nS.
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(a) gk =7.11S; (b) gk =7.8nS; (¢) gxk = 10.0nS; (d) gk = 25.0 nS

Fig. 4. The fast-slow variable dissection of bursting of single neuron at different gg values: (a) gk =7.1nS; (b) gk =7.8nS;

(¢) gxk =10.0nS; (d) gx =25.0nS.
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Fig. 5. Transitions with respect to gsyne of coupled neurons model. The same initial values: (al) The mean values of coupling cur-

rent J; (a2) maximum spike phase difference max(A(¢(t))); (a3) maximum burst phase difference max(A(P(t))); (ad) coefficient

p; (ab) ISIs of neuron 1. Different initial values: (b1) The mean values of coupling current J ; (b2) maximum spike phase difference
max(A(¢(t))); (b3) maximum burst phase difference max(A(D(t))); (b4) coefficient p; (b5) ISIs of neuron 1.
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(a)

gsyne = 0.3510S; (b) gsyne = 2.50S; () gsyne = 5.00S; (d) gsyn-e = 18.0 nS

Fig. 6. Membrane potential V' (top) and coupling current 7syn-¢ (low) of neurons 1 (red) and 2 (blue) with the same initial values

at different gsyn.e values (Insert figure: the enlargement of bursting): (a) gsyne = 0.35nS; (b) gsyn-e = 2.510S; (€) gsyne = 5.0 nS;

(d) gsyn-e = 18.0nS.
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Fig. 7. Membrane potential V (top) and coupling current 7syn-¢ (low) of neurons 1 (red) and 2 (blue) with different initial values at

different gsyn-e (Insert figure: the enlargement of bursting): (a) gsyne = 0.35 nS; (b) ggne = 1.5 nS; (¢) gsyne = 2.5 nS;

(d) gsyn-e = 5.01nS; () gsyne = 18.0 nS.
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Table 3.  The slow variable h values of the bifurcation or key points at different gsyn.e values.

i hEA{E
KA
gsyne = 0.35 nS gsyne = 2.5 18 gsyne = 5.0 nS gsyne = 18.0 nS
F1 0.4874 0.4918 0.4908 0.4856
F2 -1.6695 -1.6759 -1.6685 -1.7212
subhl 0.2817 0.2565 0.2259 0.0746
subh2 0.2858 0.2852 0.2274 0.0794
LPC1 0.4927 0.4273 0.3598 0.0960
LPC2 \ 0.3103 0.2406 -0.2504
LPC3 \ \ \ 0.0890
LPC4 \ \ \ -0.099
HC 0.3398 \ \ \
JEAE I, [0.3398, 0.4927] [0.3103, 0.4273] [0.2406, 0.3598] [0.0960, 0.250]#71[0.0890, 0.099]
or (%)24.56 | 0 (b) " _— LPG2 \
L RT— | \ LPC1
—24.57 < |
a3 [T /
—24.58F ]
—20} —0.4452 —0.4448 —20
S e
=
=

-

Kl 8 Y gyne = 1.5 nSHf, WG MHETMRT RENDE, MR RAR () FE R E; (b) T 5002 AR R 8 22

Fig. 8. Bifurcations of the fast-subsystem of the two coupled neurons with respect to A when ggyn.e = 1.5 nS (Insert figure: the en-
largement): (a) Equilibrium points; (b) equilibrium points and limit cycle.
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Fig. 9. The fast-slow variable dissection of neuron 1 for different initial values at different gsyne values (Insert figure: the enlarge-
ment): (a) gsyne = 0.35 nS; (b) gsyne = 2.5 nS; (¢) gsyn-e = 5.0 nS; (d) gsyne = 18.0 nS.
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Fig. 10. The fast-slow variable dissection of neuron 1 for different initial values at different gsyn. values (Insert figure: the enlarge-
ment): (a) gsyn-e = 0.35 nS; (b) gsyn-e = 1.5 nS; (c) and (d) gsyn-e = 2.5 nS; () gsyne = 5.0 nS; (f) gsyn-e = 18.0 nS.
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Fig. 11. The anti-phase (purple) and in-phase (green) period-1 spiking: (a) The V-h trajectory; (b) coupling current.
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Fig. 12. (a) Bifurcations of equilibrium points and limit cycle of the fast-subsystem; (b) enlargement of (a); (c) fast-slow variable

dissection of anti-phase (purple) and in-phase (green) period-1 spiking; (d) enlargement of anti-phase (purple) and in-phase (green)

period-1 spiking in Fig. (c).
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Abstract

The pre-Botzinger complex is a neuronal network with excitatory coupling, which participates in
modulation of respiratory rhythms via the generation of complex firing rhythm patterns and synchronization
transitions of rhythm patterns. In the present paper, a mathematical model of single neuron that exhibits
complex transition processes from bursting to spiking is selected as a unit, the network model of the pre-
Botzinger complex composed of two neurons with excitatory coupling is constructed, multiple synchronous
rhythm patterns and complex transition processes of the synchronous rhythm patterns related to the biological
experimental observations are simulated, and the corresponding bifurcation mechanism is acquired with the
fast-slow variable dissection method. When the initial values of two neurons of the pre-Botzinger complex are
the same, with increasing the excitatory coupling strength, the theoretical model of the pre-Botzinger complex
shows complete synchronization transition processes from "fold/homoclinic" bursting, to "subHopf/subHopf"
bursting, and at last to period-1 spiking. When the initial values are different, with the increases of the
excitatory coupling intensity, the rhythm transition processes begin from phase synchronization behaviors
including "fold/homoclinic" bursting, "fold/fold limit cycle" bursting, mixed bursting composed of
"subHopf/subHopf" bursting and "fold/fold limit cycle" bursting, and "subHopf/ subHopf{" bursting in sequence,
and to anti-phase synchronous behavior of the period-1 spiking. The complete (in-phase) synchronous period-1
spiking for the same initial values exhibits bifurcation mechanism different from the anti-phase synchronous
period-1 spiking for different initial values. The anti-phase synchronous period-1 spiking presents a novel and
abnormal example of the synchronization at large excitatory coupling strength, which is different from the
traditional viewpoint that large excitatory coupling often induces in-phase synchronous behavior. The results
present the synchronization transition process and complex bifurcation mechanism from bursting to period-1
spiking of the pre-Botzinger complex, and the abnormal synchronization example enriches the contents of

nonlinear dynamics.
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