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Fig. 1. Changes of dynamical behavior of the ML neuron
model (Equation (1) and (2)) with respect to Iapp: (a) Bi-
furcations, red (dashed) solid curve denotes (unstable)
stable equilibria, and black solid (empty) circles denote
minima and maxima of (unstable) stable limit cycles; (b) fir-

ing frequency.
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Fig. 2. .

model (Equation (1) and (2)) to pulse current stimulations

Phase response curve (PRC) of the ML neuron

with different effects: (a) Excitatory current pulse; (b) in-

hibitory current pulse.
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Fig. 3. Periodic spiking with reduced firing frequency induced by different autapses when Iap, = 42.6 pA/cm?

: (a) Excitatory

; (b) enlargement of Figure (a); (c) inhibitory autapse with gjmn = 1.0 uS/cm?
; (d) enlargement of Figure (c). Black and red solid curves are the membrane potential for the ML neuron model

(Equation (1) and (2)) and the ML neuron model with autapse (Equation (3)—(5)), respectively. Red dashed curve is the autaptic
current, gray dashed vertical lines is critical border between phase delay and phase advance regions of the PRC for the first inter-
spike interval of the black solid curve, the left and right sides of the gray dashed line in Figure (a) and Figure (b) respectively are
the phase delay and advance regions of the PRC, the left and right sides of the gray dashed line in Figure (¢) and Figure (d) re-
spectively are phase advance and delay regions of the PRC.
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(bl) Hr, M E YL ML M & oo (7 B (1) o7 B (2)) BE A 7, i (0 R0 €0 S04k 58 fild B8 & ML #f 2 e B T (5 72
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Fig. 4. Resting state (solid red curve) evoked from coexisting spiking (solid black curve) by different autapses when Iy, =
42.6 pA/em? : (al) Excitatory autapse with gexe = 2.0 pS/cm? and B = 0.4 ms™!; (a2) enlargement of Figure (al); (a3) phase por-
trait corresponds to Figure (al); (a4) enlargement of Figure (a3); (bl) inhibitory autapse with g = 1.0 pS/em? and 8 =
0.1 ms—1; (b2) enlargement of Figure (b1); (b3) phase portrait corresponds to Figure (b1); (b4) enlargement of Figure (b3). In Fig-
ure (al) and Figure (bl), black solid line is the membrane potential of the ML neuron (Equation (1) and (2)), blue and red solid
lines are membrane potential of the ML neuron with autapse (Equation (3)—(5)), blue dashed curve is the autaptic current and the
blue solid curve is membrane potential effected by the autaptic current. In Figure (a3) and Figure (b3), blue and red solid curves
are the trajectories corresponding to the blue and red solid parts in Figure (al) and Figure (bl), respectively, gray dashed (dotted)
curve is the nullcline w = 0(V =0) of Equation (1) and (2), black solid (dashed) curve is the stable (unstable) limit cycle of
Equation (1) and (2), red solid circle is the stable focus of Equation (1) and (2), blue arrow denotes the direction of the trajectory,
cyan solid circle is a critical point that determines the direction of trajectory affected by the excitatory or inhibitory autaptic cur-

rent.
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Fig. 5. Mixed-mode oscillations (blue and green solid curves) evoked from coexisting spiking by different autapses when
Lpp = 42.6 pA/em? : (al) Excitatory autapse with gexe = 2.0 pS/cm? and B8 = 0.56 ms~!; (a2) enlargement of Figure (al); (a3)
phase portrait corresponds to Figure (al); (a4) enlargement of (a3); (bl) inhibitory autapse with gy, = 1.0 uS/em? and
B =0.263 ms™!; (b2) enlargement of Figure (b1); (b3) phase portrait corresponds to Figure (bl); (b4) enlargement of Figure (b3).
In Figure (al) and Figure (b1), black solid line is the membrane potential of the ML neuron (Equation (1) and (2)), blue and green
solid lines are membrane potential of the ML neuron with autapse (Equation (3)—(5)), blue dashed curve is the autaptic current
and the blue solid curve is membrane potential effected by autaptic current. In Figure(a3) and Figure (b3), blue and green solid
curves respectively are the trajectories corresponding to the blue and green solid parts in Figure (al) and Figure (bl), gray dashed
(dotted) curve is the nullcline w = 0 (V = 0) of Equation (1) and (2), black solid (dashed) curve is the stable (unstable) limit cycle
of Equation (1) and (2), red solid circle is the stable focus of Equation (1) and (2), blue arrow denotes the direction of the

trajectory.
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Fig. 6. The mixed-mode oscillations (blue and red curves) evoked from the monostable spiking by different autapses when
Topp = 42.9 pA/em? : (al) Excitatory autapse with gexe = 2.0 pS/em? and B8 = 0.35 ms™!; (a2) enlargement of Figure (al); (a3)
phase portrait corresponding to Figure (al); (ad) enlargement of Figure (a3); (bl) inhibitory autapse with gin = 1.0 pS/cm? and
B = 0.1 ms~1; (b2) enlargement of Figure (b1); (b3) phase portrait corresponds to Figure (b1); (b4) enlargement of Figure (b3). In
Figure (al) and Figure (bl), blue and green solid lines are membrane potential of the ML neuron with autapse (Equation (3)—(5)),
blue dashed curve is the autaptic current and the blue solid curve is membrane potential effected by the autaptic current. In Figure
(a3) and Figure (b3), blue and green solid curves respectively are the trajectories corresponding to the blue and green solid parts in
Figure (al) and Figure (b1), gray dashed (dotted) curve is the nullcline w = 0 (V = 0) of Equation (1) and (2), black solid curve is
the stable limit cycle of Equation (1) and (2), red hollow circle is the stable focus of Equation (1) and (2), blue arrow denotes the

direction of the trajectory.
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Fig. 7. Distribution of different dynamical behaviors and firing frequency induced by different autapses on the parameter plane
(gexcs B) or (ginn, B) when Iy is fixed at different values, Iopp = 42.6 pA/em? (coexisting spiking): (a) Excitatory autapse; (b) in-
hibitory autapse. Iapp = 43 pA/em? (monostable spiking): (c) Excitatory autapse; (d) inhibitory autapse. Black curve is the border
of different firing activities. Regions (D, @ and @) are periodic spiking with reduced firing frequency, mixed-mode oscillations, and

resting state, respectively, region @ is periodic spiking with enhanced firing frequency. The color scale represents firing frequency.
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Fig. 8. Periodic spiking with increased firing frequency induced by different autapses when Inp, = 42.6 pA/em? :

B (a) BRFBILK; (¢) ginn = 1.0 pS/em? M B = 1.0 ms— Ly #l A 5 il (d)
FlFE A P 22 TR R (PR (1) AT FE (2)) BIBE L AL, 41 (A S22k A 2 A P A TR R (7 AR (3)—
— AU I ] R PRC 19 2 95 J5 AR AT 14911 5 5, [ (a)

AR AR B SRS
fEYER (B <0.3ms™1).
3.5.2 ¥ AZIEH BRI TN FITH
DL PR A0 PE B 2 ko B AR DX PN I R
(Lpp = 43 pA/em?) BY5Z0E, WA 7(c) FIE 7(d) Fir
. 5 A MAE R T AR R A L A R

BB IR IR IR A, IMER I T 7(a)
FIPEL 7(b) AR DX 3R e AR A o S0 0 ke Fis A3

TR HL R 1Y 5 ik K B

40

(b)
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]
I
i
1800 3
150 :
5 100 | i
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2 50F ‘
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Iaut/(llA'CmAZ)

(a) gexc = 1.0 uS/em? Fl B = 0.26 ms— L) 2445 Pk
& (c) M RESR. BESTL I A %
(5)) W LA, 21 8 JE 2% o Al
FEL (b) K €8 Jf 2 119 22 A5 9 )

P () H o 0 0 2 19 2 A DI 20 S 41t R 0 PRC B9 AR 37 32 1l F0E J5

(a) Excitatory

autapse with gexe = 1.0 pS/cm? and B = 0.26 ms~—!; (b) enlargement of (a); (c) inhibitory autapse with g, = 1.0 uS/em? and

B =1.0ms™?!; (d) enlargement of Figure (c). Black and red solid curves are the membrane potential for the ML neuron (Equation
(1) and (2)) and the ML neuron with autapse (Equation (3)—(5)), respectively, red dashed curve is the autaptic current, gray
dashed vertical lines is critical border between phase delay and phase advance regions of the PRC for the first interspike interval
(the black solid line), the left and right sides of the gray dashed line in Figure (a) and Figure (b) respectively are phase delay and
advance regions of the PRC, the left and right sides of the gray dashed line in Figure (c) and Figure (d) respectively are phase ad-
vance and delay regions of the PRC.
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Abstract

Neural activities driven by synaptic inputs are important for neural coding. In general, excitatory synaptic
inputs facilitate the firing activities of neurons, and inhibitory synaptic inputs suppress the firing activities. In
the present work, the autapse model with adjustable current decay speed is considered, and the suppression
effects of excitatory autapse on neuronal firing responses are simulated near subcritical Hopf bifurcation in the
Morris-Lecar (ML) neuron model, which are compared with the suppression effects of the inhibitory autapse.
Furthermore, the dynamical mechanisms of the suppression effects are acquired with the help of the phase
response curve and phase trajectories perturbed by excitatory autaptic current. Near the subcritical Hopf
bifurcation, the ML neuron exhibits monostable periodic spiking and coexistence of periodic spiking and resting
state. For monostable periodic spiking, excitatory autaptic current with fast and middle decay speeds can
induce the periodic spiking with reduced firing frequency and the mixed-mode oscillations (MMOs) that are
alternations between subthreshold oscillations and a spike, respectively, and inhibitory autaptic current with
middle and slow decay speeds can also induce these two behaviors, respectively. For the periodic spiking in the
coexistence region, besides the above two behaviors, excitatory autaptic current with middle decay speed and
inhibitory autaptic current with slow decay speed can induce the change from spiking to resting state. The
results enrich the paradoxical cases that excitatory inputs suppress the neuronal firing responses, and present
the different nonlinear mechanisms in the suppression effects of excitatory and inhibitory self-feedbacks on the

neuronal spiking, which provide novel measures to modulate neuronal firing activity.
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