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Experimental and theoretical studies have reported that the precise firing of neurons is crucial for sensory representa-
tion. Autapse serves as a special synapse connecting neuron and itself, which has also been found to improve the accuracy
of neuronal response. In current work, the effect of autaptic delay signal on the spike-timing precision is investigated on
a single autaptic Hodgkin–Huxley neuron in the present of noise. The simulation results show that both excitatory and
inhibitory autaptic signals can effectively adjust the precise spike time of neurons with noise by choosing the appropriate
coupling strength g and time delay of autaptic signal τ . The g–τ parameter space is divided into two regions: one is the
region where the spike-timing precision is effectively regulated; the other is the region where the neuronal firing is almost
not regulated. For the excitatory and inhibitory autapse, the range of parameters causing the accuracy of neuronal firing is
different. Moreover, it is also found that the mechanisms of the spike-timing precision regulation are different for the two
kinds of autaptic signals.
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1. Introduction
The accurate sensory representation makes living crea-

tures avoid danger, get food and survive in cruel nature.[1,2]

Both experimental and theoretical studies reveal that pre-
cise firing of neurons is crucial to correcting the sensory
representation.[3–5] Sensory neurons transmit different exter-
nal sensory stimuli, such as sound, taste, and touch, into fir-
ing patterns with different temporal characteristics.[6] Sen-
sory information is processed in the neocortex and eventually
integrated into various behavioral and cognitive function.[7]

In these processes, cortical neurons represent information
by generating discrete action potential (AP) sequences with
precise time.[6] The spike-timing precision of spikes in vi-
sual neurons carries a wealth of time-varying visual stimulus
information,[8,9] and auditory neurons in the auditory brain
stem encode information according to the time of a single
peak.[10–12] The precise timed action potentials (APs) are be-
lieved as one way of the temporal coding, and have been found
in many experiments.[13,14]

Understanding neuronal coding is one of the most impor-
tant fundamental problems in neuroscience and computational
neuroscience. The brain’s ability to accurately represent sen-
sory and other information through neurons means it can accu-
rately characterize and respond to information.[16,17,46] Thus,
many research works focus on characterizing the relationship
between the stimulus and the individual or ensemble neuronal

responses.[18,19] In vitro, identical step current injection pro-
duces very jittery firing in pyramidal neurons in neocortical
slices, but the spike-timing precision is significantly improved
when the injected current contains synaptic-like noise.[5] The
spike time can be regulated by synaptic plasticity, which has
been observed at the cerebellum.[20,21] It is also reported that
many factors, in current researches, affect the accurate re-
sponse of neurons to signals, such as the noise of ion channel
switch[2] and special ion current.[23,24]

It is more interesting that a quite precise firing in
neocortical fast-spiking interneurons is due to the autaptic
connection,[25,27–29] which is the special synapse that connects
the neuron to itself and constitutes the smallest network in the
nervous system.[30,31] The experimental results also reveal that
autapse promotes the accuracy of neuronal firing and regulates
the activities of the nervous system.[29,32–36] Nevertheless, the
function of autapses and their contribution to the accuracy of
neuronal firing are still unclear. Thus, understanding the ef-
fect of autaptic activities on accurate neuronal responses is still
critical work.

In the present work, we intend to reveal the dynamical
properties of the autaptic regulation on the accurate neuronal
response. Moreover, due to the limited propagation speed of
the action potential on the axon and time-lapse of informa-
tion transmission in the synaptic process and signal reception
in the dendritic process, the signal received by postsynaptic

†Corresponding author. E-mail: wanghengtong@snnu.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

038703-1

http://dx.doi.org/10.1088/1674-1056/ac7451
wanghengtong@snnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 32, 038703 (2023)

neuron has a long time delay compared with the time gen-
eration of action potential on the presynaptic neuron. It has
been reported that such time delay is a fundamental part of
almost all biological phenomena in nervous systems and can
improve the function of the neural network (synchronization
and stability).[37–39] Thus, the time delay of the signal is con-
sidered in the current work.

The structure of the paper is as follows. In Section 2, we
introduce the neuronal and synaptic models and the measure-
ment of spike-timing precision. Section 3 contains the results
of spike-timing precision of neuron without or with autapse.
Finally, the conclusions and discussions are summarized in
Section 4.

2. Model and methods
In the 1950s, Hodgkin and Huxley established a neuronal

model (named as HH model) with a fourth-order differen-
tial equation based on the experimental data.[40] This model
presents the basic characteristics of neuronal ion channels and
action potential generation. Since there are full of random
influence on the trans-membrane voltage of a single neuron,
the white Gaussian noise is introduced to the neuronal model.
Thus, the expression of the autaptic HH model is as follows:

Cm
dV
dt

= −gNam3h(V −ENa)−gKn4(V −EK)

−gL(V −EL)+ I0 + Iaut +ξ (t), (1)
dx
dt

= αx(1− x)−βxx, (x = m,h,n). (2)

Here, Cm = 1 µF/cm2 is the membrane capacitance. m, h
and n are gating parameters of the Na+ and K+ ion chan-
nels, and depend on the membrane potential V and time t.
gNa = 120 mS/cm2, gK = 36 mS/cm2 and gL = 0.3 mS/cm2

denote the maximum conductances of sodium, potassium and
leakage currents, respectively. The reversal potentials corre-
sponding to the three kinds of transmembrane ion currents are
set as ENa = 50.0 mV, EK =−77.0 mV and EL =−54.5 mV.
I0 is external DC stimulus (a based current) injected in neuron.
ξ (t) stands for white Gaussian noise satisfying 〈ξ (t)〉= 0 and
〈ξi(t1)ξ j(t2)〉= 2Dδi, jδ (t1− t2), with the noise intensity D. α

and β determine the rate of ion transfer from outside to inside.
The equations of α and β satisfy

αm = 0.1
V +40

1− e−(V+40)/10 , βm = 4e−(V+65)/18,

αh = 0.07e−(V+65)/20, βh =
1

1+ e−(V+35)/10 ,

αn = 0.01
V +55

1− e−0.1(V+55) , βn = 0.125e−(V+65)/80. (3)

Autaptic current Iaut is based on the following equations:

Iaut(t) = G(t− τ)(V −Eaut),

G(t) = gσ(t− tfire),

σ(t) =
exp(−t/td)− exp(−t/tr)

td− tr
, (4)

where G(t − τ) is the autaptic conductance with time delay
τ of the presynaptic signal and Eaut represents autaptic rever-
sal potential. Eaut = 0 mV represents excitatory autapse and
Eaut = −80 mV represents inhibitory autapse. g is autaptic
coupling strength. tfire is time of presynaptic spike. td = 3.0 ms
and tr = 0.1 ms represent the decay and rise time, respectively.

Multi-sample statistics of neuronal action potential firing
sequences have been borrowed to determine the accuracy of
neuronal spike-timing. The spike-timing precision of neuronal
response to a stimulus is calculated by the standard deviation
of the ordinal spike times across multiple parallel stimulation
trials,[29]

sn =

√√√√√ N

∑
i=1

(tn
i − t̄n)2

N
. (5)

Here, tn
i is the time of the nth action potential in the ith simula-

tion trail, and t̄n is the average time of the nth number of action
potential in N simulations.The result of the standard deviation
sn is named as spike jitter of the neuronal spike time. The
smaller the jitter is, the more accurate the neuronal response
is.

In order to quantify trail-to-trail change, instantaneous fir-
ing rate is usually used as the characteristic quantity of time se-
ries. This firing rate is only dependent on the stimulus and the
spike sequence before it. The firing rate of the neuron across
multiple parallel stimulation trials is given below:[41]

Pfiring(t) = lim
∆t→0

1
∆t

nspike(t, t +∆t)
N

. (6)

Here, nspike(t, t +∆t) is the number of spikes between t and
t +∆t, and N is the number of trail. The narrower peak width
is, the more accurate encoded information is. In current work,
the number of trail N is chosen as 4500 and ∆t = 0.1 ms.
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Fig. 1. The membrane potential of the HH neuron is stimulated by dif-
ferent DC in various noise environments. (a) The neuron is stimulated
by super-threshold DC without noise. (b) and (c) The neurons are stimu-
lated by either super- or sub-threshold DC with noise D = 0.5 mA/cm2.
(a) and (b) I0 = 12.0 mA/cm2. (c) I0 = 6.0 mA/cm2.
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3. Results
3.1. Neuron without autapse

Under super-threshold DC stimulus, the HH neuron with-
out autapse exhibits regular spiking. As shown in Fig. 1(a),
the regular spiking has been triggered by super-threshold DC
stimulus (I0 = 12.0 mA/cm2). If noise is considered in the
simulation, the regular spike time of the HH neuron would be
disturbed, seeing in Fig. 1(b). Under the sub-threshold stimu-
lus, the neuron without autapse cannot be triggered as action
potentials. But, as the noise is large enough, the neuron with-
out autapse fires action potentials nearly randomly, as shown
in Fig. 1(c).

Comparing AP sequences [Figs. 1(b) and 1(c)], the spike
jitter is significantly increased over time, for different simu-
lation trails. In order to determine the accuracy of the spike-
timing precision more convenient, the first 16 action poten-
tials of the HH neuron are recorded for each trail and the sub-
threshold DC stimulus in a noisy environment is chosen in the
following study.
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Fig. 2. Spike jitter sn (a) and (b), firing probability Pfiring (c) and (d), and
statistical histogram of interspike interval PISI (e) and (f) of HH neu-
ron without autapse stimulated by DC. Left panel: I0 = 4.0 mA/cm2.
Right panel: I0 = 6.0 mA/cm2. The insets in (e) and (f) are enlarged
views of ISI distribution. The intensity of the white noise is chosen as
D = 0.9 mA/cm2.

Due to the presence of noise, the spike jitter sn of the
HH neuron without autapse increases over time under sub-
threshold DC stimulus [Figs. 2(a) and 2(b)]. For a strong stim-
ulus, the spike jitter is smaller than that of the weak stimulus,
and the neuron would spend a shorter time to generating 16
APs. Firing probability Pfiring of the HH neuron without au-
tapse reveals the trail-to-trail change of spike time [Figs. 2(c)
and 2(d)]. With time evolution, there are no more peaks, but
a strong stimulus can trigger more peaks in the curve of firing

probability than the weak stimulus (three peaks can be found
in Fig. 2(d)). That is the result the strong stimulus inhibits
randomness of noise. Figures 2(e) and 2(f) show the statistical
histogram of interspike interval (ISI). Here, the ISIs are dis-
tributed in the range of 0–3000 ms [Fig. 2(e)] and 0–700 ms
[Fig. 2(f)]. It is easy to observe that the ISIs distribution in
Fig. 2(f) is more concentrated than that in Fig. 2(e). That is
to say, ISIs distribution of the neuron stimulated by a stronger
DC stimulus is more concentrated. It is revealed that the in-
crease in stimulus intensity can improve spike-timing preci-
sion. It is also noted that it would be found that the precision
of the spike-timing could be largely regulated by introducing
autapse in the following part.

3.2. Neuron with excitatory autapse

In this part, excitatory autapse is introduced to the HH
neuron. Figure 3 represents the changes in spike-timing pre-
cision with different time delays and coupling strength. Com-
paring the subfigures in Fig. 3, it is clear that the precision of
the spike time has been largely regulated by the excitatory au-
tapse. The curves with different colors and markers represent
the evolution of jitter with different time delays for each sub-
figure. In Fig. 3(a), it can be seen that the spike jitter sn of exci-
tatory autaptic neuron with time delay τ = 3.0 ms, 7.2 ms and
9.0 ms does not change greatly compared with that of neuron
without autapse. As the time delay increases, the spike jitter
sn decreases greatly, and the average time been taken to gen-
erate 16 APs also decreases sharply (the lines with time delay
τ = 10.2 ms and 12.6 ms). Further increasing the time delay,
the spike jitter sn first increases and subsequently decreases.
Moreover, with the stronger coupling strength [Figs. 3(b)–
3(d)], the range of the time delay τ to effectively reduce the
spike jitter is enlarged. It is noted that the spike jitter sn could
be adjusted to a very low degree by the delayed autaptic sig-
nal as the appropriate time delay and coupling strength are se-
lected. More specifically, the autapse with some special time
delays can weaken the effect of noise and improve the preci-
sion of APs. Moreover, the spike jitter sn increases in time
sequence as a whole. This rule does not depend on time delay
and coupling strength, even the jitter is adjusted to a very low
value.

To check the impact of time delay on the background be-
haviors of the spike-timing precision, the autaptic coupling
strength is set as a constant (g = 0.2 mS/cm2) in Fig. 4. It
is clear that the statistical histogram of ISIs of neuron with ex-
citatory autapse becomes more concentrated, as the time delay
increases in Figs. 4(a)–4(c). When the time delay is set as
9.0 ms [Fig. 4(a)], the ISIs are distributed in a very large area
(12–1500 ms). As the time delay is increased to 10.2 ms in
Fig. 4(b), the amount of large ISIs has been decreased and the
ISIs become more concentrated. At τ = 12.6 ms in Fig. 4(c),
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the ISIs are almost concentrated near 16 ms. The probabilities
of spikes occurring times are plotted trail-to-trail in Figs. 4(d)–
4(f). Here, we can see in each subfigure that peaks of the fir-
ing probability Pfiring are gradually lower and broader, which
means that the spike-timing precision is becoming poor as
the time evolves. However, as the time delay increases from
9.0 ms to 12.6 ms, the peaks of Pfiring are enhanced. It is also
revealed that the spike-timing precision is improved by the au-
tapse. Raster plots of spike time given in Figs. 4(g)–4(i) ex-
hibit the spike time of the neuron for 500 different stimulus
trials. As shown in Fig. 4(g), it is clear that the neuron fires
APs nearly randomly as the time delay is 9.0 ms similar to
that of neuron without autapse in Fig. 1(c). As the time de-
lay increases, the spike time plots move to the left, and the
spikes of the neuron with a time delay 12.6 ms are nearly the
same time for different simulation trails. Those background
information reveals that the addition of autapse improves the
regularity of APs and the ISIs of the autaptic neuron are al-
most concentrated at a certain value by choosing the appropri-
ate time delay.
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Fig. 3. Spike jitter sn of neuron with and without excitatory autapse for dif-
ferent time delay τ and coupling strength g. (a)–(d) sn of the HH neuron
without autapse are presented by black lines and sn of the neuron with au-
tapse are presented by different color lines. The coupling strength is set
as (a) g = 0.2 mS/cm2, (b) g = 0.4 mS/cm2, (c) g = 0.6 mS/cm2 and (d)
g = 0.8 mS/cm2. The insets in (a)–(d) are enlarged views of spike jitter. The
based DC stimulus is chosen as I0 = 4.0 µA/cm2.
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Fig. 4. Statistical histogram of the interspike interval PISI (a)–(c), firing probability in 150 ms Pfiring (d)–(f) and raster plot of spike time (g)–(i)
of neuron with excitatory autapse stimulated by DC. The same color in the raster plots means the same order number of the corresponding AP
in different simulation trails. Left panel: τ = 9.0 ms. Middle panel: τ = 10.2 ms. Right panel: τ = 12.6 ms. The coupling strength is set as
g = 0.2 mS/cm2. The based DC stimulus is chosen as I0 = 4.0 µA/cm2.

Figure 5 shows the ISI probability, firing probability, and
raster plot of spike time for different coupling strength (from
the left to right panel). With the increase of the coupling
strength, the distribution of ISIs becomes more and more con-
centrated. As the coupling strength is lower [e.g., Fig. 5(b),
g = 0.4 mS/cm2], the ISIs are near randomly distributed in a
large area. Increasing the coupling strength [e.g., Fig. 5(b),

g = 0.6 mS/cm2], the ISIs is compressed and distributed in
the range of 12–13 ms. When the coupling strength is strong
enough [e.g., Fig. 5(c), g = 0.8 mS/cm2], the ISIs of all the
simulation trails are all concentrated at 12 ms. It can be also
observed that the number of the peaks of the firing probability
increases and the peaks become higher and narrower with the
increase of coupling strength [Figs. 5(d)–5(f)]. Moreover, the
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raster plot of spike time also reveals that the action potential
sequence is almost a regular sequence, as the coupling strength
is high enough [Figs. 5(g)–5(i)].

In Fig. 6(a), the spike jitter of the 16th spike s16 is char-
acterized by the function of coupling strength and time delay.
There are obviously two regions in the g–τ plane: one is the
region where the autaptic signal can effectively regulate the
spike-timing precision (s16 is regulated below 200, seeing the
blue area); the other is the region where the neuronal firing is
almost not been regulated (the spike jitter is not below 1000
seeing the orange area). For the autaptic signal with a short

time delay or weak coupling strength, it is clear that the spike

jitter is very large. However, the spike jitter is very low for

the autaptic signal with a long time delay and strong coupling

strength. Remarkably, the jitter evolution of the 16th spike in

Fig. 6(a) is similar to that of the other order spikes. It is also

noted that the reason for two different regulatory regions pre-

sented in Fig. 6(a), is that the autaptic signals have different

effects on neuronal firing in these two areas. The autaptic sig-

nals with the parameters in the orange area can not trigger the

HH neuron but can trigger the neuron in the blue area.
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by a single super-threshold pulse in the noise free environment. The
autaptic signal with the parameters (time delay and coupling strength)
in the white area cannot produce continuous APs, but that with the pa-
rameters in the colored area can. The color represents the firing period.
The red dash line in (a) is the boundary of the color area in (b). The
based DC stimulus is chosen as I0 = 4.0 µA/cm2.

In order to explain the induction mechanism of the above
phenomena, Fig. 6(b) illustrates the state of excitatory autap-

tic neuron stimulated by a single super-threshold pulse as the
function of autaptic coupling strength g and the time delay τ .
It is clear that the g–τ plane is divided into two regions: the
colored area indicates that the neuron with the autaptic param-
eters in the colored area can be triggered continuous neuronal
oscillations, but the blank area means the neuron with the pa-
rameters in the area can not be triggered. Comparing Figs. 6(a)
and 6(b), it could be found that the region divisions on the g–
τ plane are consistent with each other. This reveals that the
regulation of autapse on the firing accuracy of a single neu-
ron under a noise background depends on whether the autap-
tic signal received by the neuron can induce sustained super-
threshold oscillation. When the coupling strength is small, the
autaptic signal received by the neuron can not induce the neu-
ronal firing in the noise background, so the firing of the neu-
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ron is almost random and the spike-timing precision is poor.
As the coupling strength is increased, the autaptic pulse sig-
nal superimposed with background noise gradually stimulates
the neuron to produce APs. For the autaptic signal with large
coupling strength but short time delay, the signal can not pro-
duce effective continuous oscillation, although the signal can
make the neuron to release a single AP. That is because when
the latter pulse signal arrives, the neuron is still in the refrac-
tory period and the pulse can not induce an action potential.
With the increase in time delay, the arrival time of the autaptic
pulse leaves the refractory period of the neuron, and the autap-
tic pulse could induce the neuron firing. Therefore, the jitter
of the neuronal spiking trains is reduced and the spike-timing
precision is improved. As the coupling strength and the time
delay are both large enough, the autaptic signal could regulate
the firing of the neuron. Thus, there is good accuracy area [the
blue region in Fig. 6(a)].

3.3. Neuron with inhibitory autapse

In this section, we intend to discuss the effect of in-
hibitory autapse on the spike-timing precision. Due to the
characteristic of inhibitory autapse, small sub-threshold stim-
ulus and noise could not cause the activity of the inhibitory
autaptic neuron, we adopt the based DC stimulus (I0 =

6.0 mA/cm2) slightly larger than that of the excitatory autaptic
neuron. Figure 7 shows the spike jitter sn of the neuron with
and without inhibitory autapse for different time delays and
coupling strengths.

Similar to the results of the excitatory autaptic neuron,
the spike-timing precision of the neuron is changed by adding
inhibitory autapse. When the coupling strength is weak [e.g.,
Fig. 7(a), g = 0.2 mS/cm2], the spike jitters sn of the neuron
with inhibitory autapse (for different time delays) are simi-
lar to that without autapse. The curves of spike jitter sn vary
slightly with the time delay. However, when the time de-
lay is chosen as 13.2 ms, the curve is different from that of
other time delays and indicates the enlarged average time taken
for the neuron to complete the 16 APs and the worst spike-
timing precision. When the coupling strength is increased to
g = 0.4 mS/cm2 [Fig. 7(b)], the curve of τ = 13.2 ms is still
similar to that of g= 0.2 mS/cm2. For other time delays shown
in the subfigure, the curves are still almost clustered together.
However, the jitters of the curves are lower than that without
autapse. With the continuous increase of the coupling strength
[e.g., Fig. 7(c), g = 0.6 mS/cm2], the spike jitter sn curves for
the different time delays τ begin to separate and shrink signif-
icantly. It means that the average time taken for the neuron
to complete the 16 APs is shortened and the spike-timing pre-
cision is improved. When coupling strength is increased to
g = 0.8 mS/cm2, for all the time delays shown in Fig. 7(d), the
jitters sn are smaller than that without autapse. It is also inter-

esting that the spike jitter sn of time delay τ = 13.2 ms is still
higher than that of other time delays. It is clear that the regula-
tion of inhibitory autaptic current on spike-timing precision is
dependent on the coupling strength and time delay. Moreover,
it is also noted that the stronger the coupling strength is, the
stronger the regulation effect on the spike-timing precision is.
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neuron without autapse are presented by black lines and sn of the neu-
ron with inhibitory autapse are presented by different color lines. The
coupling strength is set as (a) g = 0.2 mS/cm2, (b) g = 0.4 mS/cm2,
(c) g = 0.6 mS/cm2 and (d) g = 0.8 mS/cm2. The insets in (a)–(d) are
enlarged views of spike jitter.

Figure 8(a) gives the 16th jitter s16 of the neuron with
inhibitory autapse in g–τ plane. Similar to the results of exci-
tatory autaptic neuron, there are two regions in the g–τ plane:
one is the region in which the autaptic signal can effectively
regulate the spike-timing precision (e.g., the spike jitter s16 is
regulated below 100, see the blue area), and in another region
the neuronal firing is almost not been regulated (e.g., the spike
jitter s16 is above 200, see the orange area). There is also an
obvious transitional area between the two regions. Unlike the
results of the excitatory autaptic neuron, to obtain better spike-
timing precision, a much greater coupling strength is needed
for inhibitory autapse. It is interesting that the inhibitory au-
tapse does not improve the spike-timing precision and makes
the spikes of the neuron more inaccurate in the range of time
delay τ = 10–15 ms and coupling strength g below 1 mS/cm2.
Usually, inhibitory autapse is believed to inhibit the excita-
tion of postsynaptic neurons and make the neuron less likely
to generate an action potential. Thus, it is very intriguing to
explore how inhibitory autapse regulates neuronal firing accu-
racy. In Fig. 8(b), the firing behavior of inhibitory autaptic
neuron stimulated by a single super-threshold pulse is plotted
as the function of autaptic coupling strength g and the time
delay τ . The colored area indicates that the neuron with the
autaptic parameters in the colored area can be are excited to
produce sustained neuronal oscillations (the different colors
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indicate different firing periods), but the blank area means the
neuron can not be triggered. It is clear that the inhibitory au-
tapse can induce the neuron to fire continuously in the appro-
priate range of autaptic coupling strength and time delay. The
sustained AP firing induced by inhibitory autapse is the fa-
mous post-inhibitory rebound (PIR) spikes.[42] As the autaptic
coupling strength is weak, the inhibitory autaptic current can
not induce the PIR spike and the neuron is only stimulated by
the based DC stimulus and noise. Thus, the spike time of the
neuron is inaccurate and the jitter s16 is high [Fig. 8(a)]. With
the increase of the coupling strength, the inhibitory autaptic
current can induce the PIR spikes and regulate the neuronal
firing. The firing spike time of the neuron is regulated and is
getting a little accurate [see the transitional area in Fig. 8(a)].
Further increasing the coupling strength, the effect of the PIR
is enhanced and the firing of the inhibitory autaptic neuron is
also enhanced. With the change of time delay, the effect of PIR
changes, and then the accuracy of neuronal firing changes.
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Fig. 8. (a) Spike jitter of the 16th spike s16 as a function of the coupling
strength and time delay. The color tends to be cold and the higher the spike-
timing precision it is. (b) State of inhibitory autaptic neuron stimulated by a
single super-threshold pulse in the noise-free environment. The autaptic sig-
nal with the parameters (time delay and coupling strength) in the white area
cannot produce continuous APs, but that with the parameters in the colored
area can. The color represents the firing period. The white dash line in (a) is
the boundary of the color area in (b).

4. Discussion and conclusion
Many experiments have revealed that the precisely timed

action potential plays an important role in information cod-
ing for neurons in the nervous system.[3–6,9,43] It is also re-
ported that a quite precise firing in neocortical fast-spiking in-
terneurons is due to the autaptic connection.[25–29] However,
the background mechanism of autapses to the precise neuronal
firing is still unclear. In the current work, the model of a single
autaptic HH neuron with Gaussian white noise has been con-
structed to study the effect of the autaptic delay signal on the
spike-timing precision. Due to the presence of noise, the spike
times of a single neuron stimulated by the same DC-based cur-
rent are different in the different simulation runs. The firing
time of the neuron in different simulation runs becomes more
randomly with the increase of the order of the response action
potential. In order to describe these phenomena quantitatively,
the standard deviation of the ordinal spike times sn and the fir-
ing probability of the neuron Pfiring(t) across multiple parallel
stimulation trails are introduced in the current work.

When the excitatory autapse is introduced to the HH neu-
ron, the effect of the autaptic signal on the spike-timing pre-
cision is dependent on the time delay τ and coupling strength
g. For the short time delay, the spike jitter sn of the excita-
tory autaptic neuron is similar to that of the neuron without
autapse. Increasing the time delay, the spike jitter begins to
increase and then decreases. While the coupling strength is
increased, the spike jitter sn would decrease, and the range of
the time delay τ to effectively reduce the spike jitter is en-
larged. There are two regions in the g–τ parameter space: one
is the region where the spike-timing precision is effectively
improved; another is the region where the neuronal firing is
almost not regulated. The regulation of excitatory autapse on
the firing accuracy is found to depend on whether the autap-
tic signal received by the neuron can induce sustained action
potential response. For the small coupling strength, the autap-
tic signal received by the neuron can not induce the neuronal
firing in the noise background, so the firing of the neuron is
almost random and the spike-timing precision is poor. As the
coupling strength is increased, the autaptic pulse signal super-
imposed with background noise gradually stimulates the neu-
ron to produce an action potential. For an autaptic signal with
large coupling strength but short time delay, although the sig-
nal can make a neuron release action potential, it can not pro-
duce effective continuous oscillation. That is because when
the latter pulse signal arrives, the neuron is still in the refrac-
tory period and the pulse can not induce an action potential.
With the increase in time delay, the arrival time of autaptic
pulse leaves the refractory period of the neuron, and the autap-
tic pulse could induce the neuron to fire. Therefore, the jitter
of the neuronal spiking trains is reduced and the spike-timing
precision is improved. As the coupling strength and the time
delay are both larger enough, the autaptic signal could regulate
the firing of the neuron.

Similar to the results of the excitatory autaptic neuron, the
spike-timing precision of the inhibitory autaptic neuron also
depends on the time delay τ and coupling strength g. In the
g–τ plane, there are also the region where the autaptic signal
can effectively regulate the spike-timing precision and the re-
gion where the neuronal firing is almost not been regulated.
Unlike the excitatory autapse, a greater coupling strength is
needed for inhibitory autapse to obtain better spike-timing pre-
cision. Moreover, it could be more interesting that the in-
hibitory autaptic signal can trigger the neuron firing action po-
tential and improve the spike-timing precision, although the
inhibitory input is believed typically to lower neuronal ex-
citability. The inhibitory autaptic signal with weak coupling
strength and short time delay cannot induce the neuron to fire
continuously. However, with the appropriate coupling strength
and time delay, the inhibitory autaptic signal can induce the
continuous action potentials, due to the famous mechanism
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of post-inhibitory rebound spikes. As the autaptic coupling
strength is weak, the inhibitory autaptic current can not induce
the PIR spikes. With increasing the coupling strength, the in-
hibitory autaptic current can induce the PIR spikes and regu-
late the neuronal firing. The firing spike time of the neuron
becomes accurate. Further increasing the coupling strength,
the effect of the PIR spikes is enhanced and the firing of the
inhibitory autaptic neuron is also enhanced. With increasing
the time delay, the time and shape of the inhibitory autaptic
signal received by the neuron are changed and the effect of
PIR also changes. That is why the accuracy of neuronal firing
is changing with the time delay.

In the current work, we discuss this topic in a single neu-
ron with autapse. The results reveal that both excitatory and
inhibitory autaptic current could regulate the spike-timing pre-
cision. These results are also consistent with the experimental
results.[25,26] The precise is believed to be a key factor in sen-
sory information encoding.[1,2] On the one hand, the spike tim-
ing precision of the neurons play an important role in the syn-
chronization of the neuronal circuits that generate persistent
rhythms in the brain.[46] On the other hand, spike-timing pre-
cision is also crucial for establishing network oscillatory func-
tion and efficiency in cortical neurons.[45,46] It is also reported
that the feedback synaptic current could stabilizes propagation
of synchronous spiking and improve the spike-timing preci-
sion in cortical neural networks.[47] Here, we reveal that both
of the excitatory and inhibitory autaptic current could impact
on the spike-timing precision. Moreover, a precise spike pat-
tern is used to transform information in cognitive and psycho-
logical processes in the nervous system.[3–5] Thus, it should
be very interesting and valuable to expand the current research
to the network level and discuss the behavior of spike-timing
precision of spikes on the network in future work.
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[1] Gardner B and Grüning A 2016 PloS One 11 e0161335
[2] Gaudry Q, Hong E J, Kain J, de Bivort B L, Wilson R I, de Bivort B L

and Wilson R I 2013 Nature 493 424
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