
Nonlinear Dyn (2015) 81:1689–1697
DOI 10.1007/s11071-015-2099-9

ORIGINAL PAPER

Effects of channel noise on synchronization transitions
in Newman–Watts neuronal network with time delays

Qi Wang · Yubing Gong · Hongying Li

Received: 12 January 2015 / Accepted: 14 April 2015 / Published online: 7 May 2015
© Springer Science+Business Media Dordrecht 2015

Abstract In this paper, we numerically study the
effect of ion channel noise on the synchronization of
delayed Newman–Watts network of stochastic
Hodgkin–Huxley neurons. It is found that time delay
can induce synchronization transitions only when
channel noise intensity is intermediate, and the syn-
chronization transitions become most obvious when
channel noise intensity is optimal. As channel noise
intensity is varied, the neurons can also exhibit synchro-
nization transitions, and the phenomenon is enhanced
when time delay is tuned at around time delays that
can induce synchronization transitions. Moreover, this
phenomenon becomes most obvious when the value of
coupling strength or the value of network randomness
is optimal. These results show that channel noise has
a subtle regulation effect on the synchronization of the
neuronal network. These findings may find potential
implications for the normal and pathological functions
in the brain and the information processing and trans-
mission in neural systems.
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1 Introduction

Synchronous process is ubiquitous in nature and plays
a very important role in various fields of science. It
is shown that synchronous activity is correlated with
many physiological mechanisms of normal and patho-
logical brain functions [1–3], and it is related to but
not desirable for several neurological diseases such as
epilepsy and tremor in Parkinson’s disease [4,5]. In
the brain, the cerebral cortex is a highly interconnected
network of neurons, and structural and functional brain
networks in humans and other animals have witnessed
small-world architectures over awide range of scales in
both space and time [6]. By using functional magnetic
resonance imaging (fMRI), power-law distributions
were obtained upon linking correlated fMRI voxels [7].
In neural systems, information transmission delays are
inherent because of the finite speed at which action
potentials propagate across neuron axons, as well as
due to time lapses occurring by both dendritic and
synaptic processing. They exist not only between dif-
ferent neurons [8], but also between the firing behaviors
at different times in a single neuron [9]. As early as in
1972, Van der Loos and Glaser found a special synapse
that connected a neuron to itself, known as autapse, and
they explained that these self-connections could estab-
lish a time-delayed feedback mechanism at the cellu-
lar level [9]. Over the past decades, synchronization
phenomenon has been extensively studied in complex
networks [10,11]. In recent decade, people have inten-
sively studied synchronization in neural systems and
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found many synchronization phenomena induced by
coupling [12–16], subthreshold stimulus [17] and time
delay [18–23] in coupled bursting neurons and neu-
ronal network. In recent years, a novel phenomenon
of synchronization transitions has gained increasing
attention, and synchronization transitions induced by
time delay [24–28] and coupling strength [27,29,30]
have been found in various neuronal networks.

It is known that neurons are noisy elements, and
noise arises from many different sources, such as the
quasi-random release of neurotransmitters by synapses
and randomsynaptic input fromother neurons (external
synaptic noise), and the random switching of the sto-
chastic gates of ion channels (internal channel noise).
Since Hodgkin and Huxley’s pioneering work [31],
the role of noise has been extensively studied in the
generation and propagation of the membrane potential
of neurons, and stochastic resonance (SR) and coher-
ence resonance (CR) have been found in various neu-
ronal systems (see e.g., [32–34]). In recent decade,
some SR and CR phenomena due to channel noise in
neuronal networks have been found, such as sodium
and potassium channel block reduced and enhanced
spiking coherence of neuronal network, respectively
[35,36], channel noise enhanced propagation of pace-
maker signals across neuronal networks [37] and weak
signal across feed-forward neuronal networks [38],
and channel noise decreased mean latency and jitter
of the first spikes in response to subthreshold sig-
nal [39,40] and degraded signal detection capability
of neuronal network [41], as well as channel block
resonantly enhanced spiking regularity of clustered
neuronal networks [42]. It is also shown that noise
can induce and enhance synchronization in excitable
media [43], coupled thermo-sensitive neurons [44], and
neuronal networks [45]. Very recently, synchroniza-
tion transitions induced by synaptic noise have been
observed in neuronal network [46]. So far, however,
the effect of channel noise on synchronization tran-
sitions in neuronal network has not yet been stud-
ied.

In this paper, we study the effect of channel noise
on the synchronization of Newman–Watts Hodgkin–
Huxley neuron network with time delays. We first
study the effect of channel noise on time delay-
induced synchronization transitions and then investi-
gate how channel noise influences the synchroniza-
tion and induces synchronization transitions in neu-
ronal network. Meanwhile, the effects of coupling

strength and network randomness are studied, and
mechanisms are briefly discussed. Finally, we conclude
the results.

2 Model and equations

Since Hodgkin and Huxley’s cornerstone paper [31]
was published, numerous studies have been contributed
to the dynamics of the Hodgkin–Huxley (HH) neurons.
The dynamics of the membrane potentials for a large
and a small number of ion channels can be described
by deterministic HH equation [31] and stochastic HH
model [47,48], respectively. According toHodgkin and
Huxley’s work, the conductance of a potassium chan-
nel is gated by four independent and identical gates
and, thus, if n is the probability of one gate to be
open, the probability for a potassium channel to stay
open is n4. Similarly, sodium channels are assumed to
be governed by three independent and identical gates
with opening probability m and an additional differ-
ent one, possessing the opening probability h. Accord-
ingly, the opening probability of sodium channel
reads m3h.

The dynamics of the membrane potential of a sto-
chastic HH neuron is given by:

C
dV

dt
= −gNam

3h(V − VNa)

−gKn
4(V − VK) − gL(V − VL), (1)

where C = 1µFcm−2 is the membrane capaci-
tance, and VNa = 50mV, VK = −77mV, VL =
−54.4mV are the reversal potentials for the sodium,
potassium, and leakage currents, respectively, and
gK = 36mScm−2 and gK = 120mScm−2 gL =
0.3mScm−2 aremaximal conductances for potassium,
sodium, and leakage currents, respectively. For HH
neuron with a small number of ion channels, there
is fluctuation (noise) arising from stochastic opening–
closing of the channel gates. To take into account the
internal channel noise, the stochastic gating variables
m, h, and n obey the following Langevin equations
[47,48]:

dm

dt
= αm(V )(1 − m) − βm(V )m + ξm(t), (2a)

dh

dt
= αh(V )(1 − h) − βh(V )h + ξh(t), (2b)

dn

dt
= αn(V )(1 − n) − βn(V )n + ξn(t), (2c)
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with the experimentally determined voltage-dependent
opening and closing transition rates:

αm(V ) = 0.1(V + 40)

1 − exp [−(V + 40)/10]
, (3a)

βm(V ) = 4 exp [−(V + 65)/18] , (3b)

αh(V ) = 0.07 exp [−(V + 65)/20] , (3c)

βh(V ) = {1 + exp [−(V + 35)/10]}−1 , (3d)

αn(V ) = 0.01 (V + 55)

1 − exp [−(V + 55)/10]
, (3e)

βn(V ) = 0.125 exp [−(V + 65)/80] . (3f)

ξx=m,n,h (t) are Gaussian white noises with 〈ξi (t)〉 = 0
and

〈
ξi (t)ξi (t ′)

〉 = Diδ(t − t ′). Di=m,h,n represent
channel noise intensities, which are inversely propor-
tional to the total number of sodium or potassium chan-
nels in the membrane patch:

Dm = 2

NNa

αm (V ) βm (V )

αm (V ) + βm (V )
, (4a)

Dh = 2

NNa

αh (V ) βh (V )

αh (V ) + βh (V )
, (4b)

Dn = 2

NK

αn (V ) βn (V )

αn (V ) + βn (V )
. (4c)

with an assumption of homogeneous ion channel densi-
ties, ρNa = 60µm−2and ρK = 18µm−2, ion channel
numbers are given by NNa = ρNaS and NK = ρKS,
where S is membrane patch area. In this way, channel
noise is determined by the number ofworking ion chan-
nels and the membrane patch size S. As S decreases,
the number of ion channels decreases, and the fluctua-
tion of the number of open ion channels increases, and
hence channel noise intensity increases as well.

According to Newman–Watts topology [49], the
present neuronal network is constructed as follows.
The network comprising of N = 60 identical neu-
rons starts with an originally regular ring in which each
unit is connected to its two nearest neighbors, and then
links are randomly added with probability p (network
randomness) between non-nearest vertices. When all
neurons are coupled with each other, the network con-
tains N (N − 1)/2 edges. The number of added random
shortcuts M satisfies M = p× N (N − 1)/2. If p = 0,
the network is a regular ring, while for p = 1, the net-
work is globally coupled. The small-world topology is
achieved by an intermediate value of 0 < p < 1. For a
given p, there are a lot of network realizations.

The dynamics of Newman–Watts network of sto-
chastic HH neurons with delayed electrical coupling
can be written as:

C
dVi
dt

= −gNam
3
i hi (Vi − VNa) − gKn

4
i (Vi − VK)

− gL(Vi − VL) +
∑

j

εi j
[
Vj (t − τ) − Vi (t)

]
,

(5a)
dxi
dt

= αxi (Vi ) (1 − xi )

−βxi (Vi ) xi + ξxi (t) , (5b)

where xi = mihini (1 ≤ i ≤ N ),
∑

j εi j
[
Vj (t − τ)

− Vi (t)
]
is delayed electrical coupling, and εi j is cou-

pling strength; εi j = ε if there is coupling between
neurons i and j , εi j = 0 otherwise. Vj (t − τ) is the
membrane potential of j th neuron at earlier time t − τ ,
where τ (in unit ofms) is delayed time between neurons
i and j , and the summation takes over all neurons.

The synchronization of the neuronal network is char-
acterized by standard deviation σ defined as [50]:

σ = [〈σ (t)〉] with σ (t)

=

√√√√ 1
N

∑N
i=1 Vi (t)

2 −
(

1
N

∑N
i=1 Vi (t)

)2

N − 1
, (6)

where 〈·〉 denotes the average over time and [·] the aver-
age over different network realizations for each set of
parameter values. Large values of σ(t) represent large
deviation between the neurons, and small values ofσ(t)
show good synchronization.

Numerical integrations of Eqs. (5a) and (5b) are car-
ried out using explicit Euler algorithmwith time step of
0.001 ms. Periodic boundary conditions are used, and
the parameter values for all the neurons are identical
except for the noise terms ξxi (t).

3 Results and discussion

3.1 Effect of channel noise on time delay-induced
synchronization transitions

In this section, we study the effect of channel noise
on synchronization transitions induced by time delay.
We set network randomness p = 0.05 and coupling
strength ε = 0.1. In Fig. 1, we display the spatiotem-
poral patterns of the membrane potentials of all neu-
rons for different time delay τ for membrane patch
area S = 3 µm2(fixed channel noise intensity). As τ

increases, the neurons intermittently perform in-phase
and out-of-phase synchronization, exhibiting synchro-
nization transitions. In Fig. 2 (red color), this phenom-
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Fig. 1 Spatiotemporal
patterns of the membrane
potentials of the neurons for
different values of time
delay τ at p = 0.05,
ε = 0.1 and S = 3. The
neurons exhibit
synchronization transitions
as τ increases

Fig. 2 σ in dependence on τ for different S values at p =
0.05, ε = 0.1. For intermediate S, σ peaks increase in number
and become higher, indicating that channel noise enhanced syn-
chronization transitions by time delay

enon is quantified by standard deviation σ in depen-
dence on τ . As τ increases, σ passes through a few
peaks. This quantifies the occurrence of synchroniza-
tion transitions.

In what follows, we study the effect of channel noise
on time delay-induced synchronization transitions. In

Fig. 2, σ is plotted as a function of S for different values
of S. For each S, there are a few σ peaks as time delay
τ is varied. As S increases, σ peaks grow and become
highest at intermediate S =3–8 µm2, and then the peaks
become low and nearly disappear when S > 20 µm2.
This shows that time delay can induce synchronization
transitions only when channel noise intensity is inter-
mediate, and the synchronization transitions become
most obvious when channel noise intensity is optimal.
It is also shown that σ peaks move to larger τ as S
increases, which shows that the synchronization transi-
tions move to larger time delays as channel noise inten-
sity decreases.

As is known, time delay can introduce phase slips in
the firing behaviors of the neurons and induce synchro-
nization transitions. In the absence of external stimuli
and synaptic noise, channel noise is required to make
the stochastic HH neurons to fire. When channel noise
is too strong (too small S value), the firing behaviors of
the neurons are too disordered, and it is difficult for the
neurons to fire synchronous spikes, while, when chan-
nel noise is too weak (too big S value), the neurons
can only fire a small number of spikes, and it is also
difficult for these few spikes to become synchronous.
When channel noise intensity is intermediate, the neu-
rons can fire spikeswithmoderate synchronization, and
time delay can change the synchronization state easily
and induce obvious synchronization transitions.
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Fig. 3 Spatiotemporal
patterns of the membrane
potentials for different S at
p = 0.05, ε = 0.1 and
τ = 26. The neurons exhibit
synchronization transitions
as S increases

3.2 Synchronization transitions induced by channel
noise

In this section, we study the effect of channel noise on
the synchronization of the delayed neuronal network.
We set p = 0.05, ε = 0.1 and τ = 26. In Fig. 3, we
display the spatiotemporal patterns of the membrane
potentials of the neurons for different S values. As S
increases, the neurons intermittently become synchro-
nous and non-synchronous, exhibiting synchronization
transitions. In Fig. 4, σ is plotted as a function of
S. It is seen that there are σ peaks and valleys for
7 < S <20,which quantifies the synchronization tran-
sitions induced by channel noise.

Similar phenomena for other time delays are
obtained. In Fig. 5, σ is plotted as functions of S and τ .
It is seen that σ changes in zigzag shape as S increases
for certain time delays, e.g., τ = 26, 45, which rep-
resents the occurrence of synchronization transitions.
This shows that the neurons can exhibit synchroniza-
tion transitions with varying channel noise at around
time delays that can induce synchronization transitions.
At around time delays that can induce synchronization
transitions, the spiking behaviors become unstable and
aremore sensitive to the perturbation of noise, and their
phases can be changed by channel noise easily. Thus,
as channel noise is varied, the spiking behaviors may
become synchronous or non-synchronous, exhibiting
synchronization transitions.

Fig. 4 Dependence of σ on D at p = 0.05, ε = 0.1 and τ = 26.
There are σ peaks as S increases within a range, indicating the
occurrence of synchronization transitions

In the following, we study the effects of coupling
strength ε and network randomness p on the synchro-
nization transitions by channel noise. In Fig. 6, σ is
plotted against S for different ε values at p = 0.05
and τ = 26. As ε increases, σ peaks grow and become
highest at ε = 0.1, and then the peaks become very
low at ε = 0.2. Meanwhile, σ peaks move to smaller
S as ε increases. This shows that the synchronization
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Fig. 5 Contour plot of σ as functions of S and τ at p = 0.05 and
ε = 0.1. σ changes in zigzag shape with the increase in S for cer-
tain time delays, which indicates the presence of synchronization
transitions

Fig. 6 σ is Plotted against D for different coupling strengths ε at
p = 0.05 and τ = 26. As ε increases, σ peaks grow and become
highest at intermediate ε. This shows that the synchronization
transitions become most obvious when coupling strength is opti-
mal

transitions by channel noise become most obvious
when coupling strength is optimal at ε = 0.1.

This phenomenon can be understood as follows. For
too small coupling strength, the neurons are coupled
too weakly and are in low synchronization, and hence
they can only exhibit weak synchronization transitions
under the regulation of channel noise; for too big cou-
pling strength, the neurons are highly synchronized,

Fig. 7 Dependence of σ on D for different network randomness
p at p = 0.05 and τ = 26. As p increases, σ peaks decrease and
becomevery lowwhen p = 0.6.This shows that the synchroniza-
tion transitions are reduced by increasing network randomness

and it is difficult for channel noise to make the neu-
rons to perform synchronization transitions; for inter-
mediate coupling strength, the neurons are in moderate
synchronization, and thus channel noise can change
the synchronization state easily and hence can induce
obvious synchronization transitions. In particular, the
synchronization transitions may become most obvious
when coupling strength is optimal. Because increas-
ing coupling strength can enhance the synchronization
of the neurons, the channel noise for inducing syn-
chronization transitions increases as coupling strength
increases.

The effect of network randomness p is displayed
in Fig. 7. As p increases, σ peaks grow and become
highest at p = 0.05, and then they become lower as p
further increases. Meanwhile, σ peaks move to smaller
S as p increases. This indicates that there is optimal
network randomness atwhich the synchronization tran-
sitions by channel noise become most obvious.

Previous studies have shown that increasing net-
work randomness p can enhance the synchronization
of neuronal network. For too small or too large p, the
synchronization of the neurons is too low or too high.
In these two cases, it is difficult for channel noise to
change the synchronous states, and hence it can only
induce weak synchronization transitions. For interme-
diate p, the neurons are moderately synchronized, and
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hence channel noise can change the synchronization
state easily and hence can induce obvious synchroniza-
tion transitions. Similarly, because of the enhancement
of synchronization by increasing network randomness,
the channel noise for inducing synchronization transi-
tions increases as network randomness increases.

The synchronization transitions induced by chan-
nel noise can be briefly explained as follows. Time
delay can introduce phase slips in the firing behav-
iors and hence can induce synchronization transitions
in neuronal network. It is known that the neurons can
fire spikes under the inspiration of channel noise, and
the spikes may have different characters when chan-
nel noise intensity is varied. Since a phase slip intro-
duced by time delay has different effects on differ-
ent firing behaviors, the neurons may exhibit syn-
chronization transitions when channel noise is varied.
Wang et al. developed a general criterion of synchro-
nization stability of N coupled neurons and investi-
gated complete synchronizationof four coupled chaotic
Chay neurons [51]. We expect that this theoretical
method can be used to analytically study the mecha-
nism for the phenomena observed in this paper in future
work.

There are numerous studies on the effect of chan-
nel noise on the temporal coherence and synchro-
nization of neuronal systems, and many phenomena
of channel noise-enhanced temporal coherence and
synchronization have been found. However, the phe-
nomenon of synchronization transitions by channel
noise observed in this work is reported for the first
time. It shows that channel noise can intermittently
enhance and reduce the synchronization of the neu-
ronal network. It is known that synchronization is cor-
relatedwithmany physiologicalmechanisms of normal
and pathological brain functions. Physiological exper-
iments have demonstrated the existence of synchro-
nous firing in different areas of the brain of some ani-
mals like cats and monkeys. Synchronization of cou-
pled neurons has been suggested as a mechanism for
binding globally distributed into a coherent motion,
and the presence or absence of synchronization can
result in normal function or dysfunction of a biolog-
ical system, and too well synchrony can lead to dis-
ease [1–5]. The phenomenon of synchronization tran-
sitions implies that channel noise could have a reg-
ulation effect on the normal and pathological func-
tions in the brain. These findings may find potential
implications in the information processing and trans-

mission in neural systems like the brain, although
there is no experimental evidence from neuroscience
at present.

It should be noted that Sun et al. [42] studied the
effect of channel block (channel noise) on the spik-
ing regularity in clustered neuronal networks, and
they found that the spiking regularity can be reso-
nantly enhanced by fine-tuning of non-blocked chan-
nels.While, in this work, we study the effect of channel
noise on the synchronization of Newman–Watts small-
world network, synchronization transitions induced by
channel noise are observed. Therefore, our present
work is different from thework by Sun et al. in research
subject and neuronal network.

4 Conclusion

In summary, we have numerically studied the effect
of channel noise on the synchronization of delayed
Newman–Watts network of stochasticHHneurons. It is
found that time delay can induce synchronization tran-
sitions only when channel noise is intermediate, and
the synchronization transitions become most obvious
when channel noise intensity is optimal. This shows
that delay-induced synchronization transitions can be
enhanced by channel noise. It is also found that the neu-
rons can exhibit synchronization transitions as chan-
nel noise is varied, and this phenomenon is enhanced
at around time delays that can induce synchroniza-
tion transitions. Moreover, this phenomenon is depen-
dent on coupling strength and network randomness and
becomes most obvious when the value of coupling
strength or the value of network randomness is opti-
mal. This shows that channel noise can induce synchro-
nization transitions in the delayed neuronal network,
and this phenomenon can be most strongly enhanced
by coupling strength and network randomness. These
results show that channel noise has a subtle regulation
effect on the synchronization of the neuronal network.
These findings may find potential implications for the
normal and pathological functions in the brain and the
information processing and transmission in neural sys-
tems.
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bursting neurons with delayed chemical synapses. Phys.
Rev. E 78, 036211 (2008)

23. Adhikari, B., Prasad, A., Dhamala, M.: Time-delay-induced
phase-transition to synchrony in coupled bursting neurons.
Chaos 21, 023116 (2011)

24. Wang, Q.Y., Duan, Z.S., Perc,M., Chen, G.R.: Synchroniza-
tion transitions on small-world neuronal networks: Effects
of information transmission delay and rewiring probability.
Europhys. Lett. 83, 50008 (2008)

25. Wang, Q.Y., Perc,M., Duan, Z.S., Chen, G.R.: Synchroniza-
tion transitions on scale-free neuronal networks due to finite
information transmission delays. Phys. Rev. E 80, 026206
(2009)

26. Wang, Q.Y., Chen, G.R., Perc, M.: Synchronous bursts on
scale-free neuronal networks with attractive and repulsive
coupling. PLoS ONE 6, e15851 (2011)

27. Hao, Y.H., Gong, Y.B.,Wang, L.,Ma, X.G., Yang, C.L.: Sin-
gle or multiple synchronization transitions in scale-free neu-
ronal networks with electrical or chemical coupling. Chaos
Soliton. Fract. 44, 260–268 (2011)

28. Guo, D.Q., Wang, Q.Y., Perc, M.: Complex synchronous
behavior in inter-neuronal networks with delayed inhibitory
and fast electrical synapses. Phys. Rev. E 85, 061905 (2012)

29. Xu, B., Gong, Y.B., Wang, L., Wu, Y.N.: Multiple syn-
chronization transitions due to periodic coupling strength in
delayed Newman–Watts networks of chaotic bursting neu-
rons. Nonlin. Dyn. 72, 79–86 (2013)

30. Sun, X.J., Lei, J.Z., Perc, M., Kurths, J., Chen, G.R.: Burst
synchronization transitions in a neuronal network of subnet-
works. Chaos 21, 016110 (2011)

31. Hodgkin, A.L., Huxley, A.F.: A quantitative description of
membrane current and its application to conduction and
excitation in nerve. J. Physiol. 117, 500–544 (1952)

32. Gammaitoni, L., Hänggi, P., Jung, P., Marchesoni, F.: Sto-
chastic resonance. Rev. Mod. Phys. 70, 223–287 (1998)

33. Schmid,G., Goychuk, I., Hänggi, P.: Stochastic resonance as
a collective property of ion channel assemblies. Europhys.
Lett. 56, 22–28 (2001)

34. Hänggi, P.: Stochastic resonance in biology. ChemPhys
Chem 3, 285–290 (2002)

35. Ozer, M., Perc, M., Uzuntarla, M.: Controlling the sponta-
neous spiking regularity via channel blocking on Newman–
Watts networks of Hodgkin–Huxley neurons. Europhys.
Lett. 86, 40008 (2009)

36. Sun, X.J., Lei, J.Z., Perc, M., Lu, Q.S., Lv, S.J.: Effects of
channel noise on firing coherence of small-world Hodgkin-
Huxley neuronal networks. Eur. Phys. J. B 79, 61–66 (2011)

37. Ozer, M., Perc, M., Uzuntarla, M.: Stochastic resonance
on Newman–Watts networks of Hodgkin–Huxley neurons
with local periodic driving. Phys. Lett. A 373, 964–968
(2009)

123



Effects of channel noise on synchronization transitions 1697

38. Ozer, M., Perc, M., Uzuntarla, M., Koklukaya, E.: Weak
signal propagation through noisy feed-forward neuronal net-
works. NeuroReport 21, 338–343 (2010)

39. Ozer,M.,Uzuntarla,M., Perc,M.,Graham,L.: Spike latency
and jitter of neuronal membrane patches with stochas-
tic Hodgkin–Huxley channels. J. Theor. Biol. 261, 83–92
(2009)

40. Uzun, R., Ozer, M., Perc, M.: Can scale-freeness offset
delayed signal detection in neuronal networks? Europhys.
Lett. 105, 60002 (2014)

41. Uzuntarla, M., Uzun, R., Yilmaz, E., Ozer, M., Perc, M.:
Noise-delayed decay in the response of a scale-free neuronal
network. Chaos Soliton. Fract. 56, 202–208 (2013)

42. Sun, X.J., Shi, X.: Effects of channel blocks on the spiking
regularity in clustered neuronal networks. Sci. China Tech-
nol. Sci. 57, 879–884 (2014)

43. Neiman, A., Schimansky-Geier, L., Cornell-Bell, A., Moss,
F.: Noise-enhanced phase synchronization in excitable
media. Phys. Rev. Lett. 83, 4896–4899 (1999)

44. Zhou, C.S., Kurths, J.: Noise-induced synchronization and
coherence resonance of a Hodgkin–Huxley model of ther-
mally sensitive neurons. Chaos 13, 401–409 (2003)

45. Perc, M.: Optimal spatial synchronization on scale-free net-
works via noisy chemical synapses. Biophys. Chem. 141,
175–179 (2009)

46. Wu, Y.N., Gong, Y.B., Wang, Q.: Noise-induced synchro-
nization transitions in neuronal network with delayed elec-
trical or chemical coupling. Eur. Phys. J. B 87, 198 (2014)

47. Fox, R.F., Lu, Y.N.: Emergent collective behavior in large
numbers of globally coupled independently stochastic ion
channels. Phys. Rev. E 49, 3421–3431 (1994)

48. Fox, R.F.: Stochastic versions of the Hodgkin–Huxley equa-
tions. Biophys. J. 72, 2068–2074 (1997)

49. Newman, M.E.J., Watts, D.J.: Scaling and percolation in the
small-world network model. Phys. Rev. E 60, 7332 (1999)

50. Gong, Y.B., Xu, B., Xu, Q., Yang, C.L., Ren, T.Q., Hou,
Z.H., Xin, H.W.: Ordering spatiotemporal chaos in complex
thermosensitive neuron networks. Phys. Rev. E 73, 046137
(2006)

51. Wang, Q.Y., Lu, Q.S., Chen, G.R., Guo, D.H.: Chaos syn-
chronization of coupled neurons with gp junctions. Phys.
Lett. A 356, 17–25 (2006)

123


	Effects of channel noise on synchronization transitions  in Newman--Watts neuronal network with time delays
	Abstract
	1 Introduction
	2 Model and equations
	3 Results and discussion
	3.1 Effect of channel noise on time delay-induced synchronization transitions
	3.2 Synchronization transitions induced by channel noise

	4 Conclusion
	Acknowledgments
	References




