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Chimera states in uncoupled 
neurons induced by a multilayer 
structure
Soumen Majhi1, Matjaž Perc2,3 & Dibakar Ghosh1

Spatial coexistence of coherent and incoherent dynamics in network of coupled oscillators is called a 
chimera state. We study such chimera states in a network of neurons without any direct interactions 
but connected through another medium of neurons, forming a multilayer structure. The upper layer 
is thus made up of uncoupled neurons and the lower layer plays the role of a medium through which 
the neurons in the upper layer share information among each other. Hindmarsh-Rose neurons with 
square wave bursting dynamics are considered as nodes in both layers. In addition, we also discuss the 
existence of chimera states in presence of inter layer heterogeneity. The neurons in the bottom layer 
are globally connected through electrical synapses, while across the two layers chemical synapses 
are formed. According to our research, the competing effects of these two types of synapses can lead 
to chimera states in the upper layer of uncoupled neurons. Remarkably, we find a density-dependent 
threshold for the emergence of chimera states in uncoupled neurons, similar to the quorum sensing 
transition to a synchronized state. Finally, we examine the impact of both homogeneous and 
heterogeneous inter-layer information transmission delays on the observed chimera states over a wide 
parameter space.

The interaction among coupled oscillators in a system often results in fascinating spatiotemporal patterns and one 
of the most surprising among them is the chimera state which consists of coexisting domains of spatially coher-
ent (synchronized) and incoherent (desynchronized) oscillators. After observing firstly in a nonlocally coupled 
system of identical phase oscillators1, chimera states have been extensively studied during the past decade. They 
have been observed in a wide range of systems, for example in phase oscillators1–6, neuronal models7–13, chaotic 
systems14,15, Hopf normal forms16–19 etc. Even the coupling topology is not restricted to the nonlocal one, rather 
chimera states have been noticed in global20–22 as well as in local interactions11,12,23 and even for one-way local 
coupling24. Chimera-like states have also been well investigated on complex networks25, time-varying network26 
and modular type neural networks12. Apart from numerical and theoretical studies, experimental evidence of 
chimera states is reported in optical coupled-map lattices27, coupled chemical oscillators28, metronomes29 and 
squid meta-materials30 etc.

The existence of chimera state is strongly connected to neuronal systems, e.g. various types of brain diseases31,32  
such as Parkinson’s disease, epileptic seizures, Alzheimer’s disease, schizophrenia and brain tumors. Chimera 
states are also related with the real world phenomena of unihemispheric slow-wave sleep33 of some aquatic ani-
mals (e.g. dolphins) and migrated birds. During slow-wave sleep in these species half part of the brain is in sleep 
and the other half remains awake. This strongly indicates that the neurons of the sleepy part are synchronized 
(coherent) and desynchronized (incoherent) in the awake part of the cerebral hemisphere, which resembles the 
chimera state. Recently, chimera states are observed in neuronal oscillators if the neurons are locally, globally or 
nonlocally coupled via chemical synapses11. But what if the neurons are not connected to each other? Diverse 
nervous activities are found not only among coupled neuron groups in the same brain region, but also among 
uncoupled neuron groups in the same brain region or among different cortical areas. It can even cross over two 
semi-spheres of the brain. Thus in the nervous system, activities are present not only among the coupled neurons, 
but also among the uncoupled neurons. Studies on neuron synchronization are mainly focused on two cases: 
the coupled neurons and the uncoupled neurons. Previously, synchronization is observed in uncoupled neurons 
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subject to a common noisy field34 and also under neuron’s membrane potential stimulation35. Experimentally it 
was observed that synchronization in different neurons may appear in the same region of the brain and even in 
different regions in the brain36. On the other hand, most of the earlier works on chimera states assume that the 
oscillators are on a single layer whatever be the network topology is. Again, there are many physical systems that 
do not interact directly but exchange the information through a common medium, for instance, in the Huygen’s 
experiment the two pendulum clocks were interacting through the common wooden beam from which they were 
hanging. Also this type of indirect interaction is particularly important in biological systems, e.g., populations 
of cells in which oscillatory reactions are taking place37 through the interaction via chemicals that diffuse in the 
surrounding medium.

In this paper, we investigate an architecture where the neuronal oscillators in the upper layer (the layer of our 
interest) have no connection among them, while they interact with each other via another layer of similar oscil-
lators, thus forming a multilayer structure. To the best of our knowledge, this is the first observation of chimera 
states in uncoupled neurons in the form of multilayer network. Recent research and reviews attest to the fact 
that multilayer networks are the next frontier in network science38–52. In particular, not only are the interactions 
between the constituents of a complex system limited and thus best described by networks, it is also a fact that the 
processes happening in one network may vitally affect another network, and moreover, that a node in one net-
work is likely part of another network. From the world economy and transportation systems to social media and 
biological systems, it is clear that such interdependencies exist, thus making networks of networks or multilayer 
networks a much better and realistic description of such systems.

This type of multilayer structure is also quite evident in neuronal networks. So it would be of obvious impor-
tance to study a network having an architecture of the this type taking neuronal models as the nodes of both the 
layers. We take the neuron dynamics in terms of Hindmarsh-Rose neuronal model which exhibits various types 
of bursting dynamics such as spiking, plateau bursting, square-wave bursting (periodic and chaotic) and mixed 
mode bursting etc. depending on the system parameters. Two types of synapses i.e. electrical and chemical syn-
apses exist through which neurons communicate with each others. Moreover, neurons may not be connected 
with each other with the same type of synapses everywhere. In fact, a recent work on chimera-like states has 
been done on neural network inspired by the neuronal connection of the C. elegans soil worm, organized into 
six interconnected communities, assuming that the neurons are connected with electrical synapses within the 
communities and with chemical synapses across them12. In this study, we consider that the neurons are con-
nected with electrical synapses within the bottom layer (the medium) and with chemical synapses across the 
layers. Again in neuronal networks, delays arise due to finite propagation times along the axons or to reaction 
times at chemical synapses. Also depending on the physiological properties of axons and synapses, these delays in 
signal transmission between different cells of the network may differ. Thus time delay in inter-layer information 
transmission process is indisputable and it can be heterogeneous too. Hence our aim in this article is to examine 
how these two types of synaptic connection affect the dynamics of upper layer and how chimera pattern emerges 
due to that competing effects of two synapses and finally to study the influence of inter-layer synaptic delay (both 
homogeneous and heterogeneous) on the upper layer dynamics.

We consider N identical isolated neurons which are connected through a common medium. We assume that 
isolated neurons are situated on same layer (upper layer) and medium as globally connected neurons (lower 
layer). Each isolated neuron interact directly with one neuron (its replica) in the medium. As we are considering 
global coupling in the multi-layering layer (common medium) and the uncoupled neurons are only interacting 
with its replica in the common medium, so the spatial order of the neurons in the upper layer is same as the 
spatial order of the neurons in the common medium. The schematic diagram of the network is shown in Fig. 1. 
Therefore, in terms of recently developed multi-layer networks, our proposed network is a multilayer network 
with two layers. We consider each neuron as Hindmarsh-Rose neuron model. The neurons in the medium are 
connected through electrical synapses as they allow direct and passive flow of electron via gap junctions. These 
gap junctions permit for mutual instantaneous transmission of electron between the neurons which are spatially 
very close to each other. The main goal for considering electrical synapses in the lower layer (medium) is to 
synchronize (or coherent motion) electrical activity among the neurons. We assume electrical synapses among 
the globally coupled neurons in the common medium which is homogeneous distribution of the medium. This 
assumption is more realistic in biological and chemical systems, as homogeneous medium is observed either in 
biological systems by the fast diffusion of the small molecules or in chemical systems by stirring the solution. On 
the other hand, the isolated neurons are connected with the common medium through chemical synapses. The 
chemical synapses typically function in a longer range compared to electrical synapses, it would thus be more 
likely to connect across the layers. Thus the simultaneous effect of electrical and chemical synaptic coupling is best 
represented by multilayer structure where the neurons in the medium are connected through electrical synapses 
while across the layers through chemical synapses.

Results
In this work, we study the emergence of symmetry breaking pattern in the upper layer as a result of the co-action 
of the two types of synapses. Here we are considering multilayer network and the number of neurons in both the 
layers are same. We investigate two different cases based on inter-layer coupling delays. In first case, we consider 
the instantaneous inter-layer chemical synaptic coupling between the layers and later the effect of delays (homo-
geneous and heterogeneous) present in the inter-layer chemical synaptic coupling.

Instantaneous inter-layer chemical synaptic interaction.  In this section, we mainly investigate the 
dynamics of the isolated neurons in absence of inter-layer chemical synaptic coupling delay. For Kch =​ 0 (in Eq. (4) 
of Method section), the bottom layer gets synchronized quite rapidly due to the global (all-to-all type) interaction 
between the neurons with electrical synapses (particularly, Kel =​ 1.0) and the neurons in the upper-layer behave 



www.nature.com/scientificreports/

3Scientific Reports | 6:39033 | DOI: 10.1038/srep39033

according to their individual rhythms (i.e., the rhythm of square wave bursting). So, our objective is to explore 
the dynamics of the uncoupled neurons in the upper layer while activating the inter-layer chemical synaptic cou-
pling strength Kch and keeping the bottom layer neurons synchronized. In this case the uncoupled neurons are 
connected with the common medium. Now switching on Kch, we initially see the incoherent (desynchronized) 
behaviors of the upper layer neurons and they remain incoherent for 0 ≤​ Kch <​ 1.075. But as we increase Kch, the 
upper layer network spontaneously splits into two coexisting domains, one of which is coherent and the other 
one is incoherent which portrays the feature of chimera states. If we increase Kch further, we observe that all the 
neurons get synchronized for Kch >​ 1.230. Figure 2(a,b,c) show the snapshots of membrane potentials of all the 
uncoupled neurons in the upper layer exhibiting incoherent, chimera and coherent states at Kch =​ 1.0, 1.13 and 
1.30 respectively. At these points, the coherent behavior of all the neurons in the common medium are illustrated 
in insets of Fig. 2(a,b,c). Middle panel of Fig. 2 shows the behaviors of particular three neurons x20,1, x50,1 and 
x90,1 illustrated by green, blue and red colors respectively. At incoherent states, all the upper layer neurons follow 
chaotic square-wave bursting dynamics (Fig. 2(d)). At higher value of inter-layer chemical synaptic coupling 
Kch =​ 1.13, a typical pattern of chimera state with one group of coherent neurons and another group of incoherent 
neurons coexist. In this case, a neuron in the coherent group and a neuron in the incoherent group have the same 
time series form i.e. chaotic square-wave bursting in nature shown in Fig. 2(e). At higher value of kch =​ 1.3, all the 
uncoupled neurons in the upper layer are found to be in coherent state and the neurons are in plateau bursting 
states (Fig. 2(f)). Additionally, we calculate mean angular frequency53 of the i-th neuron as,
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where φi,1 =​ arctan(yi,1/xi,1) is the geometric phase for the fast variables xi,1 and yi,1 of the i-th neuron, which is 
a good approximation as long as c is small (≪​1) and 〈​…​〉​t denotes long term time average. The mean angular 
frequencies corresponding to incoherent, chimera and coherent states are shown in Fig. 2(g,h,i) respectively. To 
calculate mean angular frequencies ωi,1, the time interval is taken over 5 ×​ 105 time units after an initial transient 
of 3 ×​ 105 units, throughout the paper. The mean angular frequency corresponding to the neurons in incoherent 
group are randomly scattered whereas for coherent group of neurons they are same. These mean angular fre-
quency profiles clearly distinguished coherent and incoherent groups in the chimera state.

Figure 3 depicts the variation of strength of incoherence (SI) (refer to the Method section) with respect to 
inter-layer chemical synaptic coupling strength Kch. As can be seen, in the region I =​ {Kch:1.0 ≤​ Kch <​ 1.075}, 
the value of SI remains unity characterizing the incoherent (disordered) neurons but as we increase 
Kch beyond Kch =​ 1.075, we observe chimera state characterized by the values 0 <​ SI <​ 1 in the region 
II =​ {Kch:1.075 ≤​ Kch ≤​ 1.230}. Although 0 <​ SI <​ 1 may represent other dynamical states like cluster state54, splay 
state etc., rigorous verification of the snapshots and time series of the neurons in the parameter range II (also for 
all the parameter region plots in the following sections) have confirmed the existence of chimera patterns only. 

Figure 1.  Schematic diagram of a multilayer network where the neurons in the upper layer (blue circle) 
are uncoupled, while the neurons in the lower layer (red circle) are globally (all-to-all) coupled through 
electrical synapses (solid lines). Connections exist between the corresponding neurons in the lower and upper 
layer through chemical synapses (dashed lines). Each neuron in the upper layer is connected to its immediate 
bottom neuron in lower layer.
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With further increase, the value of Kch leads to the coherent state as the values of SI becomes zero in the region 
III =​ {Kch:Kch >​ 1.230}.

Quorum sensing mechanism for chimera states.  Next, we find the density-dependent threshold for 
the emergence of chimera states in the upper-layer. This density-dependent threshold is a similar entity like that 
in quorum-sensing transition to synchronization55,56. This mechanism plays a key role in bacterial infection, 
biofilm formation and bioluminescence57. In the context of neuronal network, a similar quorum sensing mech-
anism involve local field potential58,59 which may exist through a different level in cortical hierarchy and play an 
important role in the synchronization of group of neurons. This mechanism also exists in the synchronization of 

Figure 2.  Left panels show snapshots of membrane potentials xi,1(i =​ 1, 2, …​, 100) for (a) disordered state, 
Kch =​ 1.0, (b) chimera state, Kch =​ 1.130, and (c) coherent state, Kch =​ 1.30. Middle panels show the behaviors of 
the neurons xk,1(k =​ 20, 50, 90) in the upper layer for (d) disordered, (e) chimera, and (f) coherent states. Right 
panels show corresponding mean angular frequencies ωi,1(i =​ 1, 2, …​, 100) for (g) disordered, (h) chimera 
and (i) coherent states. The inset figures in (a), (b) and (c) are the corresponding snapshots of the lower layer 
neurons’ membrane potentials xi,2(i =​ 1, 2, …​, 100) (black color), that signify coherent state of the neurons.

Figure 3.  Variation of strength of incoherence (SI) is plotted by changing inter-layer chemical synaptic 
coupling strength Kch. Regions I, II and III are respectively for incoherent, chimera and coherent  
states. Here N =​ 100, M =​ 20, and δ =​ 0.05. The values pointed as A (at Kch =​ 1.0), B (at Kch =​ 1.130) and C  
(at Kch =​ 1.30) respectively correspond to the exemplary snapshots shown in Fig. 2(a,b and c) respectively.
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chemical oscillators60 and cold atoms61. In fact, many natural synchronization phenomena where the individual 
oscillators are not directly coupled, but coupled rather through a common medium experience different syn-
chronization regimes as a function of the number of uncoupled nodes or their density. In our work, by increas-
ing the number of uncoupled neurons in the upper layer (as well as the number of neurons in the lower layer) 
which are interacting through lower layer (medium), an emergence of chimera states is observed in the upper 
layer. For small number of uncoupled neurons, say N =​ 22, we observe chimera states for very small range of 
Kch(1.12 ≤​ Kch ≤​ 1.13) and at higher value of it gives coherent state. Chimera states are not identified for N <​ 22 
and in this case all the neurons are either in disordered or coherent state depending on the value of Kch. The 
snapshot of the membrane potential xi,1 for N =​ 22 and Kch =​ 1.125 is shown in Fig. 4(a). If we increase the num-
ber of uncoupled neurons in the upper layer, the range of Kch increases for the existence of chimera states. For 
N =​ 40, chimera emerges for the inter-layer chemical synaptic coupling strength Kch in (1.13 ≤​ Kch ≤​ 1.175) and 
snapshot of xi,1 at Kch =​ 1.15 are shown in Fig. 4(b). Figure 4(c) shows the chimera states for N =​ 60 and Kch =​ 1.16. 
Figure 4(d,e,f) show the mean angular frequencies ωi,1 corresponding to the chimera states in Fig. 4(a,b,c) respec-
tively. To calculate mean angular frequencies ωi,1, the time interval is taken over 5 ×​ 105 time units after an initial 
transient of 3 ×​ 105. It is observed that the chimera states persist for long time range in the case of small number 
of uncoupled neurons as well. To explore the complete dynamics of the uncoupled neurons, we plot the phase 
diagram in the N −​ Kch parameter space (Fig. 4(g)) for the range of N ∈​ [10, 100] and Kch ∈​ [1.0, 1.5]. From this 
figure, it is seen that the region of chimera states in the inter-layer synaptic coupling strength Kch increases with 
increasing density N of the neurons.

Homogeneous inter-layer chemical synaptic coupling delay.  As mentioned earlier that the 
inter-layer information transmission may not be instantaneous, in general, and so the time-delay in this pro-
cess should not be neglected. Previous notable works include enhancement of synchrony in a network of 
Hindmarsh-Rose neuronal oscillators with time-delayed coupling62. Influence of time delay in the context of 
control of synchronization is studied in coupled excitable neurons in ref. 63. Impact of information transmis-
sion delay on the synchronization transitions of modular networks in presence of both electrical and chemical 
synapses has also been studied in ref. 64. Here our aim is to analyze how the dynamical state in the upper layer 
varies in presence of time-delay in the inter-layer chemical synapses. At first we take the homogeneous inter-layer 
delay, i.e. the delay in the information transmission from upper to lower layer and from lower to upper layer are 

Figure 4.  Snapshots illustrating emergence of chimera states for (a) N =​ 22,Kch =​ 1.125, (b) N =​ 40, Kch =​ 1.15 
and (c) N =​ 60, Kch =​ 1.16. Lower panels (d,e,f) show corresponding mean angular frequencies for N =​ 22,40 and 
60 respectively. (g) Phase space diagram in inter-layer chemical synaptic coupling strength Kch and the number 
of uncoupled neurons N. The region of disordered, chimera and coherent states are represented by yellow, red 
and blue colors respectively. Strength of incoherence is used to distinguish different states. The points A, B and 
C correspond to the values used in (a,d), (b,e) and (c,f) respectively.



www.nature.com/scientificreports/

6Scientific Reports | 6:39033 | DOI: 10.1038/srep39033

same i.e. τ1 =​ τ2 =​ τ. Keeping τ fixed at a certain value and varying Kch we observe chimera patterns again as a link 
between incoherence and coherence as before. In Fig. 5, we fix the inter-layer chemical synaptic coupling delay 
as τ =​ 0.4 and vary the inter-layer chemical synaptic coupling strength Kch. Here again for small values of Kch, the 
upper layer remains disordered but as it increases, chimera pattern arises and sustains for a longer range of Kch 
compared to the previous case of instantaneous inter-layer coupling. Further increase in Kch gives rise to coherent  
dynamics in the layer. In the left panels of Fig. 5, the snapshot of amplitudes (membrane potential) depicting 
disordered, chimera and coherent states for Kch =​ 0.43, 0.73 and 1.10 are shown in Fig. 5(a–c) respectively. 
Corresponding mean angular frequencies for disordered, chimera and coherent states are given in Fig. 5(d–f).

As a characterization of the chimera states, we plotted the strength of incoherence SI, for different values of 
Kch. As in Fig. 6, the upper layer remains disordered in the region I =​ {Kch:0.4 ≤​ Kch <​ 0.57} with SI =​ 1, chimera 
pattern emerges in the region II =​ {Kch:0.57 ≤​ Kch ≤​ 0.92} where 0 <​ SI <​ 1 and the layer gets ordered if we further 
increase the value of Kch as the value of SI turns into zero.

Figure 5.  Left panels show snapshots of membrane potentials for (a) disordered state at Kch =​ 0.43, (b) chimera 
state at Kch =​ 0.73, and (c) coherent state at Kch =​ 1.10. Right panels (d), (e), and (f) show the corresponding 
mean angular frequencies of disordered, chimera and coherent states. The homogeneous inter-later synaptic 
coupling delay-time τ =​ 0.4.

Figure 6.  Strength of incoherence is plotted against inter-layer chemical synaptic coupling strength Kch 
for τ = 0.4. Regions I, II and III respectively stand for disordered, chimera and coherent states. The values 
pointed as A (at Kch =​ 0.43), B (at Kch =​ 0.73) and C (at Kch =​ 1.10) correspond to the exemplary snapshots given 
in Fig. 5(a,b and c) respectively.
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To get the complete understanding of the simultaneous effect of Kch and τ, we rigorously plot the states of 
the upper layer network in the Kch −​ τ parameter space for the range Kch ∈​ [0, 1.5] and τ ∈​ [0, 1.0] in Fig. 7. The 
strength of incoherence (SI) is used to distinguish between different dynamical states by changing Kch and τ 
simultaneously. Blue, red and yellow colors stand for the region of coherent, chimera, and incoherent states 
respectively. As Kch increases, the successive scenario of incoherent state, chimera state followed by coherent states 
remains unaltered for almost all the values of τ in the parameter space. The widening of the region reflecting chi-
mera pattern due to the introduction of time delay τ is observed in the parameter space as well. These proves that 
the chimera patterns persist as a natural link between incoherence and coherence even in the presence of homo-
geneous delay in the inter-layer interaction, irrespective of the amount of time-delay. Also we must note that for 
the case of instantaneous inter-layer chemical synaptic coupling, Fig. 3 shows chimera state starts occurring only 
when Kch ≥​ 1.075. But the introduction of the information transmission delay τ in the inter-layer coupling brings 
about chimera pattern even when Kch is much smaller than 1.075 which is clear from Fig. 7.

Heterogeneous inter-layer chemical synaptic coupling delays.  Next we consider the most general 
form of interaction between the two layers of oscillators by taking heterogeneous delays in the inter-layer synaptic 
coupling. Formerly impact of heterogeneous time delay is investigated in the context of different types of cluster 
synchronization65,66, synchrony67 and amplitude death68 of coupled neural networks. Information transmission 
delays from upper to lower layer i.e., τ1 and from lower to upper layer i.e., τ2 are different in this case. These het-
erogeneous time delays can also be reduced to homogeneous time delay τ = τ τ+

2
1 2 , by a time shift transforma-

tion, recently proposed by Lucken et al.69. But our main concern will be with the emergence of chimera patterns 
due to the co-action of these different time-delays τ1 and τ2.

In order to do that, first we keep Kch fixed at 0.8, where chimera was observed for a long range of τ in the 
homogeneous delay case (Fig. 7). We plot the τ1 −​ τ2 parameter space for the range τ1 ∈​ [0, 1.4] and τ2 ∈​ [0, 1.4] in 
Fig. 8(a). Initially, as τ1 and τ2 increase simultaneously, from the state of incoherence the upper layer network may 
achieve chimera state when τ1 and τ2 passes a certain value (satisfying τ τ+ .0 261 2 ). In fact, then we found a 
region (in black color) where incoherent and chimera pattern coexist in the parameter space. For further incre-
ment in τ1 and τ2, coexistence of chimera and coherence is observed (green region) and even higher values of τ1 
and τ2 leads the upper layer to the state of coherence (blue region). The more the value of τ1, less the value of τ2 is 
needed (and vice versa ) for the network to attain coherent state as in Fig. 8(a). This is how in this case, chimera 
may be found in a wide range of the τ1 −​ τ2 parameter space.

Next, taking Kch from the regime where synchrony is observed for a long range of τ (the homogeneous delay), 
we again discover a convincing enough chimera region in the τ1 −​ τ2 parameter space followed by a synchronous 
region. For fixed Kch =​ 1.0, in the τ1 −​ τ2 parameter space with τ1 ∈​ [0, 0.5] and τ2 ∈​ [0, 0.5], disordered state (yel-
low region) appears only for very small values of τ1, τ2 as shown in Fig. 8(b). But as both the delays increase, the 
region of coexistence of incoherence and chimera (in black color) and a region of coexistence of coherence and 
chimera pattern (in green color) develops as in the previous case followed by the coherent state (blue region).

Finally, we fix Kch =​ 0.35 at such a value where no chimera was observed for almost any value of the homoge-
neous time-delay τ (Fig. 7). Taking Kch =​ 0.35, for τ1 and τ2 satisfying τ τ+ .0 661 2 , the chimera state can 
emerge in the uncoupled neurons as in Fig. 8(c). The region (in black color) of coexistence of disordered and 
chimera states is identified. But coherence has not been observed for almost any value of τ1 and τ2 in this case. In 
fact, even if we fix Kch at other smaller or larger values than the above values taken, we will have the similar type 
of τ1 −​ τ2 space except only the range of τ1 and τ2 at which disordered, chimera and coherent states show up. This 
is how the information transmission delays can play a crucial role as far as the formation of chimera pattern is 

Figure 7.  Two parameter phase diagram in the plane Kch − τ of isolated neurons in the upper layer. 
Strength of incoherence is used as a measure for incoherence, coherence, and chimera states. Blue, red 
and yellow colors represent the region of coherent, chimera, and incoherent states respectively. Points A 
(τ =​ 0.4, Kch =​ 0.43), B (τ =​ 0.4, Kch =​ 0.73), C (τ =​ 0.4, Kch =​ 1.10) correspond to the values used in Fig. 5(a,b,c) 
respectively.
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concerned. By introducing heterogeneous delay, we tried to make our model as general as possible, however, the 
effect of both τ1 and τ2 are similar as seen in Fig. 8.

Discussion
In summary, we have inspected how multi-layering can bring about chimera states in a network of uncou-
pled neurons where the multi-layering layer (lower layer) of neurons are globally coupled. The neurons in the 
multi-layering layer has been assumed to be connected with electrical synapses whereas inter layer connection 
has been supposed to be of chemical synaptic type. The coaction of these two types of synapses leads the uncou-
pled layer (upper layer) to a chimera state. We discussed the existence of density dependent threshold for the 
emergence of chimera states in uncoupled neurons. It is identified that delay in the inter layer coupling may 
enlarge the range of inter layer coupling strength for which the chimera pattern appears, compared to instantane-
ous inter layer coupling. We also obtained chimera states when we took other types of coupling in the common 
medium i.e. the multi-layering layer (see Supplementary Information). Our results therefore seem to be relevant 
for brain dynamics where coexistence of coherent and incoherent behaviors of the neurons appear.

Methods
In the present work our object is to study the behavior of the uncoupled neurons which are not directly coupled 
rather they are communicated with each others via a common medium. The neuronal dynamics can be controlled 
by the coaction of two synapses, namely of electric and chemical synapses.

Hindmarsh-Rose neuronal model.  We consider each neuron in the multilayer network with Hindmarsh-Rose 
neuronal model dynamics. The Hindmarsh-Rose neuronal model is a popular for its chaotic bursting behavior and 
the original form is as follows:

= + − − +

= − −
= − −




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x y ax x z I
y dx y
z c b x x z

,
1 ,

( ( ) ), (1)

2 3

2

0

where x-variable represents the membrane potential, y and z represent the transport of ions across the membrane 
through the fast and slow channels respectively. The variable z corresponds the controls of speed of variation of 
the slow current and this speed is control by the small parameter c. Here the parameter I denotes an external cur-
rent that enters the neuron and x0 controls delaying and advancing the activation of the slow current in the mod-
eled neuron. For the sake of simplicity, after parameter redefinition or linear transformation70 x →​ x, y →​ 1 −​ y, 
z →​ 1 +​ I +​ z, d →​ a +​ α, e →​ −​1 −​ I −​ bx0, the above Eq. (1) can be rewritten as

Figure 8.  (τ​1, τ​2) parameter space for N =​ 100 isolated identical Hindmarsh-Rose oscillators with (a) Kch =​ 0.8, 
(b) Kch =​ 1.0 and (c) Kch =​ 0.35. Strength of incoherence (SI) is used as a measure for incoherence, coherence, 
and chimera states. Blue region is for coherent, green is for coexistence of chimera and coherent, black is for 
coexisting chimera and incoherent, and yellow is for incoherent states.
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= − − −

= + −
= − + .


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( ) (2)

2 3

2

The transformed model (2) is a phenomenological model that gives all the common dynamical features in a 
number of biophysical modeling studies of various bursting.

We consider Hindmarsh-Rose models as the nodes of the network (schematic diagram is shown in Fig. 1) 
where both types of synapses (electrical and chemical) are present, the equations governing the dynamics of 
upper layer becomes

τ

α

= − − − + − Γ −

= + −

= − +







x ax x y z K v x x t

y a x y
z c bx z e

( ) ( ( )),

( ) ,
( ), (3)

i i i i i ch s i i

i i i

i i i

,1 ,1
2

,1
3

,1 ,1 ,1 ,2 2

,1 ,1
2

,1

,1 ,1 ,1

and for the lower layer as follows

∑

Γ τ

α

= − − − + − −

+

= + −

= − +

= ≠






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K E x x
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( ) ( ( ))

( , ),

( ) ,
( ), (4)

i i i i i ch s i i

el
j j i
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j i

i i i

i i i

,2 ,2
2

,2
3

,2 ,2 ,2 ,1 1

1,
,2 ,2

,2 ,2
2

,2

,2 ,2 ,2

where (xi,1, yi,1, zi,1) and (xi,2, yi,2, zi,2) represent the state vectors for the neurons in the upper and lower layers 
respectively, = ⋅ ⋅ ⋅i N1,2, , ; N being the number of neurons in each of the layers of the network. Here τ1 and τ2 
are the time-delays required to propagate the information from upper to lower layer and lower to upper layer 
respectively. The variables xi,k represent the membrane potentials, and the variables yi,k and zi,k are the transport of 
ions across the membrane through the fast and slow channels, respectively for upper and lower layers for k =​ 1, 2. 
We consider c a small positive parameter so that zi,k varies much slower than xi,k and yi,k (k =​ 1, 2). The regular 
square-wave bursting is observed for the set of parameter values: a =​ 2.8, α =​ 1.6, c =​ 0.001, b =​ 9, and e =​ 5 (time 
series shown in Fig. 2(a) in the Supplementary information). This system is monostable, that is, the coexistence of 
a stable equilibrium point and a limit cycle has not been observed for this set of parameter values. The synapses 
are excitatory or inhibitory for the reversal potential vs greater or less than xi,k(t) for all xi,k(t) and all times t. If i-th 
and j-th neurons are connected through electrical synapses then E(xj,2, xi,2) =​ xj,2 −​ xi,2, i, j =​ 1, 2, …​, N. From 
physicist’s perspective, at electrical synapse, gap junction between two neurons allows electron to move from one 
to another neuron via intercellular channels. This synapse is bidirectional and of a local character and occurring 
between those neurons which are spatially very close. By the mutual interaction through these synapses, neurons 
exhibit coherence or phase synchronization very easily and resulting into a group of synchronized neurons. The 
coupling strength associated with these synapses is Kel. Whereas, the chemical synaptic coupling function Γ​(x) is 
modeled by the sigmoidal nonlinear input-output function as

Γ =
+ λ− −Θ

x
e

( ) 1
1

,
(5)x( )s

with λ determining the slope of the function and Θ​s is the synaptic threshold. There is no such intercellular conti-
nuity at chemical synapses and no direct flow of electron from one neuron to another. The space gap between pre-
synaptic and postsynaptic neurons is substantially greater at chemical synapses than electric synapses. Synaptic 
current flows from presynaptic neuron to postsynaptic neuron only in response to the secretion of neurotrans-
mitters (e.g. acetylchosine, glutamate etc.). This synapse is either excitatory or inhibitory that depends on the 
neurotransmitters. We assume the chemical synapses are in excitatory for vs =​ 2.0 as it has a important function 
in information processing within the brain and throughout the peripheral nervous system. We choose the thresh-
old Θ​s =​ −​0.25 so as to make every spike in the isolated neuron burst to reach the threshold and we fix the value 
λ =​ 10. Here Kch is the coupling strength associated with the chemical synapses. We assume, for simplicity, both 
the synapses, namely electrical and chemical synapses transmit the electron bidirectionally from one to another 
neuron. The systems (3) and (4) are integrated using fifth-order Runge-Kutta-Fehlberg integration scheme with 
integration time step 0.01 for non-delayed cases i.e. τ1 =​ τ2 =​ 0.0. In presence of synaptic coupling delay, we inte-
grate systems (3) and (4) using modified Heun method with integration time step 0.01.

Characterization of chimera state: strength of incoherence.  To characterize the disordered, chimera 
and coherent states, we use the statistical measures using the time series of the network54. In order to do that we 
measure the strength of incoherence (SI) using a local standard deviation analysis. To calculate SI, we firstly define 
the transformations wi,1 =​ xi,1 −​ xi+1,1, i =​ 1, 2, ···, N. We divided the total number of neurons in upper layer into 
M (even) bins of equal length n =​ N/M and σ1(m) is the local standard deviation in each of these bins as follows
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∑σ = 
 − 


= − +

m
n

w w( ) 1 ,
(6)j n m

mn
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t

1
( 1) 1

,1 1
2

with = ∑ =w w t( )
N i

N
i1

1
1 ,1 ; m =​ 1, 2, ···, M. Then SI is defined as

δ σ= − ∑ = Θ −=SI
s

M
s m1 , ( ( )),

(7)
m
M

m
m

1
1

where Θ​(·) is the Heaviside step function and δ is a predefined threshold. Consequently, the values SI =​ 1, SI =​ 0 
and 0 <​ SI <​ 1 correspond to the incoherent, coherent and chimera states respectively.

References
1.	 Kuramoto, Y. & Battogtokh, D. Coexistence of Coherence and Incoherence in Nonlocally Coupled Phase Oscillators. Nonlinear 

Phenom. Complex Syst. 5, 380 (2002).
2.	 Abrams, D. M. & Strogatz, S. H. Chimera states for coupled oscillators. Phys. Rev. Lett. 93, 174102 (2004).
3.	 Abrams, D. M., Mirollo, R., Strogatz, S. H. & Wiley, D. A. Solvable model for chimera states of coupled oscillators. Phys. Rev. Lett. 

101, 084103 (2008).
4.	 Shima, S.-i. & Kuramoto, Y. Rotating spiral waves with phase-randomized core in nonlocally coupled oscillators. Phys. Rev. E 69, 

036213 (2004).
5.	 Motter, A. E. Nonlinear dynamics: Spontaneous synchrony breaking. Nat. Phys. 6, 164 (2010).
6.	 Martens, E. A., Laing, C. R. & Strogatz, S. H. Solvable Model of Spiral Wave Chimeras. Phys. Rev. Lett. 104, 044101 (2010).
7.	 Omelchenko, I., Omelchenko, O. E., Hövel, P. & Schöll E. When Nonlocal Coupling between Oscillators Becomes Stronger: Patched 

Synchrony or Multichimera States. Phys. Rev. Lett. 110, 224101 (2013).
8.	 Vullings, A., Hizanidis, J., Omelchenko, I. & Hovel, P. Clustered chimera states in systems of type-I excitability. New J. Phys. 16, 

123039 (2014).
9.	 Hizanidis, J., Kanas, V., Bezerianos, A. & Bountis, T. Chimera States in Networks of Nonlocally Coupled Hindmarsh-Rose Neuron 

Models. Int. J. Bifurcat. Chaos 24, 1450030 (2014).
10.	 Omelchenko, I., Provata, A., Hizanidis, J., Schöll, E. & Hövel, P. Robustness of chimera states for coupled FitzHugh-Nagumo 

oscillators. Phys. Rev. E 91, 022917 (2015).
11.	 Bera, B. K., Ghosh, D. & Lakshmanan, M. Chimera states in bursting neurons. Phys. Rev. E 93, 012205 (2016).
12.	 Hizanidis, J., Kouvaris, N. E., Zamora-Lopez, G., Diaz-Guilera, A. & Antonopoulos, C. G. Chimera-like States in Modular Neural 

Networks. Sci. Rep. 6, 19845 (2016).
13.	 Bera, B. K. & Ghosh, D. Chimera states in purely local delay-coupled oscillators. Phys. Rev. E 93, 052223 (2016).
14.	 Omelchenko, I., Maistrenko, Y., Hövel, P. & Schöll, E. Loss of Coherence in Dynamical Networks: Spatial Chaos and Chimera States. 

Phys. Rev. Lett. 106, 234102 (2011).
15.	 Omelchenko, I., Riemenschneider, B., Hövel, P., Maistrenko, Y. & Schöll, E. Transition from spatial coherence to incoherence in 

coupled chaotic systems. Phys. Rev. E 85, 026212 (2012).
16.	 Zakharova, A., Kapeller, M. & Schöll, E. Chimera Death: Symmetry Breaking in Dynamical Networks. Phys. Rev. Lett. 112, 154101 

(2014).
17.	 Schmidt, L., Schönleber, K., Krischer, K. & Garcia-Morales, V. Coexistence of synchrony and incoherence in oscillatory media under 

nonlinear global coupling. Chaos 24, 013102 (2014).
18.	 Haugland, S. W., Schmidt, L. & Krischer, K. Self-organized alternating chimera states in oscillatory media. Sci. Rep. 5, 9883 (2015).
19.	 Schmidt, L. & Krischer, K. Clustering as a Prerequisite for Chimera States in Globally Coupled Systems. Phys. Rev. Lett. 114, 034101 

(2015).
20.	 Yeldesbay, A., Pikovsky, A. & Rosenblum, M. Chimeralike States in an Ensemble of Globally Coupled Oscillators. Phys. Rev. Lett. 

112, 144103 (2014).
21.	 Chandrasekar, V. K., Gopal, R., Venkatesan, A. & Lakshmanan, M. Mechanism for intensity-induced chimera states in globally 

coupled oscillators. Phys. Rev. E 90, 062913 (2014).
22.	 Premalatha, K., Chandrasekar, V. K., Senthilvelan, M. & Lakshmanan, M. Impact of symmetry breaking in networks of globally 

coupled oscillators. Phys. Rev. E 91, 052915 (2015).
23.	 Laing, C. R. Chimeras in networks with purely local coupling. Phys. Rev. E 92, 050904(R) (2015).
24.	 Bera, B. K., Ghosh, D. & Banerjee, T. Imperfect traveling chimera states induced by local synaptic gradient coupling. Phys. Rev. E 94, 

012215 (2016).
25.	 Zhu, Y., Zheng, Z. & Yang, J. Chimera states on complex networks. Phys. Rev. E 89, 022914 (2014).
26.	 Buscarino, A., Frasca, M., Gambuzza, L. V. & Hövel, P. Chimera states in time-varying complex networks. Phys. Rev. E 91, 022817 

(2015).
27.	 Hagerstrom, A. M. et al. Experimental observation of chimeras in coupled-map lattices. Nat. Phys. 8, 658 (2012).
28.	 Tinsley, M. R., Nkomo, S. & Showalter, K. Chimera and phase-cluster states in populations of coupled chemical oscillators. Nat. 

Phys. 8, 662 (2012).
29.	 Martens, E. A., Thutupalli, S., Fourrière, A. & Hallatschek, O. Chimera states in mechanical oscillator networks. Proc. Natl. Acad. Sci. 

USA 110, 10563 (2013).
30.	 Lazarides, N., Neofotistos, G. & Tsironis, G. Chimeras in SQUID metamaterials. Phys. Rev. B 91, 054303 (2015).
31.	 Levy, R., Hutchison, W. D., Lozano, A. M. & Dostrovsky, J. O. High-frequency synchronization of neuronal activity in the 

subthalamic nucleus of parkinsonian patients with limb tremor. J. Neurosci. 20, 7766 (2000).
32.	 Ayala, G. F., Dichter, M., Gumnit, R. J., Matsumoto, H. & Spencer, W. A. Genesis of epileptic interictal spikes. New knowledge of 

cortical feedback systems suggests a neurophysiological explanation of brief paroxysms. Brain Res. 52, 1 (1973).
33.	 Rottenberg, N. C., Amlaner, C. J. & Lima, S. L. Behavioral, neurophysiological and evolutionary perspectives on unihemispheric 

sleep. Neurosci. Biobehav. Rev. 24, 817 (2000).
34.	 Neiman, A. B. & Russell, D. F. Synchronization of Noise-Induced Bursts in Noncoupled Sensory Neurons. Phys. Rev. Lett. 88, 138103 

(2002).
35.	 Peng, Y. P., Wang, J., Miao, Q. X. & Lu, H. Y. Study on synchrony of two uncoupled neurons under the neuronâ€™​s membrane 

potential stimulation. J. Biomedical Science and Engineering, 3, 160 (2010).
36.	 Gray, C. M., Koening, P. & Engel, A. K. Oscillatory responses in cat visual cortex exhibit inter-columnar synchronization which 

reflects global stimulus properties. Nature 338, 334 (1989).
37.	 Winfree, A. T. The Geometry of Biological Time (Springer, New York, 2001).
38.	 Buldyrev, S. V., Parshani, R., Paul, G., Stanley, H. E. & Havlin, S. Catastrophic cascade of failures in interdependent networks. Nature 

464, 1025–1028 (2010).



www.nature.com/scientificreports/

1 1Scientific Reports | 6:39033 | DOI: 10.1038/srep39033

39.	 Gao, J., Buldyrev, S. V., Stanley, H. E. & Havlin, S. Networks formed from interdependent networks. Nat. Phys. 8, 40–48 (2012).
40.	 Havlin, S. et al. Challenges of network science: Applications to infrastructures, climate, social systems and economics. Eur. J. Phys. 

Special Topics 214, 273–293 (2012).
41.	 Helbing, D. Globally networked risks and how to respond. Nature 497, 51–59 (2013).
42.	 Gómez, S. et al. Diffusion dynamics on multiplex networks. Phys. Rev. Lett. 110, 028701 (2013).
43.	 Radicchi, F. & Arenas, A. Abrupt transition in the structural formation of interconnected networks. Nat. Phys. 9, 717–720 (2013).
44.	 De Domenico, M. et al. Mathematical formulation of multilayer networks. Phys. Rev. X 3, 041022 (2013).
45.	 Nicosia, V., Bianconi, G., Latora, V. & Barthelemy, M. Growing multiplex networks. Phys. Rev. Lett. 111, 058701 (2013).
46.	 Kivelä, M. et al. Multilayer networks. J. Complex Netw. 2, 203–271 (2014).
47.	 Majdandzic, A. et al. Spontaneous recovery in dynamical networks. Nat. Phys. 10(1), 34–38 (2014).
48.	 Podobnik, B. et al. Network risk and forecasting power in phase-flipping dynamical networks. Phys. Rev. E 89(4), 042807 (2014).
49.	 Boccaletti, S. et al. The structure and dynamics of multilayer networks. Phys. Rep. 544, 1–122 (2014).
50.	 Podobnik, B. et al. The cost of attack in competing networks. J. R. Soc. Interface 12, 20150770 (2015).
51.	 Wang, Z., Wang, L., Szolnoki, A. & Perc, M. Evolutionary games on multilayer networks: A colloquium. Eur. Phys. J. B 88, 124 

(2015).
52.	 Maksimenko V. A. et al. Excitation and suppression of chimera states by multiplexing. Phys. Rev. E 94, 052205 (2016).
53.	 Pereira, T., Baptista, M. S. & Kurths, J. Detecting phase synchronization by localized maps: application to neural networks. Europhys. 

Lett. 77, 40006 (2007).
54.	 Gopal, R., Chandrasekar, V. K., Venkatesan, A. & Lakshmanan, M. Observation and characterization of chimera states in coupled 

dynamical systems with nonlocal coupling. Phys. Rev. E 89, 052914 (2014).
55.	 Camili, A. & Bassler, B. L. Bacterial small-molecule signaling pathways. Science 311, 1113 (2006).
56.	 Taylor, A. F., Tinsley, M. R., Wang, F., Huang, Z. & Showalter, K. Dynamical quorum sensing and synchronization in large 

populations of chemical oscillators. Science 323, 614 (2009).
57.	 Nadell, C. D., Xavier, J., Levin, S. A. & Foster, K. R. The Evolution of Quorum Sensing in Bacterial Biofilms. PLoS Comput. Biol. 6, 

e14 (2008).
58.	 Pesaran, B., Pezaris, J., Sahani, M., Mitra, P. & Andersen, R. Temporal structure in neuronal activity during working memory in 

macaque parietal cortex. Nature 5, 805 (2002).
59.	 Tabareau, N., Slotine, J. & Pham, Q. How Synchronization Protects from Noise. PLoS Comput. Biol. 6, e1000637 (2010).
60.	 Toth, R., Taylor, A. F. & Tinsley, M. R. Collective Behavior of a Population of Chemically Coupled Oscillators. J. Phys. Chem. 110, 

10170 (2006).
61.	 Javaloyes, J., Perrin, M. & Politi, A. Collective atomic recoil laser as a synchronization transition. Phys. Rev. E 78, 011108 (2008).
62.	 Dhamala, M., Jirsa, V. K. & Ding, M. Enhancement of Neural Synchrony by Time Delay. Phys. Rev. Lett. 92, 074104 (2004).
63.	 Schöll, E., Hiller, G., Hövel, P. & Dahlem, M. A. Time-delayed feedback in neurosystems. Phil. Trans. R. Soc. A 367, 1079 (2009).
64.	 Liu, C. et al. Impact of delays on the synchronization transitions of modular neuronal networks with hybrid synapses. Chaos 23, 

033121 (2013).
65.	 Jalan, S. & Singh, A. Impact of heterogeneous delays on cluster synchronization. Phys. Rev. E 90, 042907 (2014).
66.	 Petkoski, S. et al. Heterogeneity of time delays determines synchronization of coupled oscillators. Phys. Rev. E 94, 012209 (2016).
67.	 Panchuk, A., Rosin, D. P., Hövel, P. & Schöll, E. Synchronization of coupled neural oscillators with heterogeneous delays. Int. J. 

Bifurcat. Chaos 23, 1330039 (2013).
68.	 Cakan, C., Lehnert, J. & Schöll, E. Heterogeneous delays in neural networks. Eur. Phys. J. B 87, 54 (2014).
69.	 Lücken, L., Pade, J. P., Knauer, K. & Yanchuk, S. Reduction of interaction delays in networks. EPL 103, 10006 (2013).
70.	 Igor, B. & Hasler, M. Patterns of synchrony in neuronal networks: The role of synaptic inputs, in Nonlinear Dynamics: New Directions 

(Springer, New York, 2014).

Acknowledgements
This research was supported by the Slovenian Research Agency (Grants P5-0027 and J1-7009).

Author Contributions
S.M., M.P. and D.G. designed and performed the research as well as wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Majhi, S. et al. Chimera states in uncoupled neurons induced by a multilayer structure. 
Sci. Rep. 6, 39033; doi: 10.1038/srep39033 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Chimera states in uncoupled neurons induced by a multilayer structure

	Results

	Instantaneous inter-layer chemical synaptic interaction. 
	Quorum sensing mechanism for chimera states. 
	Homogeneous inter-layer chemical synaptic coupling delay. 
	Heterogeneous inter-layer chemical synaptic coupling delays. 

	Discussion

	Methods

	Hindmarsh-Rose neuronal model. 
	Characterization of chimera state: strength of incoherence. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic diagram of a multilayer network where the neurons in the upper layer (blue circle) are uncoupled, while the neurons in the lower layer (red circle) are globally (all-to-all) coupled through electrical synapses (solid lines).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Left panels show snapshots of membrane potentials xi,1(i =​ 1, 2, …​, 100) for (a) disordered state, Kch =​ 1.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Variation of strength of incoherence (SI) is plotted by changing inter-layer chemical synaptic coupling strength Kch.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Snapshots illustrating emergence of chimera states for (a) N =​ 22,Kch =​ 1.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Left panels show snapshots of membrane potentials for (a) disordered state at Kch =​ 0.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Strength of incoherence is plotted against inter-layer chemical synaptic coupling strength Kch for τ = 0.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Two parameter phase diagram in the plane Kch − τ of isolated neurons in the upper layer.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ (τ​1, τ​2) parameter space for N =​ 100 isolated identical Hindmarsh-Rose oscillators with (a) Kch =​ 0.



 
    
       
          application/pdf
          
             
                Chimera states in uncoupled neurons induced by a multilayer structure
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39033
            
         
          
             
                Soumen Majhi
                Matjaž Perc
                Dibakar Ghosh
            
         
          doi:10.1038/srep39033
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39033
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39033
            
         
      
       
          
          
          
             
                doi:10.1038/srep39033
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39033
            
         
          
          
      
       
       
          True
      
   




