
                          

Synchronization in growing heterogeneous media
To cite this article: W. Chen et al 2009 EPL 86 18001

 

View the article online for updates and enhancements.

Related content
Effect of mixing parts of modular networks
on explosive synchronization
Meng Li, Xin Jiang, Yifang Ma et al.

-

Synchronizing large number of
nonidentical oscillators with small coupling
Ye Wu, Jinghua Xiao, Gang Hu et al.

-

Effect of time delay on the onset of
synchronization of the stochastic
Kuramotomodel
Monoj Kumar Sen, Bidhan Chandra Bag,
Karen G Petrosyan et al.

-

Recent citations
Extracting connectivity from dynamics of
networks with uniform bidirectional
coupling
Emily S. C. Ching et al

-

Frequency enhancement in coupled noisy
excitable elements: effects of network
topology
Wei-Yin Chiang et al

-

The effect of quenched disorder on
dynamical transitions in systems of
coupled cells
Jinshan Xu et al

-

This content was downloaded from IP address 194.190.189.220 on 02/07/2020 at 16:53

https://doi.org/10.1209/0295-5075/86/18001
http://iopscience.iop.org/article/10.1209/0295-5075/104/58002
http://iopscience.iop.org/article/10.1209/0295-5075/104/58002
http://iopscience.iop.org/article/10.1209/0295-5075/97/40005
http://iopscience.iop.org/article/10.1209/0295-5075/97/40005
http://iopscience.iop.org/article/10.1088/1742-5468/2010/08/P08018
http://iopscience.iop.org/article/10.1088/1742-5468/2010/08/P08018
http://iopscience.iop.org/article/10.1088/1742-5468/2010/08/P08018
http://dx.doi.org/10.1103/PhysRevE.88.042817
http://dx.doi.org/10.1103/PhysRevE.88.042817
http://dx.doi.org/10.1103/PhysRevE.88.042817
http://dx.doi.org/10.1140/epjb/e2013-40422-7
http://dx.doi.org/10.1140/epjb/e2013-40422-7
http://dx.doi.org/10.1140/epjb/e2013-40422-7
http://iopscience.iop.org/1367-2630/15/9/093046
http://iopscience.iop.org/1367-2630/15/9/093046
http://iopscience.iop.org/1367-2630/15/9/093046
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssR2tgBYtvHBboHS81eLiEjeaRiOoPbmzX4ZZ7pBOvqbKR-x0CGyMecgLzVmiC1G8b4RCanPGhVSZV6CUhS9ueFAJ0_sd4Sxuzyplc_t_n9v0Pk1mUrS0CY4nyFRXhlJ5TDd4IdEKu8LhWul1iPypcMcXEfwJl1mMTO18NErmXwc_MgDdC8MCtuKQ_cuwIPOCGFpKIz6i-7e0MjN-cJqZhxxC4ViYSyya__S23LsguhwuTWej12&sig=Cg0ArKJSzMr83vc7egKg&adurl=http://iopscience.org/books


April 2009

EPL, 86 (2009) 18001 www.epljournal.org

doi: 10.1209/0295-5075/86/18001

Synchronization in growing heterogeneous media

W. Chen
1
, S. C. Cheng

1
, E. Avalos

2
, O. Drugova

3
, G. Osipov

4
, Pik-Yin Lai

1,2(a) and C. K. Chan1,2(b)

1 Institute of Physics, Academia Sinica - NanKang Taipei, Taiwan 115, ROC
2Department of Physics, Center for Complex Systems, and Graduate Institute of Biophysics,
National Central University - Chungli, Taiwan 320, ROC
3Department of Informatics, Nizhny Novgorod State Medical Academy - Nizhny Novgorod, Russia
4Department of Radiophysics, Nizhny Novgorod State University - Nizhny Novgorod, Russia

received 13 February 2009; accepted 10 March 2009
published online 8 April 2009

PACS 87.19.Hh – Cardiac dynamics
PACS 05.45.Xt – Synchronization; coupled oscillators
PACS 89.75.Fb – Structures and organization in complex systems

Abstract – Synchronization of heterogeneous systems that consist of oscillatory and passive
elements are studied in cardiac myocytes/fibroblasts co-cultures. It is found that beating clusters
of cardiac myocytes surrounded by fibroblasts will be formed. The beatings of the cardiac myocyte
clusters are not correlated at early times, but get synchronized as the cultures mature. This
synchronization can be understood by a Kuramoto model with a time-increasing coupling strength.
Our findings show that the growth of the coupling strength between clusters is linear, while the
overall wave dynamics of the system is controlled by the passive fibroblast in the system which
presumably is growing exponentially.

Copyright c© EPLA, 2009

Systems of coupled nonlinear elements [1] are ubiquitous
in nature. One of the most studied properties of such
systems is the synchronization [2] of these elements.
Usually, these systems are studied with only a single type
of elements, all either excitable or oscillatory. But some
important systems are not homogeneous. For example, our
cardiac tissue is a heterogeneous system with oscillatory
(pace makers), excitable (cardiac myocytes, CM [3]),
and passive (fibroblast, FB [4]) cells. Recently, nontrivial
changes in dynamics of such inhomogeneous systems have
been found [5] when coupling between the elements are
reduced. It is important if one can relate these changes
to the pathological conditions of our heart induced by
inhomogeneity. However, the reverse process of increase
in the coupling might also be as interesting.
In a recent experiment dubbed as “ghost heart” [6],

a synchronization or beating of a “heart” reconstituted
by the growth of cardiac cells (CM and FB) in an
empty heart matrix has been reported. Presumably, the
synchronization is induced by the increase in coupling
between the cardiac cells during the growth. However,
the pumping efficiency of such a heart is only about a
few percent of an intact heart. Intuitively, the growth of

(a)E-mail: pylai@phy.ncu.edu.tw
(b)E-mail: ckchan@gate.sinica.edu.tw

the cardiac cells in the ghost heart does not reproduce
faithfully both the structure and dynamics of the intact
heart. Obviously, a better understanding of the growth
and synchronization in such a heterogeneous system is
needed before a more efficient ghost heart can be created.
Unfortunately, there are still no basic understandings of
the growth and synchronization in such heterogeneous
systems. To make the matter worse, even though there
are about 20% FB in our hearts, their functions and
the myocyte-fibroblast interactions [7] are still largely
unknown.
Here, we report results of experiments designed to study

the synchronization of a growing heterogeneous system
using the dissociated cardiac cultures that consist of both
myocytes and FB. We find that there will be aggregation
of myocytes to form clusters immediately after plating,
followed by a synchronized beatings of cells within the
clusters. However, the beatings between the clusters are
not correlated in early time but get synchronized only as
the cultures mature. The method of principle component
analysis [8] is used to analyze the synchronization process.
We find that the synchronization of the clusters can be
understood by the Kuramoto model of synchronization
of coupled oscillators if the coupling constant (K) of
the system is considered as a function of time. The
experimental results have shown that the value of K
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Fig. 1: Morphologies of the cultures at different time after
plating: (a) 0 h, (b) 5 h, (c) 10 h, and (d) 20 h. Scale bar is
10µm.

is controlled by the growth of the FB. Furthermore,
our experimental findings suggest that the overall wave
dynamics of the system is controlled by the passive FB in
the system.
Our cardiac culture procedures and sample preparations

are similar to those from ref. [9]. Briefly, cardiac cells are
obtained from the ventricles of postnatal (2–3 days) rats.
Tissues of the ventricles from about 10 rats are dissociated
and re-suspended as cell suspensions. There are two major
types of cells in the cell suspensions, namely CM and FB.
The FB in the cell suspensions are further removed by
incubating the cell suspensions in a flat bottle flask at
37 ◦C for 2 h. Cells re-suspended from these flasks after
this procedure usually contain about 10–20% FB. In the
preparation of our samples, we control the initial plating
density of the cells to be around 106 cells/cm2. Cells are
plated on 3 cm Petri dishes with no coating for further
observations on a microscope equipped with an incubator
(37 ◦C and 5%CO2). Optical images from the microscope
are digitized and processed by a computer.
Figure 1 shows the changes in morphology of the

cultures as a function of time. Immediately after plating
(t= 0), the CM are well dispersed (fig. 1(a)), and there are
no beatings of the cells. Once the cells are plated, there are
aggregations of the CM to form clusters (fig. 1(b)). Note
that the empty spaces left behind during the aggregation
are not really empty. They will be occupied by FB after
their proliferations. Beatings of the CM in the clusters
can be observed at about t= 5h (fig. 1(b)) and will be
synchronized as the clusters grow. However, the growth of
the cluster will stop at about t= 20–24 h (fig. 1(d)) when
the size of the cluster is about 70µm (see footnote 1). This

1The cluster size is determined by counting the number of pixels
within a cluster which is identified by using a threshold on the gray
values of the image.

segregation between CM and FB is probably related to the
process of cell sorting [10].
As mentioned above, the CM do not beat when they are

first plated on the Petri dish. Some individual cells can be
observed to beat for a few hours after plating when cluster-
ing has started. During this stage, not all the cells in the
cluster are beating. However, beating of the whole clus-
ter can be observed from t= 15 to 20 h. That is, there is
a synchronized beating of all the cells within a single
cluster. At around t= 12h, although many clusters have
already been formed, only a few of them are beating. At
this stage, the beating clusters are beating more or less in
a periodic manner with typically 90 beats/min, and this
beating will decrease with time to about 60 beats/min
at t= 20h when most of the clusters in the samples are
beating. However, there is still no synchronized beating
between the clusters yet (inset of fig. 4). Synchronization
between these clusters increases gradually afterward, and
total synchronized beating between the clusters can be
observed at about t= 40h in the form of travelling waves
(not shown in fig. 1).
In the experiments, the beating of the clusters are

monitored by an image analysis system which detects
motions of the clusters in video images similar to those
shown in fig. 1. A video image is divided into 16× 16
squares and the beatings of these 256 squares are recorded
at 24 frames/s for 3 days. This size of the square is
chosen to be slightly smaller than the size of a typical
CM cluster. The time dependence of the changes in
the gray levels of these 256 squares will provide 256
channels of data. To quantify the degree of synchronization
(correlations) among these 256 channels, the method of
principle component analysis (PCA) [8] is used. With
PCA, the original data are reorganized in a set of new 256
orthogonal axes, whereas 256 variances (σi) are returned
in descending order as the fractions of the original 256
channels being represented by each of the new axis. For
example, σ1 = 1/256 and 1 if none and all the channels are
synchronized, respectively. Therefore, σ1 can be used to
characterize the degree of synchronization in our system.
PCA is not sensitive to the dynamics of the data. It can
be applied to both periodic and chaotic signals.
To monitor the growth of the beating clusters, we

have also computed the number of beating squares, φ,
normalized by its maximum value during the experiment.
Both φ and σ1 are computed every hour. Figure 2 shows
the measured time dependence of φ and σ1. Clearly,
φ(t) increases more or less monotonically with time and
can be fitted to the form φ(t) = 1/(1+ a0 e

−t/τφ) with
τφ and a0 being 2.5 h and 156, respectively. Note that
σ1 is not close to zero in the beginning because of the
small numbers of beating clusters at early times. There is
substantial increase in σ1 at around ts = 20h only when
nearly 90% of the clusters have already been beating. This
means, although most of the CM clusters are beating
at around t= 20h, they are beating independently, and
synchronization starts to occur only after this time. It
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Fig. 2: Time dependence of the fraction of the beating area (φ)
and the degree of synchronization (σ1) from PCA. Note that ts
and tm mark the start and saturation of the increase in coupling
strength, respectively. The inset shows the K dependence of σ1
from the simulation of the Kuramoto model for various form
of p(ω)(∼ e−γ2(ω−ω0)2) with ω0 = 1; γ = 0.2, 0.1, and 0.05 for
the symbols of triangle, circle, and square, respectively. Km is
marked only for γ = 0.1. Solid line is the result of the fit of φ
to a form mentioned in the text.
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Fig. 3: Measured time dependence of the mean frequency (Ω0)
and the inverse width (Γ) of the distribution of the beatings of
the clusters during the synchronization process. Solid lines are
used only to guide the eyes.

can be seen from fig. 2 that σ1 increases to its saturated
value at around tm = 39h. This time is consistent with
the observation mentioned above that the system is
synchronized in the form of travelling waves at about the
same time. The lower inset of fig. 4 shows the recording
of two channels during this synchronization process. With
these type of data, we can compute the averaged frequency
distributions S(Ω) of the system as a function of time by
taking the average of the power spectra obtained from
each of the 256 channels. The measured S(Ω) are fitted to

the form of S(Ω)∼ e−Γ2(Ω−Ω0)2 , and the time dependences
of Γ and Ω0 are shown in fig. 3. It can be seen that the
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Fig. 4: Time dependence of K inferred from measurements
similar to those in fig. 2 and its inset between ts and tm. Solid
line is used to guide the eyes. The upper inset shows the average
behaviors of the time dependence of σ1 from five different sets
of experiments. The lower inset shows time traces of beatings
of the clusters measured as the changes in gray levels (∆I).
The lower two traces are from two neighboring clusters at
t= 20h, whereas the upper two are from the same clusters
at t= 40h.

beating clusters have a wider distribution of frequency at
early time (t= 20h) when they are not yet synchronized,
and the distribution gets narrower at later time when
synchronization sets in. Interestingly, the mean beating
frequency of the clusters Ω0 is not monotonic with time.
It is largest at around t= 30h.
It is known [11] that each system of weakly coupled

limit-cycle oscillators can be reduced to the phase system
similar to that of the Kuramoto model [12]. Since the
change of the frequency during synchronization in fig. 3
is slow and of the same order of magnitude, we will
compare our data with the Kuramoto model. In this
model, synchronization occurs when the coupling strength
K is large enough for N oscillators (with a distribution
of oscillating frequencies (ω): {p(ωi); i= 1, . . . , N}, phases
{ψi} are coupled as: dψi/dt= ωi+K

∑
sin(ψj −ψi) with

j being the interacting neighbors). Usually, the synchro-
nization in this model is characterized by the order para-
meter ∆= |∑ eIψi |/N with I =√−1. At first sight, fig. 2
resembles the time dependence of the ∆ in the Kuramoto
model during the process of synchronization. However, if
one compares the details of the time scales, one would
immediately find that the time scale in fig. 2 and that
from this model differ by many order of magnitudes. For
the Kuramoto model, if K is large enough, synchroniza-
tion will occur within a few oscillations. Therefore, for our
experiments, if the coupling between the CM clusters is
strong enough, one would expect to have synchronization
within a few seconds, not of the order of 10 h.
A possible explanation for the slow time scale in fig. 2

is that the coupling between the CM clusters has a slow
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time dependence as K =K(t) and K(t) is only large
enough at about t= 39h to give synchronization. With
this view, the time axis of fig. 2 is the same as the axis
of coupling strength. To check for the validity of this
idea, simulations of the 2D Kuramoto model with nearest-
neighbor interaction [13] and a linearly time-increasing K
have been performed for N = 64× 64 (the whole culture)
with no connection boundary conditions, and a subsystem
of 16× 16 at the center (observational area) is taken to
compare with the experimental results. The simulation
time step is 0.01 or smaller, and care is exercised to
ensure that the change of K is slow enough for the
system being always in a steady state. For the probability
distribution of ω, we have chosen p(ω)∼ e−γ2(ω−ω0)2
with γ = 0.1 and ω0 = 1 in dimensionless unit similar to
those measured in fig. 3. Again, PCA is applied to the
time dependence of the phases of the 256 oscillators in
the model to compute the corresponding K dependence of
σ1, and the result is shown in the inset of fig. 2. Note that
we have not used ∆ for comparison with the experiments
here because it is not easy to extract the phases from the
CM clusters.
If one compares the time dependence of σ1(t) from

fig. 2 with the K dependence of σ1(K) from the inset,
it can be seen that they look similar. Therefore, it is
reasonable to think that the two σ1 are the same after
they are normalized by their respective saturated values.
Now, if one takes the normalized σ1 between ts and
tm from fig. 2 and identifies it as the normalized σ1 of
the inset of fig. 2 between K = 0 and K =Km, one can
then obtain a relation between K and t as shown in
fig. 4 during the growth. Note that in the computation
of fig. 4, we have used the average of five sets of data from
different experiments similar to that of fig. 2 for the time
dependence of σ1 as shown in the upper inset of fig. 4.
From this inset, it can be seen that although there are
variations between experiments, they seem to converge to
the same average. Also, if different forms of p(ω) are used
for the simulations, the values of Km will be changed but
not the general shape of the inset of fig. 2. Therefore, the
form of fig. 4 will not be affected.
From fig. 4, it can be seen that K starts to grow almost

linearly with time around t= 20h. If one examines the
morphology of the cultures around this time, it can be seen
that the CM clusters are isolated and surrounded by FB
(fig. 1(d)). Therefore, the CM clusters can only commu-
nicate through their neighboring FB. In the Kuramoto
model, the speed of travelling waves are controlled by the
coupling between the oscillatory (active) elements. In our
case, this coupling is controlled by FB, the passive element
in the system. That is, the overall wave dynamics of our
system is controlled by the passive elements in the hetero-
geneous system. In fact, the speed of the travelling waves
through the culture have been measured as of the order
of about 1 cm/s which is about two order of magnitude
slower than those in intact cardiac tissues. Presumably,
the slow time scale in the synchronization of the cultures

is controlled by the slow proliferations of the FB which
provide the growing K.
From the discussions above, it is clear that two synchro-

nizations occur during the growth of the cardiac cultures:
one for the cells within a cluster which is then followed
by synchronization of the cells of the various clusters.
Obviously, these processes would take place only in a
heterogeneous system. Since the myocytes in our exper-
iments are thought to be excitable only, it is still not clear
whether the myocytes within the clusters are excitable or
oscillatory because it is known [14] that the coupling of
the passive elements with the active (excitable/oscillatory)
elements of the heterogeneous system can lead to a
change in the intrinsic dynamics of active elements in the
system. Perhaps, this is the origin of the nonmonotonic
time dependence of the measured mean frequency, Ω0,
found in our experiments. Finally, although it is known
that the coupling between FB and CM is through gap-
junctions, it is puzzling that the FB is growing exponen-
tially, whereas the coupling strength between the clusters
is only increasing linearly. Presumably, some other mech-
anisms must also be involved for the synchronization
observed.
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