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This paper reports that the synchronous integer multiple oscillations of heart-cell networks or clusters are observed
in the biology experiment. The behaviour of the integer multiple rhythm is a transition between super- and sub-
threshold oscillations, the stochastic mechanism of the transition is identified. The similar synchronized oscillations
are theoretically reproduced in the stochastic network composed of heterogeneous cells whose behaviours are chosen
as excitable or oscillatory states near a Hopf bifurcation point. The parameter regions of coupling strength and noise
density that the complex oscillatory rhythms can be simulated are identified. The results show that the rhythm results
from a simple stochastic alternating process between super- and sub-threshold oscillations. Studies on single heart cells
forming these clusters reveal excitable or oscillatory state nearby a Hopf bifurcation point underpinning the stochastic
alternation. In discussion, the results are related to some abnormal heartbeat rhythms such as the sinus arrest.
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1. Introduction

Pace-making rhythms of the heart are central to
life,[:2] but mechanisms of a great number of cardiac
arrhythmia even leading to death are still unclear.>—4
In recent years, studies on the origin and dynamics
of normal and abnormal cardiac rhythms are grow-
ing rapidly, in which cultured networks of the heart
cells served as the model system for both propaga-
tion mediums and pacemaker tissues.®~8 According
to purpose of the study, the cultured networks of heart
cells with very different size were selectively employed.
Large scale cultured networks of a continuous mono-
layer of cells were frequently used to study a variety of
spatiotemporal patterns such as spiral waves and in-
trinsic beating variability,!®6! whereas small scale net-
works composed of a cluster of cells have long been
used to study synchronous pace-making rhythms (see
Refs. [7], also see Ref. [8] and the references therein).

Small heart-cell networks, called clusters in physi-
ology, are capable of not only spontaneous oscillations
but also characteristic responses to external stimu-
lation. In a series of pioneering studies, changes in
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oscillatory rhythm of the chick heart-cell aggregates
in response to single-pulses and periodic stimulations
were observed experimentally and predicted theoret-
ically from mathematical analysis.[1:2919 The works
provide important implications for understanding of
the normal and pathological behaviours in cardiac tis-
sues. In previous studies, emergence of synchronous
oscillations has been demonstrated to be originated
from coupling between the spontaneously active heart
cells within the cluster.[""'1=15 During the culture,
neighbouring isolated dissolved cells may make con-
tacts and establish gap junctions, and eventually be-
come coupled together to form a synchronous clus-
ter. Repetitive observations have shown that the os-
cillatory rhythm of several originally separated cells
can eventually converge during the forming of gap
junctions.[7-13:15]

It has been widely accepted that synchronous os-
cillation in a cluster is strongly associated with the
number of its inclusive cells, the heterogeneity of these
cells, and the coupling strength between these cells.
The pattern of linkage in the cluster is usually consid-
ered as nearest-neighbour connections.[”"1*=1%! Varia-
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tions in spontaneous oscillation of isolated heart cells,
such as those in magnitude and phase and in inter-
beat intervals, reflect heterogeneity of the cells. In-
terestingly, noise has also been proved to be effec-
tive in the generation of various oscillatory rhythms
of isolated heart cells or heart-cell clusters. For exam-
ple, a small perturbation of internal or external noise
has been shown to be able to annihilate the rhythmic
beating of heart cells by forcing them from a limited
cycle oscillation to a resting steady state.[!216] Fluc-
tuations in inter-beat interval of rhythmic oscillations
of heart-cell clusters were also ascribed to be caused
by internal noise and inversely related to the number
of the inclusive cells.[”! Such effects of noise might be
important in the generation of complex pathological
heart rhythms. The excitable state of the excitable
systems, such as excitable media, network and sin-
gle cells, has been given much attention in the studies
about roles of noise.l'”! For a unit in the excitable sys-
tem or media, such as single neurons or heart cells, the
excitable state can be related to the bifurcation from
stable equilibrium point to limited cycle in nonlin-
ear dynamics,['¥! including the Hopf bifurcation point
from the stable focus to the limited cycle and the
saddle-node bifurcation from the stable node to the
limited cycle. The behaviour is changed from quies-
cent, state to oscillating state correspondingly. The
excitable state is the quiescent state near the bifur-
cation point. If the distance of the excitable state is
closer to the bifurcation point, the system is easier to
become excited state or oscillation correspondingly.['®]

Interplay between internal or external noise and
the concerned system’s dynamics at excitable state
has been always an important issue in physics as well
as in biology."¥ Many studies have shown that noise
may play positive roles in information processing in
both sensory nerve terminals and neuronal popula-
tions through its interplay with the bifurcation dy-
namics of the neuronal systems.?0=24 The relevant
physical process is associated with stochastic reso-

[26] In

nance (SR)*2° or coherence resonance (CR).
the case of SR or CR phenomenon, dynamic noise
is able to induce various stable stochastic neural fir-
ing rhythms, many such noise-induced neuronal firing
trains can be characterized by integer multiple prop-

erties in their inter-spike intervals.[?2—24

However, dy-
namic effects of noise in generation of spontaneous os-
cillatory rhythms in heart cells or network are still
rarely studied.[?”=2%) Whether SR or CR phenomenon

is effective in oscillations of cardiac pace-making tis-

sues or not is also an unaddressed interesting question.

The rhythms of cardiac cells are exhibited in three
aspects, membrane potential,[129-1% intracellular cal-
cium concentration ([Ca2t];)*39=32] and beating of
cardiac muscle.[®3] The three rhythms are generated in
sequence when an action potential is generated. The
rhythm of membrane potential, containing physiolog-
ical significance in both time and amplitude, can be
recorded in single cells by patch clamp. The rhythms
of [Ca?t]; can be simultaneously achieved in multi-
ple cells in a network and are always used to study
the spatiotemporal pattern of multiple cells.[4:30-32]
The beating rhythm only reflects time interval of con-
tinuous beatings of single cells or multiple cells in a

network as a whole.[33!

In the experiment reported in
this paper, when the rhythms of different cells in the
network are studied, the rhythms of [Ca®T]; are em-
ployed. When the rhythms of single cells are stud-
ied, the rhythms of membrane potential are recorded.
While in the theoretical studies, the rhythms of mem-
brane potential are simulated, whether in the network
or single cells. It is because the rhythms of the net-
work or single cells are the focus of this paper.

In the present paper, we observed the oscillatory
rhythms generated by dissolved single heart cells and
those by small heart-cell clusters. We particularly
studied a series of integer multiple rhythms generated
by small heart-cell clusters. Formation of such syn-
chronous integer multiple oscillations were related to
heterogeneity of the inclusive cells. The experimen-
tally observed integer multiple oscillations were repro-
duced in mathematical modeling and explained with
a CR effect resulting from interplay between internal
noise and the dynamics of excitable state or oscillation
near a Hopf bifurcation. The rest of the present pa-
per is organized as follows. Section 2 is materials and
methods. Section 3 introduces experimental observa-
tions of the integer multiple oscillations in small heart-
cell clusters. Section 4 provides patch clamp recording
of excitatory rhythms of single heart cells. Section 5
is the numerical simulation of the experimental result
of single heart cells. Section 6 is the theoretical pre-
diction of the integer multiple oscillations of heart-cell
clusters. An analysis of the effects of noise on the ex-
citable or oscillation state near the Hopf bifurcation is
also given in Sections 5 and 6. Section 7 includes the

discussion and conclusion.
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2. Experimental methods and

data analysis methods

Heart cells were prepared from 1- to 2-day old
neonatal Wistar rats. The ventricles were removed af-
ter decapitation and rinsed with Dulbecco’s Modified
Eagle’s Medium (DMEM). They were then minced
into fragments and digested in phosphate buffer so-
lution (PBS) with 0.1% collagenase and 0.2% ethy-
lene glycol tetraacetic acid (EGTA). The digestion was
terminated by PBS with serum and the digested frag-
ments were centrifuged at 1000 revolutions per minute
(rpm) for two minutes. The precipitated cell com-
ponents were suspended in DMEM. The heart cells
were separated from fibroblast by selective adhesion
methods and plated onto petri dishes at a density of
5x 105 cells/mL. The isolated heart cells were cultured
at 37 °C with 5% CO4 and 95% O for 3-7 days during
which neighbouring cells established connections and
thus formed small clusters. In the present study, only
those small clusters containing 3-6 cells were used to
perform calcium imaging observation. The cultured
clusters were loaded with the fluorescent Ca?* indica-
tor 60 pmol/L Fura-2/Acetoxymethy (AM) (Sigma,
America) for 40-50 min and then washed with PBS
and DMEM buffered with 5 mmol/L PBS containing
10% Fetal Bovine serum (FBS) for 10 min to allow for
the de-esterification of the Fura-2/AM. Cells were vi-
sualized on the inverted microscope (Zeiss, Germany)
equipped with a Plan-Neofluar 20x0.75NA (Zeiss,
Germany) objective. Fluorescence was detected with
a charge coupled device (CCD) camera (PCO, Ger-
many). In each observation, pairs of the fluorescence
intensity excited at 340-nm and 380-nm were captured
every 62 ms using an emission wavelength of 510 nm.
Consecutive images were recorded in a computer and
analysed off-line. Intracellular calcium concentration
([Ca2*];) was estimated from the ratio of the 340-nm
and 380-nm imagines.

Curves of [Ca?t]; impulses versus time were ob-
tained by calculated average fluorescence intensity of
ratio in selected areas through the consecutive images.
When calcium oscillation in a cluster is observed, an
area of interest is selected for each cell in this cluster
and, therefore, number of traces in Figs. 1(a) and 1(b)
indicates the number of cells in the observed cluster
while wave form of the traces shows temporal evolu-
tion of the oscillation.

In order to study transitions between the inte-
ger multiple and regular oscillation rhythms, patch

clamp (Axon700B, USA) was employed to record the
rhythms of a cell in the clusters. Membrane voltage
oscillation of one cell of the synchronous clusters was
recorded by using a microelectrode attached on the
cell surface to perform current-clamp manipulation.
Once a spontaneous voltage oscillation (action poten-
tial train) exhibiting the integer multiple characteris-
tics is observed, current injection is then applied to
induce the possible pattern transition procedure.
Synchronization between the traces was charac-
terized by correlation coefficients, phase difference and
timing of the calcium oscillatory peaks. The phase of
a signal z(t) was acquired by using Hilbert transfor-

oo 2(r
xh(t)zl/ ) 4. (1)

where improper integral was understood in terms of

mation.

its Cauchy principal value. After the Hilbert transfor-
mation, an analytical signal yields

S(t) = 2(t) +izn(t) = A(t) exp(i¢(t)), (2)

where i2 = —1, A(t) is the amplitude, and ¢(t) is the
phase of z(t).

In addition, cross-correlation coefficient (CC) be-
tween two signals was also employed to describe the
synchronization. Cross-correlation coefficient between
two times series signals z(j) and y(j) (j =1, 2, ...,
M) is as follows:

M N N

cC - > =1 () —9)(@() — )
M N - N o
VI () — 9?20, (a(j) - 2)?
where Z and § are the mean of z(j) and y(j) (j = 1,
2, ..., M). The CC yields a value between 0 and
1. Synchronization between the two signals leads to

higher values of CC.
The non-periodic deterministic property of a

(3)

chaotic time series or stochastic property of a stochas-
tic time series can be estimated by computing the
normalized prediction error (NPE). In this paper, the
simple nearest-neighbour method!'?) was used and the
algorithm is described below.

With reconstruction dimension m, the entire time
series was transformed into N state points in re-
constructed space R,,. For a given point V) =
(tigs -+ tig—m+1) In Ry, BN (b is constant and less
than 1) points nearest to ;) were chosen and recorded
as Uy = (.., tj—m+1) (1 <1< bBN). The average
Pjo = ﬁ Z?ivl tj,+n was used to approximate future
value of t;,4+5. The difference p —t;, 1, was the h step
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prediction error at V. For all state points, the nor-
malized prediction error (NPE) is defined as

_ <(pi0 - ti0+h)2>1/2
NPE = (EAEIER (4)

where t is the average of the time series and (o) stands
From the def-
inition, a value of NPE much less than 1.0 means

for the average over the time series.

that there is linear or nonlinear predictability in the
time series beyond the baseline prediction of the series
mean.

NPE value of the original chaotic time series is
much less than 1 in a short term of prediction and
approaches 1 in a long term, while that of stochastic

time series is always nearly 1.

3. Synchronous integer multiple

rhythms in small heart-cell

networks

In our experiment, the synchronous calcium os-
cillations in heart-cell clusters exhibit various tempo-
ral patterns. In the present study, we particularly
introduced the clearly distinguished integer multiple

rhythms in 19 of the 71 totally observed clusters. As
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an example of the integer multiple rhythm, the intra-
cellular calcium traces of all the six cells forming a
cluster are shown in Fig. 1(a). In contrast with the
regular oscillation of a cluster with 4 cells shown in
Fig. 1(b), this integer multiple rhythms is formed by
regular oscillation interspersed occasionally with small
subthreshold oscillations and thus have a random ap-
pearance. Estimation using the above described mea-
sures indicates that the calcium oscillations of the dif-
ferent cells in a same cluster are highly synchronous.
For example, CC' between any two of the 6 traces in
Fig. 1(a) is bigger than 0.95. Mean of phase-difference
between any two traces is less than 0.17.

In order to analyse the dynamic property of
such integer multiple oscillations, we defined one su-
perthreshold oscillation as an event and the interval
between two successive events as inter-event interval
(IEI), and then transform the original calcium oscilla~
tion traces into IEI series. The IEI values in such IEI
series are always approximately as multiple times of
a basic value. The first return map of such IEI series
exhibits a lattice-like structure and the TEI histograms
(IEIH) manifest a multi-peak distribution showing an
exponential decay in amplitude of the peaks, indicat-
ing that the observed oscillatory pattern may result
from a stochastic transition process.
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Fig. 1. Calcium oscillation in heart-cell clusters: (a) stochastic rhythms of calcium concentration of 6 cells in a heart-
cell cluster; (b) regular rhythms of calcium concentration of 4 cells in a heart-cell cluster; (c) inter-event interval (IEI)
series of (a); (d) first return map of the IEI series of (a); (e) IEI histogram of (a); (f) nonlinear prediction of IEI series
of (a).

Estimation with nonlinear measures such as NPE and autocorrelation coefficient also suggests a stochastic
dynamics of the oscillations. As an example, the IEI times series, its first return map, and its IEIH transformed
from one trace of calcium oscillation shown in Fig. 1(a) are illustrated in Figs. 1(c), 1(d), and 1(e), respectively.
The NPE of the IEI series is nearly 1, suggesting that the IEI series may result from a stochastic dynamics, as
shown in Fig. 1(f).

In 6 clusters, depolarizing manipulation induced a transition from the integer multiple rhythm to the regular
rhythm, whereas hyperpolarization induced a transition to subthreshold oscillation, suggesting that the integer
multiple oscillation may be an intermediate activity between resting and regular oscillation. An example of
such transition is shown in Fig. 2. Membrane potential oscillation of a cluster was able to be changed from
the integer multiple rhythm (injection current I = 0 pA, Fig. 2(a)) either to a regular rhythm (I = 100 pA,
Fig. 2(b)) or to a subthreshold oscillation (I = —100 pA, Fig. 2(c)).
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Fig. 2. Transition procedure in oscillation in a heart-cell cluster: (a) stochastic rhythms when injection current
I =0 pA; (b) regular rhythms when I = 100 pA; (c) subthreshold oscillation when I = —100 pA.

4. Experimental observation of integer multiple rhythms on single
heart cells

In experiments introduced in Section 2, both regular and integer multiple rhythms were observed in syn-
chronous calcium oscillation in the small clusters, in which the number of cells is 46 and the linkage can be
reasonably regarded as nearest-neighbour connection. Therefore, we paid particular attention to the hetero-
geneity of the cells to study the origin of the different rhythms by observing membrane potential oscillatory
patterns of single cells forming the clusters. In what follows, we first introduced the spontaneous regular and
integer multiple firing patterns of single cells and then showed that current injection also induced oscillatory

pattern transitions similar to what observed on heart-cell clusters.
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A current clamp procedure3 was applied to single cells cultured for 1-2 days to observe their spontaneous
membrane voltage oscillations. The 54 observed cells exhibit stable spontaneous oscillatory trains. Among
them, 31 cells display regular oscillations (Fig. 3(a)) and 5 cells display stable action potential trains in a
rhythm very similar to the integer multiple rhythms observed in heart-cell clusters.
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Fig. 3. Rhythm recorded in single cells: (a) regular rhythm; (b) stochastic integer multiple rhythm; (c) the IAT series
of stochastic integer multiple rhythm; (d) first return map of IAI series; (e) IAI histogram; (f) delay coordinate portray
of membrane voltage (delay is 40 ms); (g) nonlinear predication of the stochastic integer multiple rhythm.

As exemplified in Fig. 3(b)-3(f), in this integer multiple oscillations the regular action potential train is
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interspersed with one or more cycles of subthreshold oscillations (Fig. 3(b)), the inter-action potential interval

(IAI) series (Fig. 3(c)) also exhibits a lattice structure in its first return map (Fig. 3(d)) and an exponentially

decaying multi-peak distribution in its TAI histogram (Fig. 3(e)). As shown in Fig. 3(f), the trajectories of

sub- and super-threshold membrane voltage are clearly distinct in delay coordinate portray (the delay is 40 ms).
Such characteristics suggest that the integer multiple oscillatory rhythm is stochastic and results from successive
alternations between two trajectories, one is an action potential and the other is a subthreshold oscillation.
Also similar to what observed in heart-cell clusters, application of a polarizing inward current (410 pA)
or a hyperpolarizing outward current (—3 pA) induced a transition from an integer multiple oscillatory rhythm
(Fig. 4(a)) to a regular rhythm (Fig. 4(b), n = 4) or a sub-threshold oscillatory state (Fig. 4(c), n = 4),

respectively.
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Fig. 4. Changes in the oscillatory rhythm of a single heart cell: (a) integer multiple oscillatory rhythm; (b) regular
rhythm with application of depolarizing inward current (410 pA); (c) sub-threshold oscillatory state with application

of a hyperpolarizing outward current (—3 pA).

We further applied a ramp current on the single heart cells (n = 5) and observed a gradual transition
procedure from sub-threshold oscillations to integer multiple oscillations, and finally to continual regular oscil-
lations (in Fig. 5 the current from —30 pA to +10 pA in 240 s). This result indicates that the integer multiple

oscillation of single heart cells is also an intermediate activity between resting and regular periodic oscillations.
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Fig. 5. (a) A gradual transition procedure from sub-threshold oscillation to integer multiple oscillation, and to regulation
oscillation induced by a ramp current (from —30 pA to +10 pA in 240 s.) (b) Cyclic sub-threshold oscillation. (c) The
action potential train interspersed by sub-threshold oscillation. (d) The regular action potential train.
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The experimental results introduced in Sections
3 and 4 strongly suggest that the integer multiple os-
cillation is an intermediate activity between resting
and regular super-threshold oscillation. This oscilla-
tory pattern may result from the system’s stochastic
alternation between sub- and super-threshold trajec-
tories. The stochastic characteristics also imply that
the alternation is induced by the effect of noise. We
then hypothesized that single heart cells with biolog-
ical parameters such configured as the dynamics of
their membrane oscillation nearby a Hopf bifurcation
may generate integer multiple oscillations under the
dynamical driven of internal noise, while those config-
ured to be aparted from a Hopf bifurcation may be
at rest or generate limited cycle oscillations. In small
clusters like those employed in this study, heterogene-
ity of the heart cells may lead to different synchronous
oscillations, clusters composed of cells nearby a Hopf
bifurcation point may generate the synchronous inte-
ger multiple oscillations. In what follows we test for
this hypothesis from theoretical simulation with an
excitable cell model and its network.

5. Theoretical prediction for the

integer multiple oscillations

with a single cell model

Increasingly collected biological data have led to
rather complicated models of heart-cells, some in-
cluding more than ten ordinary differential equa-
tions and fifty parameters describing various ionic

[30.34.35] These models are specific to vari-

currents.
ous heart cells and instructive to physiological stud-
ies on the dynamic functions of particular ion chan-
nels. In order to reveal generality, we seek a bal-
ance between such complex realistic models and sim-
pler phenomenological ones like the van der Pol or
FitzHugh-Nagumo oscillator.['3:36] Although similar
results can be obtained with some other models con-
taining more complex ionic components, we particu-
larly chose the Morris-Lecar (ML) modell®” to explic-
itly explain the underpinning dynamics of our exper-
imental observations. This model has been success-
fully employed to describe the pace-making dynamics
of cardiac tissues.['?!

The ML model is described as follows:

dv
C— = —gcamoo(v — Vca) - ng(V — VK)

dt
—gu(V—-W)+1, (5)

dw (Woo —w)

where t is the time (the independent variable). The
dependent variables are V' (the membrane potential)
and w (the activation of delayed rectifier KT current).
The first equation contains calcium, potassium and
leakage currents across the membrane of the cell. The
explicit expressions for My, W and 7, are

V-W
V-V
Vi ))
V-V

2V4 )

The I represents the injected current in patch clamp

Moo = O.5<1 + tanh (

Weo = 0.5 (1 + tanh (

To = 1/ cosh <

experiment on heart-cells. In the present study, the
parameters are chosen as C' = 20 uF, Vo, = 120 mV,
Vk = -84 mV, g, =2 mS/cm?, V; = —-1.2mV, V5 =
18mV, V3 =2mV, V, =30mV, V, = —67.9mV, and
¢ = 0.04. The unit of the conductance is mS/cm?.

A Gaussian white noise £(t), reflecting the in-
evitable fluctuation in real cardiac cells, is introduced
to Eq. (5) to form the stochastic ML model. The sta-
tistical properties of £(t) is (£(¢)) = 0 and (£(¢)E(t')) =
2D6(t — t'), where D is the noise density, and d(-) is
the Dirac d-function. The deterministic and stochas-
tic ML models as well as their networks are solved by
Euler numerical integration method with integration
time step being 0.1 s. Upstrokes of voltage reached
the amplitude of 25.0 mV are counted as pulses.

Values of gc, and gk are adjusted to reflect the
heterogeneity of different cells. With gc, and gk
values varied in a reasonable parameter range, the
cells might manifest either resting or limited cycle
oscillations. The bifurcation phase portrait in two-
parameter space (gca, gk) is shown in Fig. 6(a). The
solid lines H1 and H2 are threshold manifolds com-
posed of Hopf bifurcation points. In the region left to
H1 there are stable focus, while between H1 and H2
there are period one limited cycles. There exist other
equilibrium states in the region right and lower to H2,
which are not studied in the present paper.

We selected two representative points in gcoa—
gk plane, C1(5.4, 10) and C2(7.4, 12), as shown in
Fig. 6(a), to resemble two different cells. The C1 is
located very close to the bifurcation boundary, thus,
the stochastic ML model with C'1 generates integer
multiple oscillations, as shown in Fig. 6(b). In the de-
lay coordinate trajectory of this oscillation (Fig. 6(c)),
it is clearly seen that this trajectory is composed of
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stochastic alternations between two orbits, one is a
super-threshold action potential and the other is a
sub-threshold oscillation around the focus. With the
TAT defined as same as that in experiment, TAI series
(Fig. 6(d)), IAI first return map (Fig. 6(e)), and TAI
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histogram distribution (Fig. 6(f)) from the modeling
closely reproduce the characteristics of the experimen-
tal observation on single heart cells. Nonlinear predic-
tion estimation also indicates a stochastic property for
the simulated integer multiple oscillation.
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Fig. 6. The integer multiple oscillation generated by an ML cell with its gc, and gk configured near to a Hopf bifurcation:

(a) bifurcation diagram in gc,—gk plane, showing the two representative points C'1 and C2; (b) integer multiple oscillation of
the model with C1 when D = 0.02; (c) the trajectories of this oscillation of C'1 in V-W plane; (d) trajectory of this oscillation
in delay coordinate portrait; (e) the IAI series of this oscillation; (f) the IAI histogram of this oscillation.

In contrast, since C'2 is located between H1 and H2 and relatively far away from the bifurcations, the

deterministic and stochastic models with C2 only manifest regular periodic oscillations in a large range of noise

density.

In order to reveal the underpinning dynamics of the above simulation, we studied the bifurcation diagram

with respect to injection current I in the deterministic ML model (with noise density D = 0) of C'1. As shown in

Fig. 7(a), there exists a sub-critical Hopf bifurcation point near I = 0 and a supercritical Hopf bifurcation point

near I = 160. The subcritical Hopf bifurcation is in relevance to the present study. In stochastic ML model of

C1 (with noise density D = 0.02), by adjusting the injection current I to simulate the different excitable states
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or oscillations state, a series of oscillation patterns are induced, including sub-threshold oscillation (Fig. 7(b)),
the integer multiple oscillation (Figs. 7(c)-7(e)), and regular super-threshold oscillation (Fig. 7(f)). These
simulation results also predict that the integer multiple oscillations is an intermediate activities between resting

and regular oscillations and induced by dynamic effect of noise.
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Fig. 7. (a) Bifurcation diagram of C1 with respect to I. (b) Sub-threshold oscillation when I = —5. (c) Integer
multiple oscillation when I = —0.1. (d) Integer multiple oscillation when I = 0.1. (e) Integer multiple oscillation when

I =+40.432. (f) Regular oscillation when I = +1.

noise are considered to formulate network models com-

6. Theoretical prediction for the
posed of N x N cells as follows:

integer multiple oscillations

dv; ;
generated by heart-cell net- C=gi" = ~90ag Mooy (Vg = Voa)
works — 9@ (Vij = Vi)

—gu(Viy = VL) + Leqi ), (7)
To describe the heart-cell clusters employed in our dw; ; _ ¢woo (i) — Wisj ®

present experiment, nearest-neighbour coupling and dt Tu(i,g)
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where (i, j) indicates location of each of the cells
in this square lattice network with non-flux bound-
ary condition. The I, ;) is the coupling current of
the (i, j)-th cell.
ary cells and those for inter-cells are different. Inter-
cells, where 1 < ¢+ < N and 1 < 57 < N, cou-
ples with 4 neighbours through I.; ;) = gc(Vi—1,; +
Vit1,j + Vij+1 + Vi j—1 — 4V; ;). Boundary cells cou-
ples with 3 neighbours through, for example, I.(; j) =
ge(Vitr,; +Vigr1 +Vij-1—3Vi;) (i=1,1<j < N).
Four corner-cells couples with 2 neighbours through,
for example, I.¢; jy = ge(Vic1,;+Vijs1—2Vij) (i= N,
ji=1).

To resemble the clusters used in our experiment,

Expressions of I.(; ;) for bound-

N is chosen as 4 while values of gca;,;) and gk i, j) are,
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varied to reflect heterogeneities of the cells. In goa—gk
plane, we use CL(gca, gk ) to represent a cluster whose
inclusive cells are configured around ((gca, gx)). The
heterogeneity of the cells within cluster CL is consid-
ered by bias from (gca,gx). The (gca(ij), 9K(i.g))s
corresponding to the 7,5 cell in the CL is chosen as
(9ca(1+0.17; ), 9x (1 +0.1R; ;)), where 7; ; and R; ;
are random numbers between —1 and 1. Presuming
very small scale (N = 4) and nearest-neighbour con-
nections of the clusters CL with parameters (gca(,j)
9K (i,j)) (labeled as CL (gca, gx)), in what follows
we employ two different clusters, CL1 (gca = 5.4,
gk = 10) and CL2 (gca = 7.4, gk = 12), to consider
the effects of coupling strength and noise on synchro-
nization in the clusters.
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(b)
S 30
=
~
=
S
_30 -
_60 -
M L] T
0 200 400
Time/ms
0.09 1
. (@)
g [}
&
&
=]
% 0.06 1
&
=
2,
g .
D
=
0.03 - —o—0o o —o—°
: EEELLL EEELLL B AL ERELL ERELL ERELL ERELL mmaii meaii |
108 105 1072 10!
D
(f)
103
—
<2
< 102
o
B
E
S 10!
Z
100
0 0.5 1.0 1.5
ISI/s

Fig. 8. (a) Spike trains of cluster CL1 when g = 0. (b) Synchronous spike trains of cluster CL1 when g. = 3 and noise
density D = 0. (c) Changes of mean phase-difference of cluster CL1 with respect to gc when noise density D = 0. (d)
Mean phase-difference of cluster CL1 with respect to noise density (D) when gc = 3. (e) Synchronous integer multiple
oscillation of cluster CL1 when g. = 3 and D = 0.12. (f) IAI of CL1 when gc =3 and D = 0.12.
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Gaussian white noise &; ;(t) was introduced to
Eq. (7) to form the stochastic network. The sta-
tistical properties of & ;(t) is (& ;(t)) = 0 and
(& ;i(O)emn(t)) = 2D6(t —t')0; j0m . The equations
of the deterministic and stochastic ML models and
their networks were solved by Euler numerical inte-
gration method with integration time step being 0.1 s.
Upstrokes of voltage reached the amplitude of 25.0 mV
are counted as pulses.

We first consider the effect of coupling strength
for CL1 with noise density fixed as zero. Increase of
coupling strength results in synchronization of the het-
erogeneous cells in the two clusters. The mean value
of phase-difference between the cells decreases expo-
nentially with respect to linear increment of g.. When
ge = 0, the voltage evolvement of the cells in CL1 is
independent, as shown in Fig. 8(a). When g. = 3 for
CL1, voltage evolvement of the coupled cells became
synchronous, as shown in Fig. 8(b). The exponential
decrease in mean value of phase-difference of CL1 with
respect to increase of g, is shown in Fig. 8(c).

We then consider the effect of noise on syn-
chronous oscillation in the cluster with fixed coupling
strength (g. = 3) for CLI.
sity of noise from zero to 1 imposes temperate distur-

Elevation of the den-

(a)

Voltage/mV

Mean phase difference
!

bances on the synchronization between cells, causing
slight increase in mean phase-difference. For CL1, the
phase difference increased to about 0.08, as shown in
Fig. 8(d).

We finally consider the synchronous integer mul-
tiple oscillations. Synchronous integer multiple oscil-
lations appear only in simulation with CL1 network
when noise density is larger than 0.06. An example of
such oscillation with D = 0.12 is shown in Fig. 8(e).
Comparing this oscillation with what simulated by
using single cell model in previous sections, one can
clearly see that the integer multiple oscillation also re-
sults from the effect of noise on synchronous cluster
very near to a Hopf bifurcation boundary. This oscil-
lation is induced by noise through dynamically driving
the system to alternation between a super-threshold
trajectory of a limited cycle and a sub-threshold tra-
jectory around a focus. Exponentially decaying distri-
bution in TAT histogram of this integer multiple oscil-
lation (Fig. 8(f)) also indicates the stochastic nature
NPE of the TAI series is nearly
1, suggesting that the IAI series may result from a

of the alternation.

stochastic dynamics (not shown here). The above nu-
merical simulation and analysis very closely predict
the experimental discovery on heart-cell clusters.
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Fig. 9. (a) Spike trains of cluster CL2 when g = 0. (b) Synchronized spike trains of cluster CL2 when gc = 5. (c)
Changes of mean phase-difference of cluster CL2 with respect to gc. (d) Mean phase-difference of cluster CL2 with

respect to noise density (D).
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For CL2, when g. = 0, the voltage evolvement
of the cells is independent and has period 1 rhythm,
as shown in Fig. 9(a). The mean value of phase-
difference of CL2 decreases with respect to increase
of g., as shown in Fig. 9(c). For example, the period 1
rhythms become synchronous when g. = 5, as shown
in Fig. 9(b). When noise density increases, the phase-
difference for CL2 with noise increases slightly, but

the rhythm is also period 1, as shown in Fig. 9(d).

7. Discussion and conclusion

In this study, we observed the integer multiple os-
cillations in cultured heart-cell clusters in a series of
particularly designed experiments and reproduced the
observed phenomena from effects of noise on excitable
or oscillating states near a Hopf bifurcation point. Si-
multaneous recordings of calcium oscillations in each
of the inclusive cells indicate that the cells oscillate
synchronously in a cluster. The seemingly complex
integer multiple oscillations are estimated to be gen-
erated from a simple stochastic process, very similar to
the behaviour of a double-well system under the drive
of noise. Experimentation on single heart cells forming
these clusters shows that the cells are heterogeneous
in spontaneous oscillations. Some cells also exhibit
such integer multiple oscillations while others exhibit
regular rhythms. Current injection experiments reveal
that the integer multiple oscillations have intermedi-
ate transient behaviours between resting and regular
oscillation. Under ramp current injection the cells dis-
plays a transition from resting to incrementing sub-
threshold oscillations, to integer multiple oscillation,
and then to regular super-threshold excitations, indi-
cating that a Hopf bifurcation dynamics of excitable
system may reproduce the observed behaviours.

We hypothesized that the spontaneous active sin-
gle heart cells are heterogeneous in their conductance
configuration and therefore are dynamically located at
different excitable or oscillatory states corresponding
to different distances to the Hopf bifurcation point
from resting to regular oscillation. Clusters formed
by cells nearby the bifurcation point will manifest
synchronous integer multiple oscillations under the
drive of internal noise. By using a simple but explicit
mathematical model®” and its network, we consid-
ered the internal noise and heterogeneity according
to previous biological data and then precisely repro-
duced the experimental observations on both single
cell- and cluster-levels. In our theoretical analysis,
the dynamic effects of noise and CR phenomenon,

which incorporate and confirm the results of previous
investigations,?°=24 further indicate important roles
of noise in the function of the heart,?$2 although
the CR phenomenon is still remain to be completely
confirmed in future experiments in beating activities
of the heart. In summary, we are bound to reach a
conclusion that interplay between noise and a Hopf
bifurcation dynamics of the excitable system may re-
sult in the integer multiple oscillations in heart-cell
clusters, in which, heterogeneity of the cells is a de-
terminant intrinsic property.

The integer multiple oscillations observed in
heart-cell clusters in the present study exhibit in ap-
pearance some similarity to a number of previous
reported abnormal beating rhythms resulting from
phase-locking or blockage mechanisms.[210:16:38] Ap
important example of such abnormal rhythm is the
ventricular beating rhythm of an individual with heart
failure and frequent abnormal heartbeats. This abnor-
mal ventricular beating rhythm appears to be irregu-
lar and also exhibits integer multiple and exponential
decay characteristics in histograms of inter-ventricular
time intervals. Theoretical analysis with a model con-
sisting of two interacting oscillators with stochastic
elements closely reproduces the stochastic property of
the ventricular beating rhythm and reveals the effects
of noise on generation of atrioventricular block.[%! We
presented in this study a different example of the inte-
ger multiple oscillation rhythms and suggested a dif-
ferent mechanism, dynamic drive of noise on different
cells near a Hopf bifurcation point, for generation of
such abnormal oscillation at both cellular and cluster
level. Effects of noise on a Hopf bifurcation and such
induced integer multiple firing rhythms have already
been studied in a number of neuronal systems and
justified to be of physiological significance in neural
coding.[2°=24 The results of this study provide new
examples of such oscillation rhythms in cardiac tis-
sues and further imply the significance of bifurcation
dynamics and noise in normal and abnormal cardiac
rhythmgenesis.

A number of classical works have shown that
heart cells can be induced to transit from regular os-
cillation to steady resting state and the dynamics of
a Hopf bifurcation may underpin this transition.l! In
the case of a subcritical Hopf bifurcation, single pulse
perturbation is able to annihilate the limited cycle
oscillation by driving the system to the co-existing

focus.[12]

We observed in this study that a ramp cur-
rent is able to induce a transition from resting to lim-
The sub-threshold oscillation

appears between resting and limited cycle oscillation

ited cycle oscillation.
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implies that this transition is likely associated with a
supercritical Hopf bifurcation. Some realistic math-
ematical models based on ionic conductance of heart
cells, for instance the Beeler-Reuter model,® pre-
dict saddle-node bifurcations from resting to regular
oscillations. One may conclude that the above dif-
ference might reflect heterogeneity of different heart-
cells. The heterogeneity in oscillatory patterns as we
observed in this study might represent biological vari-
ability in ionic conductance of the heart cells. In
our simulation for integer multiple oscillations we only
considered the differences in distance to the Hopf bi-
furcation point (corresponding to different excitable
degrees) and expressed them by denoting varied values
to the ionic conductance of the cells. Our considera-
tion is partly motivated by biological data of hetero-
geneity of normal heart cells (see Ref. [40] and the ref-
erences therein) and enlargement of this heterogeneity
in pathological conditions such as early ischemia and
heart failure.[*:*2] The bifurcation dynamics in rel-
evance to biological heterogeneity of heart cells still
needs to be addressed in future works.

Whether the fluctuation caused by noise is essen-
tial or not in biological function is still contestable.!?!
What we have to admit is that noise imposes good
effects and bad effects in different circumstances. An
example of the good is the improvement for detection
of signals by neural tissues in the presence of suit-
able noise.20=23] Effect of weak perturbation on re-
setting and annihilation of reentrant abnormal heart-
beat is also an evidence of the good.'®! In contrast,
noise might be able to annihilate regular heart beat by
driving the system into a ‘black hole’, as in the above
discussed case of a subcritical Hopf bifurcation.l) We
have shown in this paper that small cluster of heart
cells under the drive of dynamic noise exhibits stochas-
tic alternation between super- and sub-threshold os-
cillations. The appearance of this stochastic alternat-
ing rhythm is similar to some abnormal heart beat
rhythms, such as what associated with sinus arrest.

In the sinoatrial node, pacemaker cells assemble to
clusters and oscillate synchronously. In aging heart or
injured heart after early ischemia, sparsely occurred
cell death through apoptosis or autophagy may result
in enlargement of heterogeneity of the cells,*142 so
as to shift the cluster nearby a bifurcation to rest. In
this case noise may induce stochastic failures of pace-
making oscillation.

In addition, it is noticeable that the spatiotem-
poral patterns of [Ca?*]; have had more and more

[4,30—-382,43-53] hecause the important signifi-

attention,
cance of calcium in the biological system including car-
diac system.[4:30—32:43=52] When the space resolution
of [Ca2T]; is relatively low, waves including spiral wave
can be discovered in the experiment or simulated in
the theoretical model in large scale network composed
of many cardiac cells or excitable media, related to
cardiac arrhythmias or tachycardia,[*30—32:43=45] })59
been one of the most important issues. The wave pat-
terns are related to many factors such as the excitable
degree of the media or network. When the space res-
olution is extra-high,!*9! the spatiotemporal pattern
of [Ca?*]; can be recorded in a single cell, there is
another important issue about calcium waves,[*7—52
wherein calcium induced calcium release plays impor-
tant roles.[*748] When the space resolution of [Ca?*t];
is relative low and the coupling strength is high, the
synchronized behaviours are exhibited in small scale
heart-cell network, similar to the previous study about
small scale network.[?*) When the excitable degree of
cells is different, the synchronized behaviours are dif-
ferent. If the behaviours of cells are nearby the Hopf
bifurcation point from resting condition to period 1
rhythm in this paper and in Ref. [29], the synchronized
If the behaviours

of cells are far from the Hopf bifurcation point, the

complex rhythms are generated.

synchronized rhythm is period 1. The results about
[Ca?T]; in small scale network are the supplement to
those of the large scale network!430—32:43-46] 4 gin-

gle cells.[47—52]
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