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Coupled oscillator systems of cultured cardiac myocytes: Fluctuation and scaling properties
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Isolated and cultured neonatal cardiac myocytes exhibit autonomous rhythmic contraction, and their dynam-
ics vary dramatically depending on the extent of mutual coupling among individual myocytes. We study the
temporal changes of interbeat interval series in aggregated systems of spontaneously beating cultured neonatal
rat cardiac myocytes and observe a rich variety of complex, nonlinear features such as frequent alternations,
bistability, and periodic spikes. Fluctuation analysis of the interval series reveals that there occurs a transition
in scaling behavior from persistent correlations to antipersistent correlations as the coupling develops with
incubation time. Additionally, we perform computer simulations using interacting Bonhoeffer-van der Pol
oscillators to understand the effects of coupling on the fluctuation dynamics of each constituent oscillator. We
find that the formation of strong and heterogeneous coupling among the oscillators is a key factor to yield the
complexity in the interval series as well as in the scaling behavior.
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[. INTRODUCTION increasingly clear that stochasticity or noise which brings
Living organisms display various types of biological about the fluctuat_ions, e[ther inher_ent in'biological systems
rhythms such as heartbeat, respiration, sleep-wake cycle, ag¥ from a fluctuating environment, is an integral part of the
locomotor activity. In most cases these rhythms are endog!nderlying dynamic$8]. However, still very little is known
enous, i.e., driven by a Spontaneous|y osci”ating pacemak@bout the exact mechanism and functional significance of
element or a network of many interacting elements. In thesuch fluctuations, particularly in spatially extended systems
network system each constituent element, which has an iref many coupled elements.
trinsic property as a self-sustaining oscillator in an isolated In a previous paper, we investigated the contraction
state, often exhibits collective phenomena due to mutual couhythm of spontaneously beating cultured cardiac myocytes
pling. A typical example of such a system is the sinoatrialin order to clarify the relationship between its fluctuation and
(SA) node, a small region in the right atrium of the heart, possible interactions among the myocy{€3. The coeffi-
composed of thousands of pacemaker cells. When isolategient of variation of contraction intervals increased in the
enzymatically from the SA node, the cells show independengarly periods of incubation, and then decreased in a mono-
oscillations with different frequencies. In spite of this behav-tonic way. Furthermore, the contraction rhythms of interact-
ior, a coherent electrical wave is generated in a periodic fashing myocytes showed mutual entrainmeésynchronization
ion within the SA node, which spreads throughout the heartate in culture. We concluded that these temporal changes
and controls its beating rate. were caused by an increase in coupling strength among the
In general, biological rhythms are not strictly regular, butmyocytes with culture time. Here we present experimental
entail complex fluctuations that reflect their underlying con-and simulation studies on the fluctuation and correlation
trol mechanismg1]. Numerous attempts have been made toproperties of interbeat intervaftBls) in coupled systems of
explore the function and origin of these complex processeg;ardiac myocytes. We report that the scaling patterns of I1BI
with special attention paid to human cardiac dynamics owindluctuations show a dramatic dependence on culture time
to its physiological and clinical importang®,3]. Mathemati- ~ possibly due to day-to-day changes in the degree of mutual
cal analyses so far have revealed that cardiac rhythms as wepupling.
as other physiological rhythms arise from nonlinear, stochas-
tic processes, thus producing such unique features as chaos, Il METHODS
fractal dynamics, long-range correlations, and’roise[1]. '
Kobayashi and Musha were the first to report that the power Isolated and cultured cardiac myocytes of neonatal rats
spectrum of heart rate variabilitHRV) possesses a strong were prepared, and their rhythmic contraction was monitored
1/f component over a wide frequency rarjgé Since then, by a video-image recording method as described previously
HRV has been repeatedly confirmed to have a fractal tempd9]. Images of spontaneously beating myocytes were re-
ral structure5,6]. Recently, a new challenge has been posed¢orded once a day. The obtained imagabout 420
to this understanding by Ivancst al. who found that HRV X 320 um?) contained more than 10 cardiac myocytes. A
patterns of healthy individuals are much more complexsmall area20x 20 pixely of a myocyte showing consider-
showing multifractal scaling7]. All these findings make it able changes in brightness with contraction was selected
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from the image, and the video signal was digitized to an 8-bit c;=2.0. (3)
number per every video fram@O0 frames/s for 3 min. A _ . )

reference frame was arbitrarily selected and cross correlglNiS guarantees each BVP oscillator in the coupled system to
grams were calculated between pixels of the reference framlg2Ve Its intrinsic rhythmicity, reflecting the individuality of

and those of other frames, which represent temporal varig2ctu@l cardiac myocytes. In E(), the coupling term is not

tions of brightness in the selected area corresponding to tHE'€ Widely used diffusive type; it is introduced as a modifi-
contraction rhythm of the myocyte. Cubic splines were fit toCation of the slow variabley;) in the equation of motion for
the cross correlogram in each series of data from each ddff€ fast variabléx). This approach is based on the applica-
for the detection of upward or downward peak positions, andion of a generalized receptor scheme that has been proposed
IBIs were calculated from the intervals between successivEecently by Nagano to provide a general mathematical frame-
peaks. work for explaining various synchronization phenomena in
The correlation properties of the IBI series were investi-biological systemg12]. In short, the generalized receptor
gated utilizing detrended fluctuation analygBFA) [10].  Scheme treats one of two variablesandy; constituting a
DFA calculates the root-mean-square fluctuation functiorimit cycle oscillation as the density of a virtual diffusible
F(n) of a time series around local trends for different win- chemical(ligand and the other as the activity of a virtual

dow sizes(time scalesn, which gives a power law relation €CEPLOr o catch the ligand. Each receptor in an individual
F(n)~n® in the presence of scaling. Although the main ag-oscillator works as a converter of external stimuli from other

vantage of the DFA method is that it allows the accurate?scillators into internal stimuli, which leads to efficient syn-
hronization among the entire oscillators. In our cf&g.

estimation of long-range correlations embedded in noisyC ; oL TR

nonstationary time series, it is also powerful in quantifying(z.)]’ i Yis _and Yij corresponq o receptorlike activity, "9?‘”'

short-range or intermediate-range temporal properties by thgl'ke density, an(_j the sensitivity of t_he recgptor, respecnvely,

scaling exponeng, i.e., whether the time series is anticorre- and th_e gummaﬂqﬁ,j covers all qscﬂlators_, including a self-

lated (antipersistente < 0.5), uncorrelatedrandom,«=0.5), term (j=i). The biological meaning of this correspondence

or correlated persistenta > 0.5). and the adv_antage_s of_ the generallz_ed receptor scheme over
In order to model the contraction rhythm of a single car-the conventional diffusion scheme will be discussed later.

diac myocyte, a pair of first-order differential equations Calculations of the BVP oscillator network were per-
known as the Bonhoeffer-van der R@VP) oscillator was formed with the variable-step Dormand-Prince formula

adopted[9,11], loaded in the MATLAB/Simulink systeniThe MathWorks,
Inc.). The oscillation intervals of the BVP model were evalu-
X=c(x=x¥3+y+2), ated from intervals between downward peaksxf, then
divided by 10(in time unif) to adjust time scale, and their
y=-(x+by-a)lc, (1) scaling properties were analyzed by the DFA method. We

, checked that similar results were obtained using other solv-
wherex denotes the membrane potentiathe slower recov- : X . )
ers for computer simulation much more suited for dealing

ery processz the external stimulus applied to the oscillator, with stiff problems
anda,b,c are constants. With appropriate values of the con- P '
stants, the BVP oscillator shows stable limit cycles corre-

sponding to the physiological properties of cardiac pace- . RESULTS
maker cells. In the present paper, we aeb=z=0 without
loss of generality, which gives the original van der Pol equa-
tion. The stochastic nature of the oscillation intervals of the The video recording of cardiac myocytes was started on
BVP model was introduced by setting=co+c;n(t) [9], the third day of culture when most myocytes began to show
wheren(t) stands for normally distributed random numbersSpontaneous contraction. We chose two myocyteterred
with a noise power of 0.005. to as cell 1 and cell 2 hereafjédrom the recorded image for
cytes that are electrically and/or mechanically interactin%ytes on the fourth day of culture were spatially separated,
with each other, a network ® coupled BVP oscillators was Put on the 11th day they appeared to be fully connected with

A. IBI fluctuations of cardiac myocytes

used. The model takes the form each other via other myocytes growing between tHéin
The IBI series of the two cells from the third to the 13th day

%= a6 = X33+ (i + ¥ ], yP'= 2 vy of culture are displayed in Figs(d) and Xb). The data for
j cell 1 on the third day is not presented in Figa)lbecause
the contraction rhythm showed only irregular, intermittent

yi=-xlc,i=1,... N, (2)  oscillations, from which it was very difficult to extract IBIs.
It is seen that the two sequences of data follow almost iden-
tical time evolution: the IBI values of both cells have an
overall tendency to decrease with incubation time, and there
are many similar structures in the time series, for example,

where y*"' represents the interaction term with coupling

strengthy;. Here, the constarg has different values among
the oscillators, and is defined as follows:

Cj = Cgi + Cqin(t), transient bursts occurring on the fourth dagdicated by
arrows in Figs. {a) and Xb)] and extremely large fluctua-
Coi=5.0+0.52i -N-1)/(N-1), tions on the fifth and sixth day. It was found in the previous
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FIG. 2. Spontaneous beating of cell 1 on the eighth day of
culture, showing the onset of period-doubling oscillation. The con-
traction rhythm of the myocyte is represented as the temporal
change in the cross-correlation coefficient.

1860 1880 1900 1920
) Beat number IBls are derived from two consecutive peaks so that an in-

) ) ) j j terval measured from a lower peak to its succeeding higher
peak gives a different value compared to that from a higher
peak to its succeeding lower peak, thus producing the alter-
nating temporal behavior.

These features are a clear indication that the oscillating
3300 3100 3500 3600 3700 dynami(;s of the pardiac myocytes are indeed governed by
Beat number some highly nonlinear processes. The fact that the complex
temporal behaviors are mostly observed after the seventh day
FIG. 1. Interbeat intervallBl) series of two cardiac myocytes: of incubation, when the contraction rhythms of the two myo-
(&) cell 1 and(b) cell 2. The signal is obtained by stitching together cytes were found to achieve full synchronization in our pre-
the IBI series for each culture day indicated by the numbers 3-13yjous finding[9], demonstrates that the underlying nonlinear-
whose boundaries are marked by dashed lines. The arrows indica@ originates from large interactions among the myocytes.
transient bursts almost simultaneously occurring in both series on” Eqr the analysis of correlation properties, we applied the
the fourth day.(c) Enlargement of(@) record for day 8, showing first order DFA(using a polynomial fit of order 1 for a local
rapid alternations(d) Enlargement ofb) record for day 12, show-  yenq 1o each IBI series from each culture day after remov-
ing clear spikes with a period of about 70. ing noisy points that are far away from its mean value. Since

work that the two myocytes exhibited no noticeable synchrothe series on the seventh day are composed of two segments
nization of contraction before the seventh day of culfigle ~ With different local fluctuations, i.e., the first half with large
However, the remarkable similarity between the two timefluctuations and the rest, the DFA method was applied sepa-
courses in the present case suggests that the cultured my@tely to each of these two segments. Likewise, two se-
cytes may exert a subtle influence upon one another from thguences with and without rapid alternations were picked out
start of the video recording. from the series on the eighth day for separate analysis. For
In addition to the above observation, several complex buthe 10th day data, which exhibit abrupt changes due to bista-
interesting features are noticed in the IBI seri@9:On the  bility, we examined only the segments that have a larger
seventh day, large fluctuations seen at early stages suddentyean interval.
disappear near a midpoint in the seri¢®) On the eighth Figures 8a—3(d) illustrate the DFA profiles of the two
day, the IBI shows rapid alternations indicative of strongmyocytes. It is apparent that both the fluctuation function
anticorrelated behavior around the middle portion in the sefF(n)] and its differential function [dlogl10F(n)/
ries [Fig. 1(c)]. (3) On the 10th day, there emerges a kind ofd logln(=«)] show drastic changes with time in culture,
bistability: the IBI displays abrupt transitions back and forthsuggesting a strong dependence of the correlation behav-
between two states overlapped by a slight decreasing trenthr on the degree of coupling among the myocytes. In
(4) On the 12th day for cell 2and also on the 11th day for order to see this dependence more clearly, we focus on
cell 1, although not clear to sgecharacteristic spikes are the scaling properties of the IBI records at small scales.
observed periodicallyFig. 1(d)]. The appearance of distinct The short-range scaling exponent was calculated in
anticorrelations in Fig. (t) results from the onset of a period the range 0.&log;on<0.8 as a mean value of
doubling in the contraction rhythm as shown in Fig. 2. Thed log,q F(n)/d log;o n, and plotted as a function of incu-
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sequence of an increase in coupling strength among the

cell 1 15 myocytes.

4 / o Interestingly, before the seventh day when the two cells
= are not synchronous and therefore appear to have no strong
CIRY 6 g interactions with each other, the short-range scaling exponent

"y i ooh = is well over 0.5, reaching as high as 0.75 for cell 1 on the
& I8 B fifth day. This may be easy to understand if it is assumed that

g g'i' the IBI fluctuations of an individual myocyte are already
Lsli1 © correlated in an isolated state and their correlation properties

" Y ” 5 2 are more or less maintained in the presence of weak coupling

with other myocytes. Such an assumption, however, has not
yet been justified experimentally, so here we simply postu-
late that the dynamics of each noninteracting myocyte is
characterized by uncorrelated randomnéss0.5). Later,

we will show by computer simulations that the scaling prop-
erties of an isolated myocyte with random behavior can be
brought into persistent correlatiorig>0.5) via the intro-
duction of small interactions with other myocytes. On culture
days 3 and 4, the correlations remain persistent even at long-
time scaleqlog,o n>1) [Figs. 3b) and 3d)]. Most notable

is the case of cell 2 on the third day, where there is a cross-
over to a more correlated regime with the scaling exponent
a>1 around logy n=1.5. In contrast, the DFA differential
curves on days 5 and 6 exhibit a gradual downward trend at
long-time scales, especially for cell 1, indicating that the IBI
sequence behaves like either a periodic or a random signal at
these scales.

After the seventh day, the short-range scaling exponent
reduces to around 0.3 except on the eighth day when it takes
a very small valud«<0.2), reflecting the highly antipersis-
tent nature as we have seen in Fi¢c)1Generally, when the

L . . . . DFA method is used to analyze a sinusoidal signal with pe-
2 4 6 8 10 12 14 riod shorter than the minimum window size for calculation, a
Incubation time (day) marked zigzag shape appears at small scales in the plot of
FIG. 3. Detrended fluctuation analy$3FA) of the IBI series of gg‘f:r:eiatl'ﬁieflgﬁxart:ezzI'I:nocr:l(zﬂé Seiugcfnha d;’;lg:rniitg aCrI]edarly

two cardiac myocytes. Two segments with different fluctuation pat- . . : . .
terns were extracted from the IBI series on the seventh and eighta(‘d)]' On the other hand, if a fluctuating signal contains as its

day of culture, and DFA was applied separately to each segme ominant C‘?r.“pone”t.s some .peric.)dicit.y with .periods 'OT‘ger
(see text Fluctuation functionga) and(c), and differential fluctua- than the minimum window size, its differential fluctuation

tion functions(b) and(d) are shown for the following days of cul- function tends to be upward concave and the minimum re-
ture: day 3(V); day 4(X); day 5(0); day 6(s): day 7(C); day 8 ~ 9ions are located around time scales corresponding to the
(A); day 9(*); day 11(+). The culture days are represented by the periodicity. This is indeed what we observe to take place in
numbers beside the plots {a) and(c). For days 7 and 8, only the the profiles after the ninth dgyrigs. 3b) and 3d)], in which
results for the segments with small fluctuations and with rapid althere is a shallow depression around,lpg~ 1, suggesting
ternations are displayed, respectively. The differential fluctuatiorthat the contraction dynamics of interacting myocytes are
function was obtained by calculating slopes between successivender the control of multimodal periodicity with periods cen-
points in the fluctuation functionie) Changes in the short-range tered at 1Q(in beat numberor more.
scaling exponent with incubation time. A transition from correlated It should be mentioned that these correlation properties
behavior(e>0.5) into anticorrelated behavidin<0.5 occurs on  are not an artifact produced by the cutout of noisy points
the seventh day. prior to analysis. This type of data preprocessing is known to
have a significant effect on the scaling properties of anticor-
bation time[Fig. 3(e)]. For both cell 1 and cell 2, we note related signal$13]. Before the seventh day, the IBI series is
a characteristic transition on the seventh day, where thergo noisy that the fraction of points removed from the original
is a sudden change from persistent correlatitms 0.5 series becomes very large. Nevertheless, the cutting proce-
to antipersistent correlationgr<<0.5). The loss of corre- dure is expected to have little influence on the scaling behav-
lation (or rather, enhancement of anticorrelatian the ior of such signals with persistent correlatids>0.5). We
scaling behavior, since it occurs on the same seventh dagctually confirmed this by comparing the DFA profiles with
as complete synchronization was found to occur in ourand without preprocessing; the cutting procedure led to a
previous studyf9], is also considered to be a direct con- vertical shift to smaller values of the fluctuation function, but

dlong(n)/dlogmn

e
o

Short-range o
(=]
&H

I
(S
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x2’y2 x3’y3

FIG. 4. A diagram representing the configuration of three BVP No.4 No.5 No.6
oscillators with coupling strengtly;. Variablesx; andy;(i=1,2,3 ) ) ] )
denote the membrane potential and recovery variable, respectively. FIG. 5. Examples of coupling strengths used in the simulation of
The coupling strength inside each circle represents the self-terrBVP model. Number 1 corresponds to the observed IBI series on

(v:), and that by each side connecting two circles represents thday 4; No. 2 to day 5; No. 3 to day 6; No. 4 to the less fluctuating
mutual term. part on day 7; No. 5 to the rapidly alternating part on day 8; No. 6

to day 9.

no remarkable change in the differential fluctuation function.the coupling strengths. However, in order to elucidate the
After the seventh day, the IBI series becomes much leséme course from the fifth to the sixth day where the mean
noisy, and therefore the effect of preprocessing is thought t¢BI is larger on the later culture dgyig. 6(d)], we must use
be also insignificant. We notice for particular 1Bl series, e.g.lower values of coupling for No. 3 compared to No[Fgs.
on the 11th day, that the scaling exponent exhibits a chara&é and §a)]. Then, the calculated time dependence agrees
teristic crossover to strong positive correlations>1) at  quite well with the IBI series except for the series on the
long-time scales. Obviously, this crossover cannot be exdinth day[Figs. §a) and &d)]. It may be possible to simulate
plained by the cutting procedure, as its primary effect orthis local inverse tendency observed on the ninth day as well
anticorrelated signals is to increase the scaling exponer&s on the 13th day with appropriate choices of the coupling
close to 0.5 at mositL3]. Rather, the crossover results from strengths. But at such late stages of culture it is likely that a
some polynomial trends contained in the series because ugle played by some physiological changes in individual
ing higher-order DFA was found to reduce the scaling expomyocytes rather than decreased mutual interactions becomes
nent at these long-time scales effectively. much more prominent in generating the inverse tendency.
Most of the observed complex features, i.e., the rapid al-
ternations on the eighth day and the bistable character on the
10th day, are successfully reproduced with simulation as il-
With a view to modeling the observed fluctuation proper-lustrated in Figs. @ and 7b). The occurrence of spikes
ties, we performed computer simulations of three BVP oscil-with a period of about 70 on the 12th day is also reproduc-
lators[N=3 in Eq.(2)] for various coupling strengths. Our ible but with comparatively large values of couplifgig.
strategy is to capture the major experimental observationg(c)]; as a consequence the calculated mean oscillation inter-
the complex IBI fluctuations and their scaling patterns inval becomes extremely small, whereas in the experiment the
particular, by assigning a different set of coupling strengthsnean IBI changes little with time in culture after the seventh
%;j(1=<i,j=<3) to myocytes on each culture day while hold- day. The only case where our theoretical strategy fails is the
ing other parameters fixed. The coupling strengths thus asudden disappearance of large fluctuations on the seventh
signed are unchanged throughout the calculation period faday, which cannot be simulated unless the coupling strengths
the corresponding culture day. It is not intended here to exer other parameters are altered accordingly in the middle of
actly reproduce all the quantitative features, e.g., mean IBthe calculation period.
values, although this could be done through appropriate ad- In the absence of interaction among the three oscillators
justment in such parameters asb, andc in Eq. (1). The  (y;=0), the fluctuation function for each oscillator behaves
configuration of the coupled system is schematically illus-as F(n)~n°® at small and intermediate scalgédata not
trated as a triangular diagram in Fig. 4, in which a symmetri-showr). This seems natural considering that the dynamics of
cal mutual coupling is assumed;; = ;). Typical values of  an independent oscillator is under the control of uncorrelated
coupling selected for simulation are indicated in FigN®s.  randomness inherent in the constant[Eq. (3)]. Surpris-
1-6), and calculated oscillation interval series and their DFAingly, when positive weak couplings are introduced among
results are summarized in Fig. 6 together with the correthe uncorrelated oscillators, the fluctuations begin to possess
sponding experimental results for the purpose of comparisorpersistent correlations with the short-range scaling exponent
In our simulation, the mean oscillation interval is found to &> 0.5 [see the plots for Nos. 2 and 3 in FiggbBand &c)].
decrease almost monotonically for all oscillators as any ondhe dominance of correlated behavior at small scales is in
of the nine coupling strengths increases. Therefore, the glayood agreement with the experiment, and its mechanism can
bal trend towards smaller IBI values with incubation time be understood as follows. For specific values of coupling,
[Figs. Xa) and Xb)] can be reproduced by simply increasing especially when all the mutual coupling strengths exceed 0.1,

B. Simulation with BVP model
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FIG. 6. A comparison between simulation and observati@nSimulated temporal changes in the oscillation intervat,oEach number
corresponds to the configuration number in Fig(/, (c) Simulated fluctuation functions and differential fluctuation functions: No. 1
(X); No. 2(O); No. 3(¢); No. 4(0); No. 5(A); No. 6(*). The numbers beside the plots represent the configuration nunithe@hserved
temporal changes in the IBI of cell 1. The numbers represent the days of culture. For days 7 and 8, only the results on the segments with
small fluctuations and with rapid alternations are displayed, respectieglyf) Experimental fluctuation functions and differential fluctua-
tion functions: day 4 X); day 5(O); day 6(¢); day 7(J); day 8(A); day 9(*). The numbers beside the plots represent the days of culture.
Simulation and experimental results agree well.

the oscillation interval tends to switch between two or moredependence, with occasional spiking from a lower baseline
discrete levels with time. As an example, a comparison beto higher interval values. As this example illustrates, the

tween the IBI series on the fifth day and the calculated serieswitching occurs as a series of rather broad spikes, which is
for No. 2 is made in Fig. 8. Both series have similar timethe reason why the fluctuations of the oscillation interval

exhibit persistent correlations at scales smaller than the
width of the spike and weaker correlations at larger scales.
Moreover, the temporal transitions between discrete levels
turn out to be the primary cause for the large fluctuations in
the IBI series observed on the fifth and sixth dfygs. Xa)

and 1b)].
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FIG. 7. Simulated temporal changes in the oscillation interval of
X, showing (a) rapid alternations(b) bistability, and(c) periodic FIG. 8. A comparison between the IBI series of cell 1 on the
spikes.(a) is an enlargement of Fig.(§ record for No. 5. The fifth day of culture and simulated temporal changes in the oscilla-
arrows in(c) indicate the positions of the spikes. Coupling strengthstion intervalx; for No. 2. Both plots are consistent with each other
used for the calculation @b) and(c) are illustrated as a diagram on in that they show a similar train of broad spikes bursting from a
the left-hand side of each time series. fluctuating baseline.
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As the coupling strengths are increased further, the scaBSA was found to cause a change in their scaling behavior
ing behavior undergoes a transition into antipersistent correirom strong anticorrelationsa<0.2) to uncorrelations «
lations ranging over almost all scalpdos. 4—6 in Figs. @) ~0.5), and also a drastic increase in IBI. This experimental
and gc)]. It is notable that the observed scaling patterns duevidence, although too limited to completely exclude the
to strong(multi)periodicity after the seventh day of culture, contribution of intracellular physiological changes, offers a
including the characteristic zigzag shape, are successfullytrong support of our scenario that cardiac myocyte cells,
simulated. In achieving < 0.5 for most of the window sizes, whose IBI fluctuations are intrinsically uncorrelated, begin to
it is essential to allocate different values to different couplingshow anticorrelations with time in culture due to the devel-
terms(see Nos. 4-6 in Fig.)5The same condition is also opment of mutual coupling. More systematic research based
necessary to bring about the distinctive nonlinearity as seeon selective pharmacological blockade will help to separate
in Fig. 7. A qualitative explanation for this requirement is intercellular and/or extracellular influences on myocytes
that with common strengths for all coupling terms, the threefrom intracellular ones for each culture day, enabling us to
oscillators are in such a complete synchronization as to bainderstand the observed day-to-day changes in scaling be-
have like a single oscillator and hence their fluctuation dy-havior in a more quantitative way.
namics are determined mainly by the white noise in the con- Our theoretical approach is an extension of the general-
stant ¢;, while if the nine coupling strengths are not all ized receptor scheme recently developed by Nagdr.
identical, some of the oscillators are a little asynchronous-or simulating a network of interacting oscillators, diffusive
with one another and a complex interplay between such outoupling has been frequently employed and been proved
of-synch pairs can produce a multiperiodic modulation onquite effective. So, we compared the performance of both
their temporal fluctuations. approaches by carrying out another set of calculations with

the following equations:

IV. DISCUSSION

All these results demonstrate that a number of experimen-
tal observations concerning the fluctuation dynamics of car-
diac myocytes have been reproduced in a systematic way by )
calculations of BVP coupled oscillators. Increasing the num- yi=-xlc, i=1,...N, 4
ber of oscillators from three to five led to similar results but
with undesirable complications because of undue parametevghere D;; is the diffusive coupling strength. For three
that have to be changed, so the current three-element systegaupled oscillator§N=3), it was found that Eq(4) gives
offers the simplest sufficient model to explain the essence ofignals whose short-range scaling exponent is around 0.5 and
our experimental findings. never less than 0.3 irrespective of the values for coupling.

We focused on the effect of varying coupling strengthTherefore, the appearance of strong anticorrelations after the
with other parameters fixed throughout the simulation analyseventh day of culture could not be simulated with the
sis. This strategy revealed that the presence of strong antiffusive-type model. Moreover, the mean oscillation inter-
nonuniform coupling among the oscillators is required toval obtained by Eq(4) did not show great changes with
yield distinct anticorrelations in the oscillation interval fluc- increasing coupling strength. This is usually the case for cou-
tuations. It is expected that the same mechanism may be algding via diffusive exchange because the oscillation interval
working in real myocyte networks. Of course, the validity of of fully synchronized oscillators tends to take an intermedi-
this argument must be checked by careful comparison ofite value among that of individual oscillators before syn-
theoretical coupling values with measurable ones. In addiehronization. The observed mean IBI for cell 2 decreased
tion, we should consider the possibility of some electrophysifrom 0.7 s on day 3 to 0.4 s on day 7, corresponding to
ological changes within the myocytes to play a significantalmost a 40% change, a difference unlikely to be explained
role in generating the observed fluctuation behavior. Sinceising the diffusive-type model by variations in coupling
experimental information on these issues is currently lackstrength in the absence of other physiological changes. In our
ing, detailed studies will be necessary to quantify the degreeultured myocytes, the 1Bl often decreased with the develop-
of coupling on each culture day and distinguish its contribu-ment of mutual couplingsee the time evolutions of cell 1
tion from that of other physiological changes. We have justand cell 2 in Fig. ], although in rare cases we encountered
started a few attempts in this line and have obtained soman increasing trend with incubation time probably due to
preliminary results. First, in order to clarify the effect of reduced cell viability. Simulating this temporal behavior was
intracellular physiology, we aimed at characterizing the fluc-also beyond the performance of the diffusive-type model
tuation dynamics of a single neonatal cardiac myocyte in avhich actually claims that nearly half of the oscillators in-
completely isolated state, which turned out to be unsuccessolved in the coupling should display increasing oscillation
ful; it seems that our neonatal cell cannot remain viable byinterval with increasing coupling strength. Moreover, other
itself and needs interactions with neighboring cells for itscomplex features such as bistability and periodic spikes
survival and growth. So next, we employed 12-doxyl steariccould not be reproduced using Hd). Therefore, our model
acid (DSA), a reversible blocker of gap junction channels, toin the present study has many advantages over the conven-
produce an artificially uncoupled system from aggregatedional diffusive-type model in elucidating the characteristic
myocytes. The treatment of highly interacting myocytes withdynamics found in the IBI series of interacting myocytes.

X; :Ci[xi =X} [3+y, +2_ Dij (% ‘Xi)}, Djj = Dji,
j
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Although the current ligand-receptor scheme can be re- 15 (@
garded as a general mathematical framework to describe syn-
chronization phenomena, it is important to discuss the bio-
logical meaning of this model. Intercellular gap junction
channels generally provide the main pathway for intercellu-
lar communication among cardiac myocytes. The major gap
junction protein in cardiac myocytes is connexin 43, which
forms channels that are permeable to intracellular messen-

‘l“"'ﬂ";lud"'

!
.,r':lll.,".v '“»" ’".’“‘ll 'M'\

gers such as G4 inositol (1,4,5-triphosphate(IP3), ATP, 50 100 150 200 250
and cAMP[14]. Additionally, a paracrine route, mediated by Beat number

the diffusion of extracellular messengers such as ATP, can (b) ©

also operate in parallel with the direct cell-to-cell interaction =',l'5

via gap junction channeld5]. Thus, cardiac myocytes have 05 g

two intercellular communication routes. Changes in the in- 8 2, s
tracellular concentration of G4 and IP3 associated with M -1 g /
spontaneous rhythmic contraction of cardiac myocytes may f 2 L

affect neighboring cells through gap junction channels. For  -1.5 %"0.5

instance, IP3 transported from one cell to the other cells via

gap junction may activate IP3 receptors of sarcoplasmic -2

reticulum (SR). The activation of IP3 receptors results in 0.5 1 15 2 %_5 1 15 2
Céa* release from the SRIP3-induced C# releasg and log,n log, n

thus influences the contraction rhythm of the myocytes. In
addition, cAMP diffusion through gap junction channels pos- FIG. 9. An example of negative mutual couplir@) oscillation
sibly affects the contraction rhythm in neighboring cardiacinterval; (b) fluctuation function;(c) differential fluctuation func-
myocytes as well. Ladeet al. recently reported in cultured tion. Two mutual coupling strengths out of the three are set to
neonatal rat myocytes that cAMP activates an ATP-negative value$-0.2) as shown in the diagram. Simulation results
permeable pathway, and then results in ATP release to extrare indicated by solid lines, while dashed lines represent experimen-
cellular space§l6]. Cultured cardiac myocytes are known to tal results on the third day of culture for cell 2, both demonstrating
express purinoceptors sensitive to ATP, so the increase i#frong memory effectéa>1) at large window sizes.
extracellular ATP may provide autocrine as well as paracrine
influences on the contraction rhythm of cardiac myocytesis in good accord with the experimental behavior on the third
Based on this simplified picture, it is reasonable to speculatday[Fig. 3(d)]. This result is quite stimulating since we have
that the messengers such as IP3 and ATP correspond to vitet succeeded in simulating a crossover from a correlated
tual ligands, and their sensors such as IP3 receptors and pregime at small scales to a more correlated regime at large
rinoceptors correspond to virtual receptors in the ligandscales when using only positive coupling strengths. The
receptor scheme. The inclusion of the self-tdr) in Eq.  negative mutual coupling means that the virtual ligand from
(2) is then justified because it can be interpreted as a matmene unit of the coupled pair exerts an inhibitory effect on the
ematical description of the autocrine pathway. The mutuaVirtual receptor of the other unit. It is possible that the same
term(y;,i#]) is thought to reflect the two intercellular com- negative coupling may also play a key role in real aggregated
munication routes, i.e., the direct interaction via gap junctionmyocytes at early stages of culture for producing strong
and the paracrine route. Among them, the paracrine routgremory effect§a> 1) at long-time scales. Inhibitionlike ef-
mediated by the diffusion of extracellular messengers igects are ubiquitous in physiological systems such as the
probably responsible for intercellular communication at earlychronotropic effect of ATP on mammalian cardiac pacemaker
stages of incubatioibefore the fourth daywhen cultured cells[17], but the existence of inhibitory interactions has not
cardiac myocytes are found to interact a little without anyyet been identified experimentally among cultured neonatal
conspicuous physical contacts among one another. This scheardiac myocytes. Therefore, thorough discussion on the sig-
matic scenario, although speculative, should help in guidingnificance of negative coupling should await further experi-
future research as to intercellular communication among culmental studies.
tured cardiac myocytes and its relation to contraction rhythm
dynamics. = . . _ _ V. CONCLUSION

Finally, it is informative to examine what will happen if
we introduce negative values of coupling, at least from a In summary, we investigate fluctuation dynamics in IBI
purely mathematical viewpoint. The variabden Eq.(2) has  series of cultured neonatal rat cardiac myocytes and demon-
a stable limit cycle so long as the total contribution from thestrate a marked dependence of correlation properties on in-
recovery variabley is positive in the equation of motion of cubation time. The short-range scaling exponent decreases
X, which is roughly expressed by the conditionX;#;>0.  almost monotonically as the culture period increases, show-
Figure 9 exemplifies a case satisfying this condition withing a transition from correlated to anticorrelated states,
negative strengths for two mutual couplings. Remarkablywhich is accompanied by the emergence of highly nonlinear
the oscillation fluctuations exhibit persistent correlations angphenomena in IBI series such as rapid alternations, bistabil-
the scaling exponent exceeds 1 at larger window sizes, whiclty, and periodic spikes. From simulation studies using
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coupled BVP oscillators, we suggest the importance otulation; it should not be treated as an ideal model to explain
strong and heterogeneous coupling among constituent elell the details in contraction dynamics of interacting cardiac
ments in reproducing the observed complex behaviors. Ounyocytes. Nonetheless, we believe that the current scheme
model is intended to simulate the experimental fluctuatiormay contribute to uncovering hidden information on the
patterns on each culture day by adjusting coupling strengthsiechanism and functional significance of biological fluctua-
while keeping other parameters constant throughout the cations in spatially extended systems.
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