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Scale-invariant fluctuations at different levels of organization in developing heart cell networks
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In the last few years it has been realized that the intervals of spontaneous spiking events in the intact heart
exhibit coexisting scale-invariant count fluctuations and anticorrelated interspike interval fluctuations. Here, we
show experimentally that this feature is an intrinsic property of single isolated heart cells, which is preserved
when the cells couple into networks. We present a model explaining this behavior at both the single cell and
network levels.

PACS numbegps): 87.19.Hh, 05.40-4a, 87.15.Ya

Physiological systems were traditionally thought to obeyorganization can be explored, namely: isolated cells, small
the homeostasis principle, whereby they organize to reducgroups of cells, and networks with various densities and
fluctuations. However, application of time series analysignorphologies. The measurement is based on the acquisition
techniques to long spike trains recorded from the intact hea®f the optical field of view to a computer performing real-
[]_] and various neural Systerﬁg] reveal asymptotic power- time motion detection. It enables continuous recording of
law increase of fluctuations as a function of the size of thespontaneous contractions from all levelsiofvitro organi-
statistical window. The intact heart fluctuations are assocization over a wide range of time scaleg to several weeks
ated with long-range anticorrelatiofid] and are commonly With high spatiotemporal resolution.
attributed to its neuronal contr¢8,4]. Here, by applying a In general, isolated cells are characterized by relatively
noninvasive recording techniqué] to spontaneously beat- irregular beating, with stochastic occurrences of long quies-
ing heart cellsin vitro, we show that coexisting scale- cent periods, while dense networks of cells usually exhibit
invariant(cound fluctuations(SIF) and long-range anticorre- Synchronized rhythmic behavior, which is spontaneously dis-
lations of interspike intervallSl) displacements are intrinsic rupted by complex rhythm disordejS]. Here, we first dem-
to single isolated heart cells. Furthermore, the anticorrelaonstrate SIF on traces that do not exhibit strong irregulari-
tions are more dominant at the network level, accounting foties, and then show it also for those records that include
its ability to eliminate stochastic occurrences of long timestrong beating disorders. To detect and estimate SIF, we use
intervals with no beatingi.e., quiescent periogishat are the Allan factor(AF) measurg10]. It is applied to the se-
commonly observed in isolated cells. This difference be-quence of countdl(i) obtained by counting the number of
tween isolated cells and dense networks suggests that an isgpikes (i.e., contractions N(i) within contiguous bins of
lated cell pacemaker is unlikely. Based on these findings an¢ngthT. The AF is defined as
previous experimentdl6] and theoretica[7,8] studies we ) o
propose a model incorporating history-dependent inactiva- A(T)= E{[N7(i+1)—N(i)]%}
tion into the excitable machinery of single cells. This model 2E[N+(i)]
couples the ion-channel kinetics, underlying the single cell
activity, to the excitable network in a natural way, exhibiting In the presence of scale-invariant fluctuations, the AF as-
similar SIF in both single cells and networks. It also includesymptotically increases ag®. The exponentr is bounded to
an intrinsic feedback mechanism introducing long-range anthe range 8=a<3 and provides a measure for the relative
ticorrelations responsible for maintaining a stable rhythmgstrength of fluctuations over various time scales. The in-
despite the SIF. crease in AF reflects an ordering of spiking events in ever

Experiments were performed on cultures of spontaneouslgrowing clusters, implying that, at least within the power-
beating ventricular cells from newborn rdis,9]. Isolated law range, the ISIs are correlated over all the time scales so
cells are plated at the desired density on collagen coatetthat each ISI depends on the entire past activity. Figure 1
glass petri-dish and cultured on the stage of an inverted misummarizes four exemplary AF plots of relatively regular
croscope under sterile incubating conditions of=872°C  records (insetg from four different organization levels,
and 6% CQ. Cell population comprises contracting cells namely: a single isolated celd), four coupled cells embed-
(myocytes, as well as noncontracting connective tissue cellsded within a passive tissu@), monolayered networkc),
(fibroblastg. Following plating, the cells proliferatémostly ~ and a network of fiber&d).
fibroblast cell, migrate, and connect to form confluent  These records exhibit a reduction of fluctuations on short
monolayer of cellgin about one week which later becomes time scales (1-100sec) and a power-law increase in the
a network of fibers(usually within two weeks The cells asymptotic region, with a scaling exponewt=2 (note that
within the network are coupled electrically via Gap-junction for the intact heart 8. «<2 [11]). Other recordgof at least
connections, that can be viewed, to a first approximation, a&5 000 events eag¢tirom different cultures at different den-
ohmic conduction paths. Yet, the fibroblasts are passive ansities reveala in the range 1.5 to 2.1. The variance dn
do not actively participate in spike generation. By controlling(which seems to be wider for single celistems from the
the initial plating density of myocytes, different levels of inherent randomness of the fluctuations strength so that dif-
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FIG. 1. Allan factor of the rawstars and shuffledcircles data FIG. 2. Two ISI traces exhibiting typical single cel) and

computed for regular traces from four different organization levels:network(b) disorders. The data points {g) are joined with lines to

(a) single isolated cell ¢=1.92), (b) four coupled cells embedded emphasize the quiescent periogertical lineg of up to 230 sec.

within a passive tissuea(=2.02), (c) regularly beating monolay- The bands structure ii) reflects a modulated skipped beats pattern

ered network &=2.07), and(d) a network of fibers ¢=2.01). (shown also in[5]). The corresponding AFs in the insets exhibit

The time windowT is normalized by thenear(IS1). The insets asymptotic scaling with exponenfs:=1.6 in (a) and «=1.75 in

show the ISl traces, for which the AFs were computed. (b)] that fall within the same range af as that obtained for the

regular traces. The time windoWwis normalized by the fundamen-

ferent instances of the same process may yield slightly diftal period.

ferent exponentfl10]. As expected, random shuffling of the

ISIs destroys all the ordering correlations and eliminates the

scaling (circles. Examination of irregular records from

single cells, exhibiting stochastic quiescent perigésy. @y

2(a)], as well as from networks, exhibiting complex rhythm

disordergFig. 2(b)], reveals asymptotic SIF regardless of the

particular dynamics on short time scales. 10°
Since the exponent relates to the fluctuations of counts "

and does not convey all the information about the nature of <

ISI fluctuations, we follow the method introduced[®8] and

compute, for each ISl trace, the mean “differenc&’'S(n)

between two ISIs separated hyevents, 10"

AS(n)=abg S(n+m)—S(m)], L) n

where S(n) is the nth ISI and the bar denotes an average
over all m values. For uncorrelated ISI fluctuatiofess for
Brownian nois¢ AS(n)~n%2 A weaker dependence an
indicates that the fluctuations in ISI are anticorrelated. Figure
3(a) shows representative log-log plots®§(n) for a single
isolated cell and a monolayered network.

Indeed, the single isolated celpluses exhibits a flat 10k - —
slope (below 1/2 for separations less than about 3000 10 10 n 10 10
events, indicating the presence of strong anticorrelation, act-
ing to reduce IS differences. Beyond 3000 events, the slope £ 3 average differenca S(n) between S| pairs separated
is higher but still below 1/2. The network exhibits a flat slopey,, n events(in a log-log scale (a) Experimental results for a typi-
for all separationgstars, in agreement with the elimination 5| network(starg and a single isolated cefpluses. (b) Simulation
of the quiescent periods. results for the isolated cell model with/\=4 (pluses, lower

Scale-invariant statistics have also been demonstrated f@irve, s/A=1 (pluses, higher curyeand for a simple Brownian
voltage-gated ion-channe]$2,13 and were associated with motion (diamonds. For all casesr~2, yetAS depends differently
the degeneracy of their statgg]. Recent experimentén-  on n, yielding asymptotic slopes of 0.07, 0.32, and 0.56, respec-
cluding on sodium channels from heart muscle g¢etts  tively. Dashed lines represent a slope of 1/2.
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vealed a power-law statistics associated with the recovery of @ 44
channels from inactivatior{6,12]. Here we introduce a

mechanism of activity dependent inactivation at the single 1’
cell level. The model incorporates an inactivation variable .
with history-dependent kinetics, into the excitable machinery =~ <?
of the cell. It is based on a modification of the Morris Lecar :
(ML) nonlinear oscillatof14], with two oscillatory variables

v andw, to which we add a much slower dynamical variable 107

0<p<1, denoting the relative degree of cell inactivation. 10 10’
This variable could be thought of as representing the overall

effect on the cell induced by an unavailable pool of inacti- w'

vated ion-channel§.e., voltage-gated channels that tempo-

rarily become nonconducting and voltage-insensjtiviEex- o

cept for the introduction of a dynamic exciting conductance

ge(t), v andw evolve according to the standard ML equa- < S
tions, 10 ]
dU — 107 A s
—=—gg(t)m,(v)(v—1)—ggW(v —vR) 10' 10° 10° 10°
dt T
_EL(U_UL)_HeXt_Hcoupa FIG. 4. Model AF plots of(a) six isolated cells, with different

white-noise seeds an() their strongly coupled network version.

_ The time windowT is normalized by thenear(1SI). The variance
dw [We(v)—wW] ! . . i )
—=p—, of a in (a) is due to different seeds and its average is close to the
dt Tw(v) network exponent inb) (a=1.6 anda=1.59, respectively A

. different choice of model parameters can lead to less regular ISI
ge(t)=ge(1—p). traces(insetg, almost without affecting the scaling exponent. The
ISI and time axes are normalized by tmear(ISI).

Here ¢ Is a rate parametege, ggr, Oi, VR, andv, ar€  channel phenomenology and is not intended to describe the
maximal conductances and normalized reversal potentials i

i o d leak " ivel 3 icroscopic details of a specific cell.
an exciting, restoring, and leak currents respectively, and o ¢opling among cellf,qy, is introduced by a sum

Mo, Wee s and 7, are functions _Ofv [15]. Positivel e, is (over all the cells in contagbf independent ohmic currents
required for an oscillatory solution of the (W) subsystem = SK;(v;—v), whereK; is the coupling strength to cell
andl coup represents the coupling to other cells. The dynamig Ccl):ullg);;ure 4 shows AF plots] computed from simulated spike
conductance € gg(t)<ge depends on the degreeof cell  ‘trains of six isolated cellEFig. 4@)] and a ringlike network
inactivation. Motivated by recent report$2,6], we let the  formed by a symmetrical coupling between each of these
kinetics ofp reflect an hierarchy of inactivation states. Ran-cells and its two nearest-neighbdiig. 4(b)]. Apart from
dom, voltage-independent transitions among these states afffferent seeds used for generating the random numébers
allowed. However, since some states are considered mogg| the model cells are identic&l6]. The coupling of cells
inactive than others, only a fractign.¢; of the channels can within the network is strong enough to enforce complete
recover, at a given time, to the available, voltage-sensitivgynchronization of them.

pool and contribute to the exciting conductance. In order to  The AFs exhibit a scaling behavior with seed-dependent
simulate this fraction, we introduce an arbitrary state reportegxponenty mearn(a)=1.6 for the single cell andv=1.59
0<r(t)<ee, comprising the absolute value of a sum of ran-for the networf that fall within the experimental regime.
dom displacements. It denotes the inactivation “depth€.,  Repeating the simulations with some other, randomly chosen
some distan.ce measure in ir)active_ltion spaued _is imple- parameter$e.g.,5E, \, 8, andstd(&)], or other oscillator
mentedtby integrating a white noise teré(r), i.e., r(t) models than ML, indicates that is weakly dependent on the
=abg[oé()dr]. The higher the state of the reportdt),  gpecific choice of the oscillator. As expected, the removal of
the deeper is the inactivation of the c@hd the smaller the  he Brownian reporter eliminates the scale-invariant behav-

effective recovery raje The simplest construction ferr,  jor. Yet, in contrast to the standard Brownian motion, the
S0 that 6<pe1<<P, is pers=p/1+r(t). The kinetic equation  coypling to the nonlinear excitable machinery of the cells
for pis then introduces anticorrelations to the ISI fluctuations. The reason

for this is that the loss of channels depends on spiking activ-
ity, whereas the recovery is independent of it. Consequently,
1+r(t) high reporter values lead to long ISls followed by a decrease
in channel inactivation(without affecting the recovejy

It consists of a deterministic termmw(1—p) [or alterna-  which, in turn, increases the excitabilitj.e., shortens the
tively, Am..(v)(1—p), a choice that leave the results of the |Sls). Hence, the model conveys an effective restoring force,
model intac}, representing the rate of inactivation and a re-acting to decrease the flow of channels into the inactive
covery termd p/1+r(t)], that is dependent on the effective states(not to be confused with a biased Brownian motion,
population pe¢¢. Note that the model relies on basic ion- wherein the force acts on the walker it3elfhe strength of

dp_)\ 1 )
at w(l-p)
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this negative feedback depends 8f\ (besides, of course, In summary, nontrivial scale-invariant fluctuations under-
the reporter staje Increasing this ratio results in a stronger lie the activity at all levels of heart-cell organizati¢fiom
anticorrelation, without affecting the exponeat Figure ion-channels to the intact orgaand may account for broad-
3(b) shows exemplary plots dfS(n) for a single cell model band modulations of spontaneous beating disorders. The SIF
with two different 5/ ratios (pluse$ and for a trace of a coexist with long-range anticorrelations that, in single iso-
simple Brownian motioridiamonds. Indeed, the asymptotic lated cells, are insufficient to maintain continuous beating.
slopes oflog[AS(n)] for both model traces are below 1/2 However, when the cells are strongly coupled in a dense
and are inversely related @\, indicating stronger anticor- network, the anticorrelations are amplified, thus preventing
relation for largers/\. Furthermore, the negative feedback is the 1SIs from becoming too large. The model presented pro-
expected to be more effective at the network level, due to theides a simple, neural-free explanation for the presence of
ability of cells to share resources; whenever a particular celscale-invariant anticorrelations. It explains why the coopera-
loses its excitabilitye.qg., for highr (t) valueq, it responds in  tion of many beating cellge.g., in the heart pacemaker re-
a quiescent period that can be eliminated by the strong cowion) is required for maintaining a tolerable IS variance.
pling to other, more excitablen the averagecells. Indeed,

a comparison of the ISl traces generated by the single cell We thank S. Marom for valuable discussions and N. Co-
and small network(up to six cell$ models shows that a hen for participating in the experiments. This work has been
single cell is more prone to exhibit quiescent peri¢ig. 4, supported by the U.S.-Israel Binational Science Foundation,
insets. Grant No. 94-262.
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