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Scale-invariant fluctuations at different levels of organization in developing heart cell networks

Yoav Soen and Erez Braun
Physics Department, Technion–Israel Institute of Technology, 32000 Haifa, Israel

~Received 10 May 1999!

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 number~s!: 87.19.Hh, 05.40.2a, 87.15.Ya
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Physiological systems were traditionally thought to ob
the homeostasis principle, whereby they organize to red
fluctuations. However, application of time series analy
techniques to long spike trains recorded from the intact h
@1# and various neural systems@2# reveal asymptotic power
law increase of fluctuations as a function of the size of
statistical window. The intact heart fluctuations are asso
ated with long-range anticorrelations@3# and are commonly
attributed to its neuronal control@3,4#. Here, by applying a
noninvasive recording technique@5# to spontaneously beat
ing heart cells in vitro, we show that coexisting scale
invariant~count! fluctuations~SIF! and long-range anticorre
lations of interspike interval~ISI! displacements are intrinsi
to single isolated heart cells. Furthermore, the anticorr
tions are more dominant at the network level, accounting
its ability to eliminate stochastic occurrences of long tim
intervals with no beating~i.e., quiescent periods! that are
commonly observed in isolated cells. This difference b
tween isolated cells and dense networks suggests that an
lated cell pacemaker is unlikely. Based on these findings
previous experimental@6# and theoretical@7,8# studies we
propose a model incorporating history-dependent inact
tion into the excitable machinery of single cells. This mod
couples the ion-channel kinetics, underlying the single c
activity, to the excitable network in a natural way, exhibitin
similar SIF in both single cells and networks. It also includ
an intrinsic feedback mechanism introducing long-range
ticorrelations responsible for maintaining a stable rhyth
despite the SIF.

Experiments were performed on cultures of spontaneo
beating ventricular cells from newborn rats@5,9#. Isolated
cells are plated at the desired density on collagen co
glass petri-dish and cultured on the stage of an inverted
croscope under sterile incubating conditions of 3760.2 °C
and 6% CO2. Cell population comprises contracting ce
~myocytes!, as well as noncontracting connective tissue ce
~fibroblasts!. Following plating, the cells proliferate~mostly
fibroblast cells!, migrate, and connect to form conflue
monolayer of cells~in about one week!, which later becomes
a network of fibers~usually within two weeks!. The cells
within the network are coupled electrically via Gap-juncti
connections, that can be viewed, to a first approximation
ohmic conduction paths. Yet, the fibroblasts are passive
do not actively participate in spike generation. By controlli
the initial plating density of myocytes, different levels
PRE 611063-651X/2000/61~3!/2216~4!/$15.00
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organization can be explored, namely: isolated cells, sm
groups of cells, and networks with various densities a
morphologies. The measurement is based on the acquis
of the optical field of view to a computer performing rea
time motion detection. It enables continuous recording
spontaneous contractions from all levels ofin vitro organi-
zation over a wide range of time scales~up to several weeks!
with high spatiotemporal resolution.

In general, isolated cells are characterized by relativ
irregular beating, with stochastic occurrences of long qui
cent periods, while dense networks of cells usually exh
synchronized rhythmic behavior, which is spontaneously d
rupted by complex rhythm disorders@5#. Here, we first dem-
onstrate SIF on traces that do not exhibit strong irregul
ties, and then show it also for those records that inclu
strong beating disorders. To detect and estimate SIF, we
the Allan factor~AF! measure@10#. It is applied to the se-
quence of countsNT( i ) obtained by counting the number o
spikes ~i.e., contractions! NT( i ) within contiguous bins of
lengthT. The AF is defined as

A~T![
E$@NT~ i 11!2NT~ i !#2%

2E@NT~ i !#
.

In the presence of scale-invariant fluctuations, the AF
ymptotically increases asTa. The exponenta is bounded to
the range 0<a<3 and provides a measure for the relati
strength of fluctuations over various time scales. The
crease in AF reflects an ordering of spiking events in e
growing clusters, implying that, at least within the powe
law range, the ISIs are correlated over all the time scales
that each ISI depends on the entire past activity. Figur
summarizes four exemplary AF plots of relatively regu
records ~insets! from four different organization levels
namely: a single isolated cell~a!, four coupled cells embed
ded within a passive tissue~b!, monolayered network~c!,
and a network of fibers~d!.

These records exhibit a reduction of fluctuations on sh
time scales (1 – 100 sec) and a power-law increase in
asymptotic region, with a scaling exponenta'2 ~note that
for the intact heart 0,a,2 @11#!. Other records~of at least
15 000 events each! from different cultures at different den
sities reveala in the range 1.5 to 2.1. The variance ina
~which seems to be wider for single cells! stems from the
inherent randomness of the fluctuations strength so that
R2216 ©2000 The American Physical Society
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ferent instances of the same process may yield slightly
ferent exponents@10#. As expected, random shuffling of th
ISIs destroys all the ordering correlations and eliminates
scaling ~circles!. Examination of irregular records from
single cells, exhibiting stochastic quiescent periods@Fig.
2~a!#, as well as from networks, exhibiting complex rhyth
disorders@Fig. 2~b!#, reveals asymptotic SIF regardless of t
particular dynamics on short time scales.

Since the exponenta relates to the fluctuations of coun
and does not convey all the information about the nature
ISI fluctuations, we follow the method introduced in@3# and
compute, for each ISI trace, the mean ‘‘difference’’DS(n)
between two ISIs separated byn events,

DS~n![abs@S~n1m!2S~m!#,

where S(n) is the nth ISI and the bar denotes an avera
over all m values. For uncorrelated ISI fluctuations~as for
Brownian noise!, DS(n);n1/2. A weaker dependence onn
indicates that the fluctuations in ISI are anticorrelated. Fig
3~a! shows representative log-log plots ofDS(n) for a single
isolated cell and a monolayered network.

Indeed, the single isolated cell~pluses! exhibits a flat
slope ~below 1/2! for separations less than about 30
events, indicating the presence of strong anticorrelation,
ing to reduce ISI differences. Beyond 3000 events, the sl
is higher but still below 1/2. The network exhibits a flat slo
for all separations~stars!, in agreement with the elimination
of the quiescent periods.

Scale-invariant statistics have also been demonstrated
voltage-gated ion-channels@12,13# and were associated wit
the degeneracy of their states@7#. Recent experiments~in-
cluding on sodium channels from heart muscle cells! re-

FIG. 1. Allan factor of the raw~stars! and shuffled~circles! data
computed for regular traces from four different organization leve
~a! single isolated cell (a51.92), ~b! four coupled cells embedde
within a passive tissue (a52.02), ~c! regularly beating monolay-
ered network (a52.07), and~d! a network of fibers (a52.01).
The time windowT is normalized by themean(ISI). The insets
show the ISI traces, for which the AFs were computed.
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FIG. 2. Two ISI traces exhibiting typical single cell~a! and
network~b! disorders. The data points in~a! are joined with lines to
emphasize the quiescent periods~vertical lines! of up to 230 sec.
The bands structure in~b! reflects a modulated skipped beats patte
~shown also in@5#!. The corresponding AFs in the insets exhib
asymptotic scaling with exponents@a51.6 in ~a! and a51.75 in
~b!# that fall within the same range ofa as that obtained for the
regular traces. The time windowT is normalized by the fundamen
tal period.

FIG. 3. Average differenceDS(n) between ISI pairs separate
by n events~in a log-log scale!. ~a! Experimental results for a typi-
cal network~stars! and a single isolated cell~pluses!. ~b! Simulation
results for the isolated cell model withd/l54 ~pluses, lower
curve!, d/l51 ~pluses, higher curve! and for a simple Brownian
motion ~diamonds!. For all casesa'2, yetDS depends differently
on n, yielding asymptotic slopes of 0.07, 0.32, and 0.56, resp
tively. Dashed lines represent a slope of 1/2.
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vealed a power-law statistics associated with the recover
channels from inactivation@6,12#. Here we introduce a
mechanism of activity dependent inactivation at the sin
cell level. The model incorporates an inactivation varia
with history-dependent kinetics, into the excitable machin
of the cell. It is based on a modification of the Morris Lec
~ML ! nonlinear oscillator@14#, with two oscillatory variables
v andw, to which we add a much slower dynamical variab
0,p,1, denoting the relative degree of cell inactivatio
This variable could be thought of as representing the ove
effect on the cell induced by an unavailable pool of inac
vated ion-channels~i.e., voltage-gated channels that temp
rarily become nonconducting and voltage-insensitive!. Ex-
cept for the introduction of a dynamic exciting conductan
gE(t), v andw evolve according to the standard ML equ
tions,

dv
dt

52gE~ t !m`~v !~v21!2ḡRw~v2vR!

2ḡL~v2vL!1I ext1I coup,

dw

dt
5f

@w`~v !2w#

tw~v !
,

gE~ t !5ḡE~12p!.

Here f is a rate parameter,ḡE , ḡR , ḡL , vR , and vL are
maximal conductances and normalized reversal potentia
an exciting, restoring, and leak currents respectively,
m` , w` , and tw are functions ofv @15#. Positive I ext is
required for an oscillatory solution of the (v,w) subsystem
andI coup represents the coupling to other cells. The dynam
conductance 0,gE(t),ḡE depends on the degreep of cell
inactivation. Motivated by recent reports@12,6#, we let the
kinetics ofp reflect an hierarchy of inactivation states. Ra
dom, voltage-independent transitions among these state
allowed. However, since some states are considered m
inactive than others, only a fractionpe f f of the channels can
recover, at a given time, to the available, voltage-sensi
pool and contribute to the exciting conductance. In orde
simulate this fraction, we introduce an arbitrary state repo
0,r (t),`, comprising the absolute value of a sum of ra
dom displacements. It denotes the inactivation ‘‘depth’’~i.e.,
some distance measure in inactivation space! and is imple-
mented by integrating a white noise termj(t), i.e., r (t)
5abs@*0

t j(t)dt#. The higher the state of the reporterr (t),
the deeper is the inactivation of the cell~and the smaller the
effective recovery rate!. The simplest construction ofpe f f ,
so that 0,pe f f,p, is pe f f5p/11r (t). The kinetic equation
for p is then

dp

dt
5lw~12p!2d

p

11r ~ t !
.

It consists of a deterministic termlw(12p) @or alterna-
tively, lm`(v)(12p), a choice that leave the results of th
model intact#, representing the rate of inactivation and a
covery termd@p/11r (t)#, that is dependent on the effectiv
population pe f f . Note that the model relies on basic io
of
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channel phenomenology and is not intended to describe
microscopic details of a specific cell.

The coupling among cellsI coup is introduced by a sum
~over all the cells in contact! of independent ohmic current
I coup5(K j (v j2v), whereK j is the coupling strength to cel
j. Figure 4 shows AF plots computed from simulated sp
trains of six isolated cells@Fig. 4~a!# and a ringlike network
formed by a symmetrical coupling between each of th
cells and its two nearest-neighbors@Fig. 4~b!#. Apart from
different seeds used for generating the random numberj,
all the model cells are identical@16#. The coupling of cells
within the network is strong enough to enforce comple
synchronization of them.

The AFs exhibit a scaling behavior with seed-depend
exponents@mean(a)51.6 for the single cell anda51.59
for the network# that fall within the experimental regime
Repeating the simulations with some other, randomly cho
parameters@e.g., ḡE , l, d, andstd(j)], or other oscillator
models than ML, indicates thata is weakly dependent on th
specific choice of the oscillator. As expected, the remova
the Brownian reporter eliminates the scale-invariant beh
ior. Yet, in contrast to the standard Brownian motion, t
coupling to the nonlinear excitable machinery of the ce
introduces anticorrelations to the ISI fluctuations. The rea
for this is that the loss of channels depends on spiking ac
ity, whereas the recovery is independent of it. Consequen
high reporter values lead to long ISIs followed by a decre
in channel inactivation~without affecting the recovery!,
which, in turn, increases the excitability~i.e., shortens the
ISIs!. Hence, the model conveys an effective restoring for
acting to decrease the flow of channels into the inact
states~not to be confused with a biased Brownian motio
wherein the force acts on the walker itself!. The strength of

FIG. 4. Model AF plots of~a! six isolated cells, with different
white-noise seeds and~b! their strongly coupled network version
The time windowT is normalized by themean(ISI). The variance
of a in ~a! is due to different seeds and its average is close to
network exponent in~b! (a51.6 anda51.59, respectively!. A
different choice of model parameters can lead to less regular
traces~insets!, almost without affecting the scaling exponent. T
ISI and time axes are normalized by themean(ISI).
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this negative feedback depends ond/l ~besides, of course
the reporter state!. Increasing this ratio results in a strong
anticorrelation, without affecting the exponenta. Figure
3~b! shows exemplary plots ofDS(n) for a single cell model
with two different d/l ratios ~pluses! and for a trace of a
simple Brownian motion~diamonds!. Indeed, the asymptotic
slopes oflog@DS(n)# for both model traces are below 1/
and are inversely related tod/l, indicating stronger anticor
relation for largerd/l. Furthermore, the negative feedback
expected to be more effective at the network level, due to
ability of cells to share resources; whenever a particular
loses its excitability@e.g., for highr (t) values#, it responds in
a quiescent period that can be eliminated by the strong c
pling to other, more excitable~on the average! cells. Indeed,
a comparison of the ISI traces generated by the single
and small network~up to six cells! models shows that a
single cell is more prone to exhibit quiescent periods~Fig. 4,
insets!.
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In summary, nontrivial scale-invariant fluctuations unde
lie the activity at all levels of heart-cell organization~from
ion-channels to the intact organ! and may account for broad
band modulations of spontaneous beating disorders. The
coexist with long-range anticorrelations that, in single is
lated cells, are insufficient to maintain continuous beati
However, when the cells are strongly coupled in a de
network, the anticorrelations are amplified, thus prevent
the ISIs from becoming too large. The model presented p
vides a simple, neural-free explanation for the presence
scale-invariant anticorrelations. It explains why the coope
tion of many beating cells~e.g., in the heart pacemaker re
gion! is required for maintaining a tolerable ISI variance.

We thank S. Marom for valuable discussions and N. C
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