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Emergence of Spontaneous Rhythm Disorders in Self-Assembled Networks of Heart Cells
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A noninvasive optical recording technique is introduced to study the spontaneous contractile activity
in self-assembled heart cell networks. Continuous monitoring throughout the lifetime of the network
reveals spontaneous appearance of various rhythm disorders. Analysis of two typical patterns, namely,
subharmonic structures and sudden alternations between two dominant rates, indicates the emergence
of intrinsic pacemakers. A model of one or two slightly variable nonlinear oscillators, acting on an
excitable element, is shown to reproduce the main experimental results. [S0031-9007(99)08934-6]

PACS numbers: 87.17.Nn, 05.45.Xt, 87.19.Ff

Cultured networks of heart cells serve as a model sysmoderately dense cultures that form an extended network
tem for biological networks with strong nearest-neighborof cells, in either the monolayer or fiber morphology.
coupling. Studies oéxternallystimulated cardiac prepa-  To study the spontaneous dynamics throughout the self-
rations have revealed various forms of complex dynamassembly process, a method of continuous, noninvasive,
ics reflecting the nonlinear nature of those systems [1l]and high-resolution measurement is introduced. The opti-
Other studies were aimed at understanding the short-tergal field is captured by a charge-coupled device camera
process of synchronization between periodically beatingnd transmitted to a computer, where real-time motion
centers of activity [2]. In both cases, the spontaneousletection is performed. Local contraction traces are ob-
behavior was assumed to be simple (either quiescent dained by frame-to-frame subtraction of light intensity
regular rhythmic behavior) and therefore ignored. A hintover prespecified areas of interest. Spike profiles (ranging
that the background activity might be more complex wasover 150-300 msec) are clearly resolved wit) msec
given in a recent work [3], which reported the spon-video sampling intervals. Off-line peak detection yields a
taneous initiation and termination of large-scale spiratime series of interspike intervals (ISIs). In this way, con-
waves in cardiac networks. However, the long-term dy4ractions of single cells as well as networks are recorded
namics on small (sub-mm) scales and the relation betweeat high spatial resolution for durations limited, in practice,
synchronization and regularity in such networks have nobnly by the lifetime of the culture (typically 3—4 weeks).
been investigated. Later confirmation of the activity and its correlation with

Here, we study the spontaneous spatiotemporal contracaorphological changes are performed by samples of real-
tile activity during the process of network self-assembly.time and continuous time-lapse video recordings.

We find complex temporal dynamics over a wide range Network behavior often consists of periodic beating
of time scales and focus on two typical dynamicalthat is synchronized throughout the field of view (up to
patterns: (I) Subharmonic modes with irregular intermode2.5 mm). However, sufficiently long recordings reveal
transitions, and (II) sudden alternations between two ratesomplex rhythm disorders. Figure 1 presents the history
(intermittent dynamics). Spatiotemporal correlationof activity in a typical developing network that is moni-
analysis reveals a high degree of synchronization, retored continuously for 11 days. This period spans the
gardless of the temporal dynamics. In addition, the datanonolayer and the fibrous phases, separated by approxi-
indicate the development of one or more independentately two days with no beating (between Figs. 1c and
and relatively stable (over many hours) pacemakers. Wad). Figure la shows the ISI trace recorded from one area
therefore propose a model of one or two pacemakers, driwef the network during the early stages of synchronized ac-
ing an excitable medium, which accounts for these rhythntivity (the first 21.5 h). A phase of monoperiodic beat-
disorders. ing with a gradual drift towards slower rates is followed

Experiments were performed on cultures of spontaby a long interval of irregular beating, which evolves
neously beating ventricular cells [4]. Isolated cells wereinto a pattern of intermittent bursts of irregular and regu-
plated at the desired density on collagen-coated gladar beating (in one of two possible modes). This pat-
Petri dishes and cultured on an inverted microscope stagern persists throughout most of Fig. 1b. Further network
(Zeiss Axiovert 135) under sterile incubating conditionsdevelopment results in a gradual decay of the intermittent
(37°C, 6% CQ, and on-stage feeding). Following plat- pattern into53 h of monoperiodic activity (Figs. 1b and
ing, the cells migrate, proliferate, and gradually form alc). Then, following two days with no beating, a mor-
confluent monolayer of cells. At a later stage (usuallyphological transition from a monolayer into a fiber led
within 2 weeks), a spontaneous transition to a fibrougo an immediate resumption of activity. Figure 1d shows
morphology usually occurs. Here, we concentrate orthe ISI trace during this transition and thereaftéd ).
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FIG. 2. (a) A 2-h portion of the subharmonic ISI trace of
Fig. 1d. (b) A contraction trace for part of (a). (c) The inner
structure of one of the bursts of Fig. 1b, revealing irregular
transitions between two beating periods (0.88 and 1.6 sec), and
occasional bursts of less regular beating. (d) A dynamic time-
lag trace, computed for the interval in (c). Note the coincidence
between time lags and rate alternations. (e) Similarity traces in
Sthe intermittent and subharmonic patterns (upper two traces),
as compared with that of the same region at different time
intervals (lower trace).

It reveals a dynamical process of progressive buildup and

decay of integral multiples of a fundamental period (or

freque_ncy subharmonics). Intergstjngly, the fundamenta),here (1) is the trace of local time shifts and is a
mode is absent during most of this time. All these patterng,|opal normalization parameter obeying migaf (1)] =
are C(_)mmonly observed in our cultures, yet their Sp_ec_'f"?‘nearﬁfl(t)]. The similarity functionS(¢) is defined as
combination and order do not form a general descrlpt_loqhe trace S, (r) for which 7(r) locally maximizes the
of network development. Figure 2a shows a 2-h portionrejation coefficients, and the optimal trace of time
of the subharmonic pattern of Fig. 1d, consisting of exackyjfts is defined as the time-lag tragér) between the
subharmonics of an ab.seri.S('z 1'.09 'sec) fundamentgl corresponding regions. Wher(z) is dynamic, the time
mode. The subharmonic distribution is modulated on tlmeShiﬁST(l‘) must be bound to a small fraction of the mean
scales, ranging from seconds to hours, yet the fundamentgd) 1o avoid compensating low correlation by large time
mode is insensitive to these modulations. Typical congpifts. Thus, for uncorrelated signd) is low, whereas
traction traces (Fig. 2b) include period-two (i.e., beatingeqr synchronized or slightly (and locally) shifted signals,
at half the fundamental frequency) and occasional penodg(t) ~. 1. Figure 2e shows typical(s) traces for both
three repeating sequences that are separated by bunch@sorrelated and correlated signals. The lower trace is
of higher-period intervals. More complex repeating se-gpained for the same region at different times, whereas
quences seldom appear. _ the two upper traces are computed for different regions
While the entire field of view appears to beat syn-,¢ the same time. One of the upper traces is computed
chrono.usly (exhibiting homogeneous dynaml_cal patternskqr the two farthest regions (abolf3 mm apart) during
small time lags can be detected between different aréag,e sypharmonic interval of Fig. 2a. For this interval
In order to better estimate these time lags and to examinﬁ(t) between any pair of regions is constant in time’
the relation between the temporal patterns and the degreRy increases linearly with the distance along the fiber,
of synchronization, a similarity function is derived as fol- indicating a propagation velocity of aboud mm/sec
lows. Given a pair of amplitude tracef§(z) and /2(1)  (apout an order of magnitude smaller than values reported
from two different areas, traces of local correlation coef-,, very dense cultures [5]).
ficients S, (r) are computed between the first trace and a We turn now to the intermittent pattern of Fig. 1b. A
second locally time-shifted trace (locality is obtained bygg min portion of it is shown in Fig. 2c. The trace in-

FIG. 1. 1Sl dynamics during network development. (a) The
first 21 h, exhibiting drifting monoperiodic beating, irregular
activity, and intermittent bursts of irregular beating. (b) The
continuation of the intermittent pattern, leading to hours of
monoperiodic beating (c). (d) The buildup and decay of
subharmonic structures. A gap of48 h between (c) and (d)

is due to a silent period. Note the differences in vertical scale

dividing time into bins of few seconds length). cludes irregular transitions among three modes of activ-
S.(1) — coM f1(2), Efa(r — 7(1))] ity: a fast rate (with a period~0.88 sec), a slow rate
T wwarfl fi(]valéf,(t — 7(1)]° (~1.6 sec), and a less regular mode. The typical time
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scale of these rate alternations is a few tens of sewmfindependent Ohmic currenis;(v; — v), appears only
onds. Here, by contrast to the subharmonic patt&im,is  in the equation for the excitable element.
dynamic, and reveals (Fig. 2d) an interesting correlation The subharmonic pattern is modeled by an excitable
between rate and time-lag alternations: The slower ratelement, coupled unidirectionally to a single pacemaker,
and the less regular beating usually coincide with positivavith a slightly noisy rate. Numerical simulations show
time lags, whereas sufficiently long stretches of faster acthat the couplingk acts as a bifurcation parameter be-
tivity coincide with zero or negative time lags. Examina-tween differentn:m patterns [7]. For a noiseless pace-
tion of time lags between all the regions associates the ratmaker and large enougki, the excitable element is 1:1
alternations with corresponding alternations in the direcphase locked. With the reduction &f, two (decreasing)
tion of propagation. Finally, the high degree of similarity period-adding sequences appear: first(ant+ 1):n se-
for both the subharmonic and the intermittent patterns (upguence, in which every beats are followed by a skipped
per traces of Fig. 2e) points to the insensitivity of spatialbeat, and then &n + 1):n sequence, in which even
correlations to changes in the temporal dynamics. beats are followed by a skipped beat [8]. Both sequences
Thus, both dynamical patterns exhibit propagationsatisfy the universal scaling law 6K, — K(,)] = n~?
effects and complex temporal dynamics, characterize{P]. Below some threshold valuE < K, the response
by one or two stable frequencies, suggesting the emepnf the excitable element is passive. In the vicinity of
gence of one or more pacemakers, which provide stablthis threshold, small rate variability of the pacemaker
and fixed stimuli to the rest of the network. In the (or alternatively, small coupling variations) induces tran-
subharmonic case, the skipped beat structure and thtions among subharmonics. In particular, random rate
linearly increasing time lags indicate a unidirectionalchanges result in an irregular subharmonic pattern. Fig-
coupling of the network to a single, fast pacemakerure 3a shows a typical pattern, generated by this model
which interferes with the recovery mechanism of the[10]. In this examplekK is just over the threshold, and
excitable medium and leads to reduced excitability andate variability is introduced by adding white noise to
loss of 1:1 phase locking. The higher the stimula-the pacemaker’s rate parametgr The noise amplitude
tion frequency, the lower the ratio of responsasto is chosen to yield lower rate variability than in our most
stimuli n. The absence of the fundamental frequencyregular recordings [stt5l)/mearfISIl) ~ 0.04; std: stan-
is a strong signature of an:m entrainment by a fast dard deviation]. Similar to the data, deviations from
pacemaker. The intermittent pattern, which exhibitsa period-two pattern occur irregularly (Fig. 3b) but are
two frequencies with alternating time lags, seemspositively correlated, and the abundance of subharmonic
more complicated, and suggests two opposite frontgnodes is nonexponential.
propagating from two independent pacemakers. To The intermittent pattern is modeled by including
reproduce the key features of both patterns, we proposan additional pacemaker, with a slightly different (not
a model comprising one or two nonlinear oscillators
driving an otherwise quiescent excitable element. Each

component (oscillator or excitable medium) is repre-@ 7 Lt
sen_ted by Morris Lecar equations [6], with two dynamic B el e e an e T
variablesv and w, that may be interpreted as the mem- E;gy%*mww#m o b oo
brane potential and the fraction of open ion channels 1 . ) ) ) ) . ]
of a single type, respectively. (This model is chosen "0 5 100 150 200 250 300 350
only for convenience, as the main results are modey) . Cvent index
independent.) The dynamic variables evolve accordin¢ £ '0
to two dimensionless first order differential equations: % 02 ‘
|
dv >-0.4 | P p
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where ¢ is a rate parameteg ,;.gx, .. vk, and vy eventindex

represent different conductances and reversal potential!G. 3. Typical model results. (a) A subharmonic trace of
and m., ww, and 7, are functions ofv (given in ISls (divided by the excitation periofl) of an excitable Morris

6. The classificati f i k Lecar element driven by a single pacemaker. (b) A portion of
[6]). The classification of a component as a pacemakefe'ray trace revealing (2:1) sequences that are often separated

or a quiescent element is determined By.. The py higher-period ISIs. (c) An intermittent ISI trace of an
coupling termlco,, = Zj K;(v; — v), comprising a sum excitable element driven by two independent pacemakers.

3558



VOLUME 82, NUMBER 17

PHYSICAL REVIEW LETTERS

26 ARIL 1999

necessarily variable) frequency. Here, by contrast to the[1l] M.R. Guevara, L. Glass, and A. Shrier, Scierig}, 1350

subharmonic pattern, an interference with the recovery is
not necessary, so that the pacemakers’ rate may be rela-
tively low. Figure 3c shows a typical ISI trace obtained [2
by a simulation of two pacemakers, withl& frequency
difference Af [10]. The resulting dynamics include
irregular transitions between a slow rate and its (approxi-
mately) first multiple. These transitions can be under-

stood as a simple interference effect: A smigll induces

a periodic phase differenc&é¢ (with a period inversely
proportional toAf). WhenA¢ is small, the excitations
interfere constructively, so that the excitable element is
entrained, in a 1:1 manner, to an excitation profile with
one peak per period. Ad¢ increases, the combined
excitation profile becomes double-peaked, resulting in
a (still) 1:1 entrainment to an approximately doubled
effective excitation frequency. The addition of a small
noise term into the ratéb of one of the pacemakers leads

to random phase resetting of its period and eliminates the[5]

periodicity of rate alternations.

In summary, long-term recordings of spontaneous con-
tractile activity of cultured networks of heart cells reveal
complex deviations from rhythmic behavior, spanning a [7]
wide range of time scales. The analysis of two typical
deviations suggests that, in contrast to a naive view of
symmetrical coupling among a homogeneous population
of nonlinear oscillators, the network differentiates inho-
mogeneously into a hierarchy of components, comprising
pacemakers, excitable media, and asymmetric conducti
paths. This picture is supported by the above model th
associates the appearance and long-term modulation of the
temporal patterns with coupling dynamics. Further work
along the line presented here will provide more insight
into the development of activity and functionality in bio-

logical networks.
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(1,14), 3¢ = (2,2), g, = (0.556,0.51), ¢ = (1,0.078),
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0.0055. In all cases,v; = —0.5, and the parameters
of the functions m., w., and 7, (given in [6]) are
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