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Antispirals in an artificial tissue of oscillatory cells
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In a tissue of oscillatory cells the active intracellular medium is surrounded by a membrane and the cells are
separated by inactive extracellular medium. The synchronization properties of a system of such coupled
oscillatory cells have been emulated using the light-sensitive Belousov-Zhabotinsky reaction. Experimental
results for four coupled cells are confirmed by numerical simulations. We have furthermore demonstrated the
existence of antispirals and antipacemaker waves with inward propagating waves in larger cell assemblies of
this type. Such dynamical structures are extremely rare in homogeneous chemical systems where the generic
behavior is normal spirals and target patterns with outward-moving waves.
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Models of coupled oscillatory cells in biological systems Ru(bpy)* is immobilized in a thin, quasi-two-dimensional
have thus far been proposed with the assumption that thgyer of silica gel. To correspond as well as possible to these
concentrations of oscillatory species are homogeneous inSiQfS(periments, the diffusion constantmofs set to zero and the
each cel[1-3]. Concentration gradients observed in connecsjmulations are carried out for two spatial dimensions. The
tion with fast NADH oscillations in neutrophils4] suggest  term ¢ represents the photoinduced Bproduction propor-
the use of reaction-diffusion equations to model the intracelijonal to the light intensity of the perturbation light used in
lular as well as the extracellular concentrations. In an assenexperiment$9,10]. In the simulations this term is made spa-
bly of OSCillatOI‘y Ce”s, eg., a tissue, the OSCillatOI’y med|umt|a”y dependent7 i_e_, depending on the position in the Sys-
is contained in cells and is surrounded by a cell membrangm.
and inactive extracellular medium. In this study we have |4 Table | are shown the two sets of parameter values
investigated, experimentally and numerically, the effect Ofapplied in this study, witl, &', g, andf being equal for both
nonhomogeneous, small-amplitude oscillations in interactingets, put withe being different in the sets labeled “intracel-
cells by using the light-sensitive Belousov-ZhabotinéBY)  |ylar” and “extracellular.” The intracellular parameter values
reaction as the oscillatory medium. The oscillatory propertiegjield small-amplitude oscillations, close to a supercritical
of the regions between the “cells” were suppressed by apHopf bifurcation, whereas the extracellular parameter values
plication of a sufficient intensity of light. Small-amplitude correspond to a stable stationary state. Figug ghows a
oscillations such as the ones studied here occur naturally ié‘napshot of a simulation of a single cell. The simulation was
yeast cell{5,6]. ~ done on a 108100 grid with a grid size of 0.24 on the

Here, we describe how an assembly of cells containing agimensionless length scale. Intracellular parameter values
active, oscillatory medium, separated by an inactive extracelyere used in the central %070 grid points, having extracel-
lular medium, displays significantly different behavior from |1ar parameter values in the rest of the system. The snapshot
that of a normal oscillatory medium not containing inactive shows a clear difference between the value af the intra-
parts. To model the cell assembly we use the dimensionlesgyiylar and extracellular mediaee color code for values of
Oregonator modél7] with diffusion terms, which is a quali- ,y " Figure 1(b) shows the profiles of at three different
tatively good model for the BZ reactidia], time instants through the middle of the cpiharked by the

dashed white line irfa)]. There are three important features
a_u: 1{qw—uw+u—u2}+V2u, to notice regarding the profiles. The intracellular m.ediL.Jm is
JT & inhomogeneous across the cell with a convex distribution of
v, and it has a sharp but continuous concentration change
v across the cell membrar¢his is the term chosen for the

E‘u_v' interface between the active and inactive parts of the sys-
ow 1 5 TABLE |. Parameter values for the intracellular and extracellu-
E:;{fP(r)_qW_UW‘FZfU}"‘V w. (1) lar media.

. . . Parameter Intracellular Extracellular
The variablesy, v, and w represent the dimensionless con-
centrations of the chemical species HBrCRu(bpy)®*, £ 0.45 0.45
and Br, respectively, and, ¢’, g, andf are dimensionless g’ 0.0009 0.0009
parameters. The scaling of the dimensionless tiaad the q 0.000 95 0.00095
dimensionless lengthis chosen such that the diffusion con- f 0.79 0.79
stants ofu andw (assumed equal in aqueous solujioan be ® 0 0.001

set to 1. In the experiments with the BZ reaction the catalyst
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FIG. 1. (Color) Properties of a single cella) a snapshot at a E
certain time instant with the color scale as indicatédl, profiles FIG. 2. (Color Synchronization in antiphase o2 cells:(a) a
through the middlgmarked by the dashed white linaalso at dif-  snapshot of the cellgp) the time series of the centers of the four
ferent instants. cells. The color scale is shown in Fig. 1.

tem). Third, the oscillations in the passive extracellular me-time series for the centers of the four cells.
dium are driven by the intracellular oscillations. Oscillating A majority of initial conditions lead to in-phase synchro-
yeast cells have similar features regarding the acetaldehydgzation. If the cells are constructed with slightly different
(ACA) concentration, and the interplay between the intracelsizes and eigenfrequencies they synchronize almost in-phase
lular and extracellular media has been studied in a stirredwith a narrow distribution of oscillation phase®gardless
suspension of cells performing small-amplitude oscillationsof initial conditions. This leads us to believe that only in-
In that system it was shown that intracellular ACA oscilla- phase(or almost in-phasesynchronization is observable in
tions can drive extracellular ACA oscillations to mediate experiments.
synchronization between ce[l5,11]. The difference between To study the behavior of larger arrays of cells, simulations
intracellular and extracellular ACA concentrations implieswith 8 X8 cells, each cell having the size of X@0 grid
that an ACA gradient must exist across the cell membran@oints, were performed. As before, the cell-cell distance is
and that the intracellular concentration distribution is not hosix grid points. There are, again, two main results of the
mogeneous. Cells constructed with slightly different sizessimulations. The cells couple to yield an antispiral, i.e., the
(e.g., 6070 grid point$ have slightly different eigenfre- spiral arms move inwards, or an antipacemaker pattern, i.e.,
guencies. wave fronts move inwards. Which pattern is selectkd

To emulate a tissue, four such cells were arranged in @ends on initial conditionsFigure 3 shows four consecutive
2X 2 array with the cells separated by extracellular mediumsnapshots of(a)—(d)] an antipacemaker, ande)—(h)] an
six grid points wide. After a while the oscillations of the antispiral pattern. In these simulations a thick edge of inac-
centers of the four cells were synchronized either in-phase dive medium has been put around th 8 cells to empha-
antiphasedepending on initial conditionsBy in-phase is size the nature of the two types of patterissnaller edge
meant that the four centers all oscillate with the same freleads to a larger wavelengthControl simulations with cells
qguency and that they are all in the same phase of the oscibf different sizes lead to the same results, indicating robust-
lations. By antiphase is meant that they oscillate with theness of the results. Doing a similar simulation with periodic
same frequency but the two nearest neighbors are 90° out dbundary conditions leads for suitable initial conditions to
phase. In Fig. @) is shown a snapshot of four cells synchro- the formation of a plane wave moving through the system.
nizing in antiphase, and ifb) is shown the corresponding We thus expect that the phenomena observed $08 &ells
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FIG. 4. (Color) Enhanced experimental image of in-phase syn-
chronization(a), and the time series of the centers of the four cells
(b). Initially they are out of phase, but eventually they synchronize
in-phase.

dence is equivalent to the inward-moving waves in larger
systems. For a system of<3 cells (not shown hergethis
pattern is evident, and since 3 is an odd number the waves do
not collide in the center of the system, which is the center of
a cell, but at one of the corners of the central cell. The se-
lected corner depends on initial conditions.

If the cell-cell distance is increased forx® cells, no
would also be observed for even larger systems, since spiratiidered pattern such as antispirals or antipacemakers is ob-
and target patterns are merely plane waves sufficiently fagerved. Each cell still responds to the state of its neighbors,
from the center. but evidently it is not fast enough for the antispiral or anti-

The in-phase synchronization observed in the2simu-  pacemaker to form. In none of the simulations in-phase os-
lations is just a special case of the antipacemakers observeillations across the entire system were observed.
for larger systems. It only looks like in-phase synchroniza- When no light grid is imposed on the system, simulations
tion when the observed points are selected at equal distaneg@th this model usually only result in normal spirals, i.e.,
from the center of the two-dimensional system. The phase afutwardly moving spiral arms, and no target patterns. This is
a point at a larger distance from the system center is ahead afso true for experiments with the BZ reaction excluding
the phase of a point closer to the center. This phase depetarget patterns resulting from external pacemak&ps-14.

FIG. 3. (Color) Succesive snapshots of antipacemdkerd and
antispiral patternge—h formed in an assembly of88 cells, with
~T/8 between each snapshdt being one oscillation perigdPa-
rameter values were the same for both simulations, the only differ-
ence was the initial conditions. The color scale is shown in Fig. 1
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Experiments were carried out with the light-sensitive BZmakers. A normal oscillatory medium not containing inactive
reaction. A gel containing the reduced form of the catalystparts shows different behavior from this, and in chemical
Ru(bpy)®" was prepared by acidifying a solution of 10% systems in aqueous solution only outwardly moving spirals
(w/w) N&,;SiO; and 2.0 mM Ru(bpyy*" with H,SO, and  have been observed thus far. The same goes for models of
casting a uniform 0.3 mx20 mmx 25 mm layer onto a mi-  these. Without changing diffusion coefficients, we have, by
croscopic slide. A solution not containing any catalyst wassuppressing oscillations in certain areas, created a system
prepared by mixing bromate, sulfuric acid, and malonic acidwith dynamical properties normally not associated with this
solutions with the concentrations] BrO; ]=0.013M, type of system. Another distinct feature of the cell arrays is
[H,SO,]=0.5M, and[MA]=0.5M. These concentrations the absence of bulk oscillations, i.e., in-phase synchroniza-
result in small-amplitude oscillations in the gel, to ourtion across the entire system, for any initial condition. We
knowledge the first known example of this in the light- argued that the characteristics of a single cell were compa-
sensitive BZ reaction-diffusion system. By continuously re-rable to those of an oscillatory yeast cell, and hence we pre-
cycling the catalyst-free solution, in which the gel was im-dict that it could be difficult to observe bulk oscillations in a
mersed, having a total volume ef230 mL the system was layer of oscillatory yeast cells fixed inside a ¢&b].
kept semiopen. This volume was large enough compared to Antispirals and antipacemakers have previously been ob-
the volume of the gel to exclude effects relating to the sysserved in the BZ reaction taking place in a water-in-oil mi-
tem being closed. A light grid was focused on the gel bycroemulsion 16,17 along with numerous other patterns, in-
projecting light passed through a mask onto the surface ofluding Turing pattern$18]. In this case the water droplets
the gel using the appropriate lengéd$®)]. Figure 4a) shows and the oil(octane were separated by the surfactant sodium
an enhanceddue to very low contragtexperimental snap- bis(2-ethylhexy)-sulfosuccinate(known as Aerosol OT or
shot of four cells synchronizing in phase, and in Figb®is  AOT). The dimension of the AOT system is on the nanoscale
shown the corresponding time series of the centers of thémuch smaller than the wavelength of waves propagating
four cells. Initially they are out of phase but eventually syn-through the systejnregarding the water-phase droplets
chronize (almos} in-phase. It was not possible to observewhere the BZ reaction takes place, but there are also simi-
antiphase synchronization, in accordance with our expectdarities. In both cases there are active parts separated by in-
tions from numerical simulations. Limitations in the presentactive “transportation” parts. This similarity along with the
setup prevented us from studying<® cells experimentally. presence of Turing patterns in the BZ-AOT system raises the

We have demonstrated how an assembly of cells contairquestion of whether the development of stationary structures
ing an active, oscillatory medium, separated by inactive exmight be facilitated by the presence of oscillatory cells, as
tracellular medium, displays either antispirals or antipaceopposed to just oscillatory homogeneous media.
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