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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 system
have thus far been proposed with the assumption that
concentrations of oscillatory species are homogeneous in
each cell@1–3#. Concentration gradients observed in conn
tion with fast NADH oscillations in neutrophils@4# suggest
the use of reaction-diffusion equations to model the intrac
lular as well as the extracellular concentrations. In an ass
bly of oscillatory cells, e.g., a tissue, the oscillatory mediu
is contained in cells and is surrounded by a cell membr
and inactive extracellular medium. In this study we ha
investigated, experimentally and numerically, the effect
nonhomogeneous, small-amplitude oscillations in interac
cells by using the light-sensitive Belousov-Zhabotinsky~BZ!
reaction as the oscillatory medium. The oscillatory proper
of the regions between the ‘‘cells’’ were suppressed by
plication of a sufficient intensity of light. Small-amplitud
oscillations such as the ones studied here occur natural
yeast cells@5,6#.

Here, we describe how an assembly of cells containing
active, oscillatory medium, separated by an inactive extra
lular medium, displays significantly different behavior fro
that of a normal oscillatory medium not containing inacti
parts. To model the cell assembly we use the dimension
Oregonator model@7# with diffusion terms, which is a quali-
tatively good model for the BZ reaction@8#,
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The variablesu, v, and w represent the dimensionless co
centrations of the chemical species HBrO2, Ru(bpy)3

31 ,
and Br2, respectively, and«, «8, q, andf are dimensionless
parameters. The scaling of the dimensionless timet and the
dimensionless lengthr is chosen such that the diffusion co
stants ofu andw ~assumed equal in aqueous solution! can be
set to 1. In the experiments with the BZ reaction the cata
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Ru(bpy)3
31 is immobilized in a thin, quasi-two-dimensiona

layer of silica gel. To correspond as well as possible to th
experiments, the diffusion constant ofv is set to zero and the
simulations are carried out for two spatial dimensions. T
term w represents the photoinduced Br2 production propor-
tional to the light intensity of the perturbation light used
experiments@9,10#. In the simulations this term is made sp
tially dependent, i.e., depending on the position in the s
tem.

In Table I are shown the two sets of parameter valu
applied in this study, with«, «8, q, andf being equal for both
sets, but withw being different in the sets labeled ‘‘intrace
lular’’ and ‘‘extracellular.’’ The intracellular parameter value
yield small-amplitude oscillations, close to a supercritic
Hopf bifurcation, whereas the extracellular parameter val
correspond to a stable stationary state. Figure 1~a! shows a
snapshot of a simulation of a single cell. The simulation w
done on a 1003100 grid with a grid size of 0.24 on the
dimensionless length scale. Intracellular parameter va
were used in the central 70370 grid points, having extracel
lular parameter values in the rest of the system. The snap
shows a clear difference between the value ofv in the intra-
cellular and extracellular media~see color code for values o
v). Figure 1 ~b! shows the profiles ofv at three different
time instants through the middle of the cell@marked by the
dashed white line in~a!#. There are three important feature
to notice regarding the profiles. The intracellular medium
inhomogeneous across the cell with a convex distribution
v, and it has a sharp but continuous concentration cha
across the cell membrane~this is the term chosen for th
interface between the active and inactive parts of the s

TABLE I. Parameter values for the intracellular and extracel
lar media.

Parameter Intracellular Extracellular

« 0.45 0.45
«8 0.0009 0.0009
q 0.000 95 0.00095
f 0.79 0.79
w 0 0.001
©2003 The American Physical Society02-1
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tem!. Third, the oscillations in the passive extracellular m
dium are driven by the intracellular oscillations. Oscillatin
yeast cells have similar features regarding the acetaldeh
~ACA! concentration, and the interplay between the intrac
lular and extracellular media has been studied in a stir
suspension of cells performing small-amplitude oscillatio
In that system it was shown that intracellular ACA oscill
tions can drive extracellular ACA oscillations to media
synchronization between cells@5,11#. The difference between
intracellular and extracellular ACA concentrations impli
that an ACA gradient must exist across the cell membr
and that the intracellular concentration distribution is not h
mogeneous. Cells constructed with slightly different siz
~e.g., 60370 grid points! have slightly different eigenfre
quencies.

To emulate a tissue, four such cells were arranged
232 array with the cells separated by extracellular mediu
six grid points wide. After a while the oscillations of th
centers of the four cells were synchronized either in-phas
antiphasedepending on initial conditions. By in-phase is
meant that the four centers all oscillate with the same
quency and that they are all in the same phase of the o
lations. By antiphase is meant that they oscillate with
same frequency but the two nearest neighbors are 90° o
phase. In Fig. 2~a! is shown a snapshot of four cells synchr
nizing in antiphase, and in~b! is shown the correspondin

FIG. 1. ~Color! Properties of a single cell:~a! a snapshot at a
certain time instant with the color scale as indicated,~b! profiles
through the middle~marked by the dashed white line!, also at dif-
ferent instants.
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time series for the centers of the four cells.
A majority of initial conditions lead to in-phase synchro

nization. If the cells are constructed with slightly differe
sizes and eigenfrequencies they synchronize almost in-p
~with a narrow distribution of oscillation phases! regardless
of initial conditions. This leads us to believe that only i
phase~or almost in-phase! synchronization is observable i
experiments.

To study the behavior of larger arrays of cells, simulatio
with 838 cells, each cell having the size of 70370 grid
points, were performed. As before, the cell-cell distance
six grid points. There are, again, two main results of t
simulations. The cells couple to yield an antispiral, i.e., t
spiral arms move inwards, or an antipacemaker pattern,
wave fronts move inwards. Which pattern is selectedde-
pends on initial conditions. Figure 3 shows four consecutiv
snapshots of@~a!–~d!# an antipacemaker, and@~e!–~h!# an
antispiral pattern. In these simulations a thick edge of in
tive medium has been put around the 838 cells to empha-
size the nature of the two types of patterns~smaller edge
leads to a larger wavelength!. Control simulations with cells
of different sizes lead to the same results, indicating robu
ness of the results. Doing a similar simulation with period
boundary conditions leads for suitable initial conditions
the formation of a plane wave moving through the syste
We thus expect that the phenomena observed for 838 cells

FIG. 2. ~Color! Synchronization in antiphase of 232 cells:~a! a
snapshot of the cells,~b! the time series of the centers of the fo
cells. The color scale is shown in Fig. 1.
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would also be observed for even larger systems, since sp
and target patterns are merely plane waves sufficiently
from the center.

The in-phase synchronization observed in the 232 simu-
lations is just a special case of the antipacemakers obse
for larger systems. It only looks like in-phase synchroniz
tion when the observed points are selected at equal dist
from the center of the two-dimensional system. The phas
a point at a larger distance from the system center is ahea
the phase of a point closer to the center. This phase de

FIG. 3. ~Color! Succesive snapshots of antipacemaker~a–d! and
antispiral patterns~e–h! formed in an assembly of 838 cells, with
'T/8 between each snapshot (T being one oscillation period!. Pa-
rameter values were the same for both simulations, the only di
ence was the initial conditions. The color scale is shown in Fig
02090
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dence is equivalent to the inward-moving waves in larg
systems. For a system of 333 cells ~not shown here! this
pattern is evident, and since 3 is an odd number the wave
not collide in the center of the system, which is the center
a cell, but at one of the corners of the central cell. The
lected corner depends on initial conditions.

If the cell-cell distance is increased for 838 cells, no
ordered pattern such as antispirals or antipacemakers is
served. Each cell still responds to the state of its neighb
but evidently it is not fast enough for the antispiral or an
pacemaker to form. In none of the simulations in-phase
cillations across the entire system were observed.

When no light grid is imposed on the system, simulatio
with this model usually only result in normal spirals, i.e
outwardly moving spiral arms, and no target patterns. Thi
also true for experiments with the BZ reaction excludi
target patterns resulting from external pacemakers@12–14#.

r-
.

FIG. 4. ~Color! Enhanced experimental image of in-phase sy
chronization~a!, and the time series of the centers of the four ce
~b!. Initially they are out of phase, but eventually they synchron
in-phase.
2-3
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Experiments were carried out with the light-sensitive B
reaction. A gel containing the reduced form of the catal
Ru(bpy)3

21 was prepared by acidifying a solution of 10%
~w/w! Na2SiO3 and 2.0 mM Ru(bpy)3

21 with H2SO4 and
casting a uniform 0.3 mm320 mm325 mm layer onto a mi-
croscopic slide. A solution not containing any catalyst w
prepared by mixing bromate, sulfuric acid, and malonic a
solutions with the concentrations@BrO3

2#50.013M ,
@H2SO4#50.5M , and @MA #50.5M . These concentration
result in small-amplitude oscillations in the gel, to o
knowledge the first known example of this in the ligh
sensitive BZ reaction-diffusion system. By continuously
cycling the catalyst-free solution, in which the gel was im
mersed, having a total volume of'230 mL the system was
kept semiopen. This volume was large enough compare
the volume of the gel to exclude effects relating to the s
tem being closed. A light grid was focused on the gel
projecting light passed through a mask onto the surface
the gel using the appropriate lenses@19#. Figure 4~a! shows
an enhanced~due to very low contrast! experimental snap
shot of four cells synchronizing in phase, and in Fig. 4~b! is
shown the corresponding time series of the centers of
four cells. Initially they are out of phase but eventually sy
chronize ~almost! in-phase. It was not possible to obser
antiphase synchronization, in accordance with our expe
tions from numerical simulations. Limitations in the prese
setup prevented us from studying 838 cells experimentally.

We have demonstrated how an assembly of cells cont
ing an active, oscillatory medium, separated by inactive
tracellular medium, displays either antispirals or antipa
tt.
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makers. A normal oscillatory medium not containing inacti
parts shows different behavior from this, and in chemi
systems in aqueous solution only outwardly moving spir
have been observed thus far. The same goes for mode
these. Without changing diffusion coefficients, we have,
suppressing oscillations in certain areas, created a sys
with dynamical properties normally not associated with t
type of system. Another distinct feature of the cell arrays
the absence of bulk oscillations, i.e., in-phase synchron
tion across the entire system, for any initial condition. W
argued that the characteristics of a single cell were com
rable to those of an oscillatory yeast cell, and hence we p
dict that it could be difficult to observe bulk oscillations in
layer of oscillatory yeast cells fixed inside a gel@15#.

Antispirals and antipacemakers have previously been
served in the BZ reaction taking place in a water-in-oil m
croemulsion@16,17# along with numerous other patterns, in
cluding Turing patterns@18#. In this case the water droplet
and the oil~octane! were separated by the surfactant sodiu
bis~2-ethylhexyl!-sulfosuccinate~known as Aerosol OT or
AOT!. The dimension of the AOT system is on the nanosc
~much smaller than the wavelength of waves propaga
through the system! regarding the water-phase drople
where the BZ reaction takes place, but there are also s
larities. In both cases there are active parts separated b
active ‘‘transportation’’ parts. This similarity along with th
presence of Turing patterns in the BZ-AOT system raises
question of whether the development of stationary structu
might be facilitated by the presence of oscillatory cells,
opposed to just oscillatory homogeneous media.
m.
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