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Destabilization of cell aggregation under nonstationary conditions

A. A. Polezhaev,1 V. S. Zykov,2 and S. C. Mu¨ller2

1P. N. Lebedev Physical Institute, Leninsky Prosp. 53, 117924 Moscow, Russia
2Institut für Experimentelle Physik, Otto-von-Guericke-Universita¨t, Universitätsplatz 2, D-39106 Magdebur, Germany
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A simplified model describing the early stage ofDictyostelium discoideumaggregation is developed and
applied to study the spatiotemporal evolution of the cell density pattern under the condition of a nonuniform
initial cell distribution or quasiperiodical parametric forcing. A sufficiently large gradient and a parametric
forcing result in destabilization of the aggregation due to a continuous drift of spirals of cyclic adenosine
38-58-monophosphate controlling the chemotactic cell movement. In a small colony consisting of only one
aggregation domain the spiral wave can disappear while the aggregation has not yet been completed. In the
case of many aggregation domains the drift leads to the disappearance of some aggregation centers, emergence
of multiple new centers, displacement of cell colony domains, and washing out of the boundaries between
them.@S1063-651X~98!11310-7#

PACS number~s!: 87.10.1e, 82.20.Wt, 05.70.Ln
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I. INTRODUCTION

There are numerous examples of self-organization p
nomena observed in nature, among the most impressive
ing morphogenesis in higher organisms and pattern for
tion in communities of micro-organisms, such as bacte
and slime moulds. All of them include complex rearrang
ments of the spatial cell distribution, influenced by chemi
and mechanical interactions between cells. Mathematical
scriptions of these nonlinear active systems are commo
based on reaction-diffusion models. Then the observed
tiotemporal patterns can be explained as a result of a Tu
instability ~e.g., some morphogenetic processes@1–3#! or of
wave phenomena~e.g., aggregation ofDictiostelium discoi-
deumamoebae@4–9#!.

In the majority of these models the parameters of the
tive medium are fixed and a feedback between the emer
pattern and the properties of the medium is neglected. H
ever, in many cases a feedback really exists and influen
the patterning process significantly. An example is the ea
stage ofD. discoideumaggregation, where chemical wave
of cyclic adenosine 38-58-monophosphate~cAMP! are estab-
lished by active membrane processes of cells of the mo
In this active medium steadily rotating spiral waves and
panding target patterns are commonly observed under
assumption of a constant and uniform cell density@4,5#. In
reality, however, the cell density is influenced by the pro
gating cAMP waves, since the cells move towards the dir
tion of the cAMP gradients. A nonuniform distribution of th
cell density thus arises, which drastically changes the co
tions of wave propagation such that wave fronts may e
break up in regions with low density@10–12#. Several mod-
els for Dictyosteliumaggregation were proposed that ta
this additional feedback into account: chemical waves
cAMP, described either by the Fitzhugh-Nagumo equati
@7# or by equations based on the Martiel-Goldbeter sche
of cAMP signalling@8,13#, were coupled to the correspond
ing chemotactic cell response. These models describe e
stages ofDictyosteliumaggregation successfully, but the
postulate a uniform initial cell distribution throughout th
PRE 581063-651X/98/58~5!/6328~5!/$15.00
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medium and disregard possible external influences during
aggregation, whereas nonstationary conditions are q
natural for biological objects. Such conditions may sign
cantly change the process of self-organization and the for
tion of the final pattern, as was demonstrated for chem
waves in the Belousov-Zhabotinsky~BZ! reaction@14–16#.

The kinematical theory of waves in excitable media@17#
predicts that under nonstationary conditions rotating sp
waves should undergo a drift in space. On the other ha
one knows both from experiments and mathematical mod
that local inhomogeneities can stabilize spiral rotation@18–
20#. In the case we consider here such inhomogeneities n
rally appear due to the chemotactic cell aggregation~i.e.,
near spiral wave core!. Thus, a competition between tw
opposite effects may occur in the system that essenti
complicates its behavior as compared with a spatially u
form active medium~like a petri dish containing a layer o
the BZ reaction!.

In this work we study numerical pattern formation in
model of a colony of micro-organisms exhibiting chemota
under conditions of initially nonuniform cell distribution o
external forcing. The model equations are designed to
scribe D. discoideumaggregation, but the results obtaine
should be considered in a more general context and app
to other systems, when a feedback exists between the em
ing spatiotemporal pattern and the properties of the ac
medium.

II. THE MODEL

The numerical simulations are performed with a mod
especially developed to study the spatiotemporal evolution
Dictyostelium aggregation under nonstationary condition
The part of the model describing the local reaction kinetics
motivated by the model of Martiel and Goldbeter@13#, while
the description of the spatial dynamics is similar to t
model proposed by Ho¨fer et al. @8#.

In accordance with the Martiel-Goldbeter model, cAMP
produced by the cells with a rate proportional to the amo
of active cAMP receptors in the cell membranes. The nu
6328 © 1998 The American Physical Society
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ber of the active receptors is in turn a function of the cAM
concentration in the extracellular space. We preserve
main properties of the model proposed in@13#, which are
essentially determined by the shape of the null-clines of
variables in phase space. However, we did not assum
uniform distribution of the cell density, which can chan
due to the chemotactic motion of the cells.

Thus the description of cell aggregation process is form
lated in terms of cAMP concentrationv(x,y,t), the fraction
of active cAMP receptors per cellg(x,y,t) and the cell den-
sity u(x,y;t). The model in nondimensional form is

v̇5guS g
v21A2

v211
2dv D1DvDv,

ġ5B2~11Hv !g, ~1!

u̇5DuDu2¹„x~g2g0!4u¹v….

The first equation in~1! describes the autocatalytic syn
thesis of cAMP depending on the fraction of active cAM
receptorsg ~in the membrane! and the degradation of cAMP
that occurs due to hydrolysis by the enzyme phospho
esterase, produced by the cells. It is important that the lo
production of cAMP is proportional to the cell densityu. The
last term describes the spatial diffusion of cAMP in extrac
lular space with a constantDv . The second equation is a
expression for the fraction of active cAMP receptors per c
g, which depends on the cAMP concentration.

The last equation for the spatial rearrangement of c
includes two terms describing a random cell motion and
chemotactic response to a cAMP gradient, respectively
order to simplify the model we disregard the possible dep
dence of the random cell motility coefficientDu on cell den-
sity due to cell-cell adhesion. Such a dependence is im
tant for cell streaming during aggregation@8#, but does not
essentially affect the initial stage of aggregation we are
terested in. Note that the term describing the chemota
velocity cannot be simply proportional to the cAMP grad
ent. Indeed, such an assumption would result in the w
known ‘‘chemotactic wave paradox’’@12#: within the wave
front cells move in the direction opposite to that of the wa
propagation, whereas within the wave back they move in
same direction. Since more time is spent in the wave b
than in the wave front, the resulting shift in the direction
wave propagation should be expected, which contradicts
observations. To solve this paradox one has to explain w
cells practically do not react to the cAMP gradient on t
wave back. Several different solutions have been sugge
~for a review see@8#!. In our model we assume that th
chemotactic cell motility is large, when the cAMP recepto
are in the active state. Due to this dependence ong the mo-
tility is large on the wave front and sufficiently small on th
wave back.

The parameters used in the numerical simulations are
following: A50.12, d50.24, g5100, B51.85, H58.0, g0
50.3,x50.3,Dv51, Du50.01. Integration of the last equa
tion in ~1! over the region shows that the mean cell dens
u0 is constant for zero-flux boundary conditions. In all com
putationsu0 was taken equal to unity unless indicated oth
wise. The choice of parameter values reflects the case
e

e
a

-

i-
al

-

ll

ls
e
In
-

r-

-
ic

ll

e
k

f
he
y

ed

he

y
-
-
f a

weakly excitable active medium, in which the core of a spi
wave has a pronounced size, as frequently found inDictyos-
telium aggregation@10,11#.

The equations~1! were solved numerically on a squa
domain with zero-flux boundary conditions. A finite
difference approximation with a five-point Laplacian an
central differences for the first derivatives was used. Sim
lations were performed either on a grid with 93393 mesh
points for the region of the nondimensional size 27327, or
on a grid with 3633363 points for the region 1083108. The
total cell number never deviated more than 0.2% from
initial value, which is an important indication for the correc
ness of the computational scheme.

III. RESULTS

In the first series of numerical simulations we investiga
the aggregation process in one domain formed in a squ
region of 27327. This corresponds to about 30 mm2 in the
original dimensional model, a reasonable value for the s
of one domain of aggregatingDictyostelium amoebae
@10,11#.

In Fig. 1 the result of a simulation supposing an initial
homogeneous cell distribution and without any external fo
ing is shown. As initial conditions the variableu is taken
equal to 1 in the whole region, while the distribution of th
variablesv and g is nonuniform in order to create a spira
wave of cAMP. In the upper half of the simulated region th
distribution corresponds to a plane wave of cAMP propag
ing to the right. The initial condition in the lower half of th
medium is the steady state of the medium. Thus a half-w
with an open end is initiated that evolves into a single rot
ing spiral with its core located approximately in the center
the domain. In the course of time cells move to the core
the spiral as a response to the rotating cAMP spiral wa
With the increase of cell density in the central region t
time period of the spiral rotation and its wavelength decre
in agreement with experimental observations@21#. The large
core specific for the low excitability of medium results in th
appearance of a characteristic loop of cells around the r
tion center. In the middle of this loop the cell density is lo

FIG. 1. Results of numerical simulations ofDictyosteliumag-
gregation under stationary conditions. Evolution of the system
three successive moments of time:T521, 39, and 52. The top row
of images show cAMP concentration, the bottom row, cell dens
The dark shaded area corresponds to low concentration and
density.
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which is clearly seen as a black hole within the bright ring
the left bottom picture of Fig. 1. However, the size of t
central hole slowly vanishes with time due to random c
motion ~see the bottom row of Fig. 1!. In later stages most o
the cells concentrate near one aggregation center, where
the periphery of the domain the cell density drastically d
creases and no waves of cAMP concentration can propa
here. For this reason the spiral waves break, as shown in
upper right picture of Fig. 1. Thus, our simplified mod
describes well the creation of a single aggregation cente

In the next computation we started with the same ini
conditions as in the previous one, with the exception t
initially the cells were distributed nonuniformly along theY
axis ~the densityu changes from 0.83 on the upper edge
the domain to 1.17 on the lower one!. The result obtained in
the presence of such an initial gradient of cell density
shown in Fig. 2. First the cAMP spiral drifts to the righ
across the gradient of cell density~compare locations of the
spiral wave cores in Figs. 1 and 2!. The cells continue to
aggregate around this moving spiral core. Subsequently,
to cell gathering, there appears a loop of cells that anch
the spiral rotation for some time. However, in a later sta
the central hole of the loop vanishes~similar to Fig. 1! and
the spiral core begins to drift rapidly. It finally disappears
the lower edge of the domain. Obviously, in this case
destabilizing effect of the spiral drift caused by the init
cell gradient dominates over the stabilizing effect due to c
gathering. It turns out, however, that a slightly smaller init
gradient~from 0.85 on one edge to 1.15 on the other! does
not suffice to destabilize the aggregation, and then the
cess follows the scenario of Fig. 1. Thus the system exhi
a bifurcation phenomenon.

In the third numerical experiment, starting again from t
initial conditions of Fig. 1, we considered the system un
parametrical forcing synchronous with the spiral rotation,
a way similar to that discussed in Ref.@16#. Namely, the
parameterg was abruptly decreased from 100 to 90 as
wave passed through an arbitrarily chosen fixed point in
domain. The decrease lasted for a time interval equal to 2
of the previous period of spiral rotation. This can be int
preted as a temporal decrease of excitability. As shown
Fig. 3, this relatively weak forcing completely disorganiz
the aggregation process. The spiral core continuously d

FIG. 2. Simulation ofDictyosteliumaggregation in the presenc
of an initial gradient in cell distribution: initial cell density change
linearly from 0.83 at the top to 1.17 at the bottom of the doma
T536, 63, and 72.
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in the domain and finally collapses at the boundary. Unl
in the previous case, no bifurcation effect was noticed as
spiral starts to drift for any small parametric forcing amp
tude.

In the next series of computations the more realistic c
was considered, when several aggregation domains
formed due to several initial organizing centers in a larg
region of the size 1083108. These centers are created w
initial conditions for the distributions of the variablesg andv
corresponding to several fragments of plane cAMP wa
either with one or with two open ends. Here one encoun
a somewhat higher level of self-organization inDictyostel-
ium in that spatial patterning of aggregation domains a
aggregation of cells in each of domains occurs. Such dom
structures are observed in real living systems@11# but have
not yet been reproduced with any model. In Fig. 4 the init
stage of cell aggregation and the final state of the system
shown. This figure reveals the mechanism of how the bou

.

FIG. 3. Simulation ofDictyosteliumaggregation under pulsator
decrease of excitability of the medium synchronized with the cAM
spiral rotation. The parameterg controlling the excitability was
decreased synchronously with the spiral rotation to 90% of the
tial value for one-fifth of the previous period of spiral rotation.T
519, 48, and 82.

FIG. 4. Results of simulation of multipleDictyosteliumaggre-
gation domains under stationary conditions. The evolution of
system from the initial (T518) to the final (T554) stage is shown.
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PRE 58 6331DESTABILIZATION OF CELL AGGREGATION UNDER . . .
aries between domains are formed. Apparently, their loca
is determined by the lines of adjacent spirals colliding w
each other. Note that the amoebae always move in the d
tion perpendicular to the wave front towards the center of
spiral. As in the points of spiral collision wave fronts have
cusplike shape, cells separate and move to one cente
aggregation or to the other~see upper-right picture of Fig. 4!.
Therefore, the location of the boundaries depends not o
on the position of the spiral cores~like for Voronoy dia-
grams!, but also on the relative phases of spiral rotation.

When introducing an initial gradient of the cell distribu
tion while keeping the same initial conditions for the oth
variables~as in Fig. 4!, the pattern of the domain boundarie
changes drastically~Fig. 5!. This is obviously the result o
the drift of spiral cores, as was observed in a single colo
~Fig. 2!. This drift changes the phase relations between
jacent spirals and shifts the locations of their collision poin
As a consequence the boundaries between the domain
washed out. Another interesting phenomenon in the fi
stage is the appearance of a number of secondary cente
aggregation as seen in Fig. 5.

When an external force is applied to the system in
same way as described for a single colony~cf. Fig. 3!, the
locations of the domain boundaries continuously change
to the spiral drifts and are again washed out, some sp
disappear. The size of surviving domains becomes larger
the boundaries between them are not so pronounced an
whole process of aggregation is obstructed to a great ex
~Fig. 6!. The low contrast between the bright spots and
background indicates that the process of aggregation is

FIG. 5. The final stage of multipleDictyosteliumaggregation
(T563) in the presence of an initial gradient in cell distributio
obtained numerically. Cell density changed from 0.9 on the top
1.3 on the bottom of the domain; the mean cell densityu0 was equal
to 1.1.

FIG. 6. The final stage of multipleDictyosteliumaggregation
(T554) under external forcing conditions. The parameterg con-
trolling the excitability was decreased synchronously with the sp
rotation to 90% of the initial value for one-fifth of the previou
period of spiral rotation.
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far from complete in this system~cf. Fig. 4!. On the other
hand, the pattern shown in Fig. 6 remains practically
same during a long time interval and can be considered
the final one.

IV. DISCUSSION

A simplified model ofD.discoideumaggregation has bee
presented as an example of an excitable medium with s
cific feedback properties. In this system the properties of
medium, and first of all its excitability, depend on the loc
cell density, which itself is influenced by the waves of cAM
due to the chemotactic response of the cells. Under stat
ary conditions, as was shown here and elsewhere~see, e.g.,
@7,8#!, the process of cell aggregation is quite stable: once
center of aggregation appears, it does not change its loca
cells concentrate near this point, and the cAMP wave rota
around it. Later on, the spiral wave breaks into segments
outside the central region it disappears because of low
density and inhomogeneities in cell distribution.

The situation changes when the conditions of aggrega
are nonstationary. This means that either the initial cell d
tribution is nonuniform or an external forcing is applied th
changes the excitability of the medium quasiperiodically.
both cases the excitability near the spiral wave tip var
with time. This leads to a drift of the spiral correspondin
well to theoretical predictions@17# and experimental result
obtained with the BZ reaction@14,15#. In the considered sys
tem where the local excitability of the medium associa
with the cell density is not constant, the consequence of
drift is much more dramatic: centers of aggregation cha
their location in space and the whole process of aggrega
is disorganized. The spiral drift itself also becomes rat
irregular, as the core of the spiral, while moving through t
domain, traverses regions with different excitability due
the evolving inhomogeneity. When the initial gradient of c
density becomes smaller than some critical value, the sp
rotation is stabilized after an initial drift due to cell aggreg
tion, while for larger gradients the spiral drift never stop
The finding of this bifurcation phenomenon is different fro
spiral wave behavior in excitable media without a feedba
In the considered case the chemotactic motion changes
initially given nonuniform distribution of the cells in the
course of time. As a result the local gradient of the c
density can vanish or even change its sign after one or
eral revolutions of the spiral cAMP wave. Thus, the syst
can overcome the destabilizing effect of the primary nonu
formity if the latter was not pronounced enough. When qu
siperiodic parametric forcing is applied such bifurcation b
havior is not observed: The spirals continue to drift for a
value of the forcing amplitude used in the computatio
However, only a more rigorous analysis can verify that t
drift still occurs for arbitrarily small amplitudes and for an
other choice of parameters.

Another important aspect of the problem is the interact
of several organizing centers. Our simplified model rep
duces the phenomenon of the appearance of separate a
gation domains as known from experimental data@11#. The
very first simulation of this phenomenon clarifies the mec
nism of the formation of the domain boundaries.

The macroscopic pattern of these boundaries underg
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pronounced changes under nonstationary conditions. T
are some differences between the effects of initial nonho
geneity and that of periodic external forcing. For example
the first case multiple new centers of aggregation may
pear, while in the second one a large portion of the ini
centers die out. However, in both cases spirals cannot m
tain a stationary rotation near centers of aggregation and
evitably drift away.

We see two possible applications of the present invest
tion: The first is a fundamental one, as we study the gen
problem of the stability of wave processes in active me
including a feedback between wave propagation and ex
ability of the medium. A feedback of this kind exists, fo
instance, between the electrical activity and the contrac
of heart tissue and is assumed as one of the factors leadi
r-
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cardiac arrhythmias@22#. The second application is the pa
ticular process ofDictyosteliumaggregation. The model we
have considered here does not describe all the details o
real process. In particular, in its simple form it does n
describe cell streaming. Nevertheless, our simulations s
that nonstationary conditions always disorganize the proc
of cell aggregation and reveal new phenomena that are t
verified in future experiments.
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