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Diffusion-Assisted Aggregation and Synchronization inDictyostelium discoideum
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In biological pattern formation, chemotaxis and cell adhesion are essential. However, we lac
quantitative data and a theory to understand their coordination. The cellular dynamics theory presen
can clarify howDictyostelium discoideumamoebae use diffusible cyclic adenosine30,50-monophosphate,
and coordinate chemotaxis and cell adhesion during aggregation. [S0031-9007(98)06173-0]

PACS numbers: 87.22.–q, 05.60.+w, 47.54.+r, 87.10.+e
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Pattern formation is a fundamental phenomenon.Dic-
tyostelium discoideumusefully models multicellular mor-
phogenesis and pattern formation [1–3]. When bacter
food is available in the soil, unicellular amoebae gro
and divide individually. When starved, they aggrega
into a multicellular slug, and finally form a fruiting
body, whose spores germinate into amoebae, complet
the cycle. During aggregation, amoebae communica
by periodically producing and relaying cyclic adenosin
30,50-monophosphate (cAMP) signals. They also rea
chemotactically to cAMP and move towards the aggr
gation centers.

The cAMP oscillator in Dictyostelium includes the
surface receptor (R or cARs), adenylate cyclase (AC), and
cAMP phosphodiesterase (PDE). Binding of cAMP to th
surface receptor activates AC, and cAMP is synthesiz
from intracellular adenosine triphosphate (ATP), the
secreted by the cell. A few minutes later, the respon
ceases as the cells adapt to persistent stimulation. Wh
the stimulus is removed, the cells resensitize, triggerin
the next cycle. The cAMP binding to cAR converts theR
form of cAR to the modifiedD form [4].

Martiel and Goldbeter’s (MG) [5] coupled kinetic rate
law equations produced autonomous oscillation of cAM
within a cell. Later, Tysonet al. [6] introduced extra-
cellular diffusion of cAMP for a homogeneous amoeb
distribution. Levineet al. [7] and others [8–10], on the
other hand, treated amoebae as having a continuous d
sity, or as being based on the phenomenological-ru
model [11]. Palsson and Cox [12] incorporated a PD
inhibitor by modifying the rate of cAMP decay. Oss
et al. [13] and others [14–16] treated discrete amoebae
the nearest-neighbor or pointwise interaction. The effe
of adaptation on cellular motion opposite to cAMP wav
propagation was studied by Goldstein [17] and othe
[8–10]. Cell density models originally proposed by
Keller and Segel [18] fail when the sharp boundary o
a slug is formed because spatial derivatives of the c
density diverge at the boundary. Only a microscopic a
proach models both aggregation and slug formation.

Formation of an aggregate itself looks simple. How
ever, there are still unanswered questions. First of a
how do individual amoebae judge where they should g
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when every amoeba is secreting cAMP at the same ti
to the extracellular medium as emergency calls? Ho
do individual amoebae know the existence of others?
is known that the next stage of development is initiate
when aggregation is complete. However, how do th
know that there is already a sufficient number of amoeb
within an aggregate? To answer these questions, we n
a theory to study the intracellular biochemical reaction
cell-to-cell communication, and the cell movement in
consistent manner.

First, I generalize MG’s equations as follows, so that
can accommodate the cell-to-cell communication.

dgsx, td
dt
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bsx, td 2 kegsx, td 1 D=2gsx, td , (1)

bsx, td 
NX

j1

bjstd exp

∑
2

4

s
2
0

sx 2 xjd2

∏
, (2)

dbj

dt
 fsrj, gjd 2 ski 1 ktdbj , (3)

drj

dt
 f2sgjd s1 2 rjd 2 f1sgjdrj , (4)
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j
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, YJ 
rjgj

1 1 gj
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(6)

The cAMP signal sourcessbjd of the MG type, described
by Eqs. (3)–(6), are spatially distributed, and intera
only through extracellular cAMPsgd diffusion. The two-
dimensional delta function can be expressed asdsxd 
lims0!0 4yps

2
0 exps24x2ys

2
0 d. Here, to derive Eqs. (1)

and (2), I keep the diameter of an amoebas0 finite in-
stead of taking a limit and rewrite4yps

2
0h as1yh since

h is a free parameter. Adoption of a Gaussian functio
to describe a discrete amoeba has a clear advantage
merically since it does not have any singularity in it. Be
sides, intracellular biochemical reactions can be confin
© 1998 The American Physical Society
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within the localized cell body. In the above equation
g and bj, respectively, are the extracellular and intra
cellular concentrations of cAMP, and both are norma
ized by the cAMP dissociation constantKR  1027M;
gj  gsxj , td; rj is the fraction of the receptor in the
active states of thejth amoeba;s0  10 mm is the di-
ameter of an amoeba;xj are two-dimensional amoeba
position vectors;N is the total number of amoebae
ke  5.4 min21, ki  1.7 min21, and kt  0.9 min21,
respectively, are rate constants for the extracellular PD
intracellular PDE, and cAMP transport into the extracell
lar medium; andk1  0.036 min21, k21  0.36 min21,
k2  0.666 min21, and k22  0.003 33 min21 are rate
constants for the modification of the receptors. The p
rameter values are the same as those used by MG
cept thath  0.104 and the diffusion constant of cAMP
D  4.0 3 1024 cm2ys [19], where the parameterh was
originally introduced as the ratio of extracellular to intra
cellular volume by MG. With these parameters, we c
reproduce the MG oscillator modes within a cell.

To simulate aggregation, however, I need informatio
not only about the cell-to-cell communication, but als
about the cell adhesion force and the chemotaxis. Am
bae rapidly synthesize adhesive glycoproteins in their c
membranes after starvation [20], and become increasin
adhesive. Cell interaction potential,

ym2nsrd  e0
mn

m 2 n

∑
1
m

µ
s0

r

∂m

2
1
n

µ
s0

r

∂n∏
, (7)

may describe this short-range cell adhesion force. It ha
minimum value2e0 at r  s0 for anym, n integer pairs.
The short-range force operates only when amoebae co
very close to each other. A stable structure is form
when they touch. Numerical values fore0, m, andn must
be determined experimentally. Since we do not know t
quantitative relationship between the cAMP concentrati
and chemotactic response [21], I assume that the lo
range chemotactic force is proportional to the gradie
of the extracellular cAMPsgd, which enables me to
handle the fast diffusible cAMP field and the slow move
ment of the amoebae consistently. Then, the equation
motion for amoebae become

ma
d2xi

dt2
 e1=igsxi , td 2

NX
jsfiid

=iym2nsjxi 2 xjjd

2 h
dxi

dt
, (8)

where the last term on the right-hand side of the equ
tion describes the frictional force due to the substra
and ma  1029 g is the mass of an amoeba. Frictio
dissipates the kinetic energy of amoebae to form a
nal stable aggregate. The coupled equations (1)–(8)
handle chemotaxis, cell adhesion, and cell-to-cell co
munication consistently. The time evolution of aggreg
tion shown in Fig. 1 clarifies the physics of the theor
s,
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FIG. 1. Time development of 80 amoebae in a30s0 3 30s0
area, wheres0 is the diameter of an amoeba. Att  5 min, the
amoeba distributions att  0 min sDd and at t  3 min ssd
are superimposed to clarify the spiral and stream patte
formations.

where e0  10213 g nm2ymin2, m  9, n  3, e1 
s10217 g mmymindKRs

3
0 , h  0.5 g mmymin, andN 

80 in an area30s0 3 30s0, with a time step of0.005 min
and a space unit ofs0y3 . 0.0033 mm to obtain con-
vergence. Different combinations ofm, n pairs did not
produce qualitative changes in aggregation. Here, I ha
used the Fourier expansion method [22] using 8281 pla
waves to solve Eq. (1). The initial random distribution
was prepared according to a molecular dynamics meth
using Eq. (7) as an interaction potential to avoid overlap
ping amoeba. We recognize an aggregate formation af
the spiral and stream patterns have formed.

To distinguish clearly the roles of the chemotaxis an
adaptation during this aggregation, I conducted the follow
ing simulations, too. In the first case, I used only Eqs. (7
and (8) by settinge1  0. This corresponds to the case
without chemotaxis. In the second case, I used Eqs. (1
(8), but by setting the right-hand sides of Eqs. (3) and (4)
zeros. This corresponds to the case without adaptation
with chemotaxis. Namely, intracellular oscillatory cycle
4827
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are killed. Without chemotaxis and adaptation amoeb
have a tendency to form many small clusters before t
completion of aggregation. A similar tendency of cluste
ing without streams can be found by expanding the sim
lation area using the same number of amoebae.

To further clarify the physics underlying the presen
theory, I rewrite Eq. (8) as follows:

ma
d2xi

dt2  2=iUsxi , td 2 h
dxi

dt
, (9)

where

Usxi , td  2e1gsxi , td 1
1
2

NX
ifij

ym2nsjxi 2 xjjd .

(10)

That is, fast-moving extracellular cAMP and cell adhesio
interactions form the time-dependent potential field fo
amoebae given by Eq. (10). Losing kinetic energy t
friction until they reach a stable structure in the potentia
amoebae fall into that potential. The ratio ofe1 and e0
controls the balance of the two forces in the potentia
For a givene1 ande0, the first term inU sxi , td becomes
larger as the extracellular cAMP concentration increase
and the cAMP flow controls the amoeboid movemen
and, as a consequence, streams are formed. For
extracellular cAMP concentrations, on the other hand, t
second term dominates, and relative amoeba movemen
enhanced, destroying the streams.

To investigate the cell-to-cell communication in mor
detail, I conducted several other kinds of numeric
experiments. In Fig. 2, three amoebae are equally spa
s0 apart, and the signal initiation is at timest  0, t  5,
and t  20 min for amoebaeA, B, and C, respectively.
We can see that the synchronization of the cAMP puls
is achieved before the completion of the next cycle o
cAMP pulses. The coupling of the extracellular cAMP
leads to the amplitude and frequency modulations in t

FIG. 2. Intracellular cAMPsbd and active-state fraction of
the receptorsrd, where amoebaeA, B, and C initiated signal
oscillations att  0, 5, and20 min, respectively.
4828
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intracellular cAMP and in the fraction of the recepto
in the active state. When many amoebae come clos
together, a qualitative change in the frequency modulatio
is achieved. That is, the intracellular cAMP level no
longer reaches zero, and it approaches the quasiste
level. This is consistent with the experimental results [2

When many amoebae come close together, the
internal cAMP production is reduced; however, whe
some amoebae are removed from the group, the inter
cAMP production of the remaining amoebae increases
that the extracellular cAMP density remains the sam
This clearly demonstrates that the synchronization
the cAMP oscillators is essential for adaptation an
robustness inDictyostelium. This is also consistent
with the experimental observations of thegbf null cells
[23,24]. In Dictyostelium,external information is being
translated into internal information in this way through
the synchronization procedure.

For simplicity, I chooseh so that an aggregate has
no kinetic energy left after its formation. A smallerh

reproduces observed cellular motion within a slug a
though more detailed investigation is definitely neede
Dissipative aggregation resembles two-dimensional cry
tal growth [25]. Changes in cAMP secretion in respons
to the density changes and secretion providing chemota
resembles annealing.

The strategy adopted byDictyostelium for pattern
formation may be briefly summarized as follows
(i) Dictyosteliumsynchronize oscillatory cAMP signaling
through the combination of extracellular cAMP diffusion
and intracellular nonlinear cAMP production cycles
Coherent production efficiently relays the signal over
large area. (ii) Temporary aggregation centers formed
extracellular cAMP diffusion guide amoeboid movemen
The slow movement of amoebae and the fast diffusio
of extracellular cAMP continue to prevent metastabl
configurations. (iii) Changes in the intracellular cAMP
productions brought about by the coupled nonlinea
cAMP oscillators determine when amoebae initiate th
next stage of development.

Historically, Turing [26] discovered that a spatia
pattern can be formed if two substances with differen
diffusion rates react with each other, which is well know
as the reaction-diffusion theory. This concept has be
further developed as the activator-inhibitor theory an
has been applied to many biological systems [27]. How
ever, these theories treat two substances as continu
variables since they are based on the diffusion equatio
Equations (1)–(8) reproduce experimentally observe
pattern formation using discrete simplified amoeba
without three-dimensional changes in cell shape [28
Amoeboid movement and internal biochemical reaction
are considered consistently with a reaction-diffusio
equation for the diffusible molecules.

The study of the synchronization of coupled and sp
tially distributed oscillators has a long history dating bac



VOLUME 80, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 25 MAY 1998

tt.

.

v.

-

A.

d

.

l,

ll,

-

FIG. 3. Schematic view of the diffusion-assisted synchroniz
tion procedure;R: surface receptor, AC: adenylate cyclase
PDE: cAMP phosphodiesterase.

to the era of Huygens who recognized the synchronizati
of two clocks on the wall in the 17th century [29]. Simila
phenomena have been found in many biological syste
such as the flashing of fireflies [30]. Many former theo
retical approaches to the synchronization of coupled osc
lators may be roughly divided into two categories: one
phase-coupled model based [31] and the other is reacti
diffusion equation based. The phase-coupled model
a weak coupling approximation. The latter case can
further subdivided into local coupling approximation [32
and global coupling approximation [33,34] (where eac
oscillator is coupled with others of equal strength).

Equation (1) is a reaction-diffusion equation. How
ever, the above limiting approximate approaches cann
be adopted here because for a given diffusion coefficie
of cAMP amoebae must move from the weak couplin
domain to the strong coupling domain continuously du
ing aggregation. Furthermore, as can be seen from Fig.
both the frequency and amplitude of synchronized cAM
oscillators are significantly different from those of the
original oscillators. This means that the basic assum
tions of the phase-coupled model is not satisfied he
either. In this Letter, I have clarified how extracellula
cAMP diffusion is used to synchronize signal oscillation
between amoebae without the above limiting approxim
tions (Fig. 3).

I thank Professor Urushihara and Professor Tanaka
the University of Tsukuba, Professor Loomis of UCSD
and Dr. Miwa, Dr. Nishiwaki, and Dr. Tabuse of NEC
for their helpful discussions. Special thanks are also d
to Dr. Ohta and Dr. Igarashi of NEC for their patien
support.

Note added.—After submitting this manuscript, a pape
by Wang and Kuspa [35] appeared. They observ
both aggregation and mound formation in the absence
cAMP. Common qualitative similarities such as longe
aggregation time and a critical cell density for aggregatio
exist in both cases. I plan to conduct a more detaile
investigation in the near future.
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