RAPID COMMUNICATIONS

PHYSICAL REVIEW E VOLUME 59, NUMBER 4 APRIL 1999

Simulation of embryonic cell self-organization:
A study of aggregates with different concentrations of cell types
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A three-dimensional lattice simulation of embryonic cell movement driven by differential adhesion mecha-
nisms is presented. Lattice sites can represent cells or external medium and surface tensions are defined by a
Potts model with differential adhesivity, where the simulation temperatucentrols cell diffusivity. The
simulation is evolved by a Metropolis algorithm. We find that varying the relative concentration of the cell
types in an aggregate can affect the dynamics of sorting. Below a concentration threshold of the high adhesive
cell type,c;, (=0.5), sorting evolves by formation and coalescence of clusters of these cells, whilecabove
an energetically metastable state develops where the high adhesive cells form a layer that encloses an internal
cluster of low adhesive cells. In this case, sorting is much slower and proceeds to completion by diffusion of
the cells belonging to the cluster through the layer of high adhesive (8l1663-651X99)51303-2

PACS numbg(s): 87.10+e, 87.19.Rr, 68.10.Cr, 75.10.Hk

During morphogenesis many biological mechanisms co- Recently, we studied cell motion in aggregates of cells
operate to organize cells in space and generate the form of abtained from neural retina and pigmented retina tissues of
organism. Some mechanisms are, for example, cell divisiorthe eyes of nine-day-old chick embryos. The two cell types
cell death, cell migration, induction, cell adhesion, etc. De-were dissociated from the original tissues and randomly
velopment is an example of a complex system at work wher&nixed to reaggregatén vitro. The concentration of pig-
these mechanisms act in an orchestrated way. A possibf@ented retina cells in the mixtures was very Igane pig-
approach to the study of such a problem is the following: wemented cell for about Toneural retina cellsso that they
choose a basic mechanism, investigate its capacity to d&vere surrounded only by neural retina cells. The motion of a

scribe natural pattern formation and if limitations are foundf€W randomly selected pigmented cells in this situation was
we introduce, successively, other mechanisms. In our a recorded for several hours and the results of the quantitative

proach we choose as a basic mechanism cell adh&gon analysis presented a time velocity correlation and power

Dissociated and reaggregated cells that are obtained froﬁgewa. of .posmor.] Versus time compatible with . random
. o I . rownian-like motion. This suggested that cell motion dur-
different embryonic tissuem vitro have the ability to sort

and. regenerate homqtypiﬁke-cgll) domains. This cell be- rg](?rt?r?g;tltzge 'ézﬁ_sle:grb%g:g gzte;ﬁ!’ Z%g%y mg‘;n:éigﬂgys’w
havior suggests that it can be important for cells to recove Rieu, Kataoka, and Sawadia] performed a more extensive
at least partially, their positional informatidn vivo. For a anal;l/sis of cell motion in aggregates of endodermal and ec-
review, seq2]. _ _ _ todermal cells othydra viridissimato find that isolated en-

Cell sorting has many features typical of mixtures of im- godermal cells in the bulk of the aggregates move randomly
miscible liquids, e.g., oil and water. When water is dispersegind that long range signaling between cells is not present,
in oil in an agitated container, the two phases undergo progiving additional support to our findings and to the DAH.
cesses including aggregation, segregation, rounding, etc. that In this Rapid Communication we present a simple model
separate spatially the two phases driven by minimization ofhat holds the features compatible with the DAH and the
the interfacial free energy. Such processes are also observedperimental observations of cell interactions during cell
with aggregates of cells. sorting. Additional results of the model will be presented

Since cells adhere because they have molecules on thaitsewherd9].
surface specialized for this function, a similar energy mini- We define a spina site label, o(i,j,k), at each site,
mization theory was proposed to explain cell sorting, the(i,j,k) of a three-dimensional lattice. The site label can rep-
differential adhesion hypothesiBAH) [3]. According to the  resent a cell of a given type or medium and cells are consid-
theory, the motile capacity of cells combined with the mini- ered as hard spheres similar to the model proposed by Goel
mization of the adhesion free energy associated with cell-cethind Rogerg10]. The energy, which we define below, is
and cell-medium interfaces, drive the organization of the agsimilar to the model proposed by Graner and Glafldi but
gregate. In the light of the DAH an aggregate of cells is ais much simpler. The cell types are light cells of low surface
sort of liquid. Experiments have confirmed that aggregates ofension and dark cells with high surface tension. Surface en-
biological cells have surface tension with properties typicakrgies are defined from the following Potts energy:
of the liquid statd4,5].

H=i21_ €, (1= 3, ). (1)
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mombach@exatas.unisinos.tche.br €, 0, A€ the contact energies per unit area of interface and
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depend on the nature of the contact; cell-cell or cell-medium. e
We use a cubic lattice with 3070x 70 total number of sites. YIMTEMT S )

The simulation is evolved by a Metropolis algorithm at fixed

temperqturejl’. _At eaqh time step a lattice site,{,k) and whereyq,, vam, andy,, are, respectively, the surface ten-
one of its 26 first neighbors are chosen randoitsige the  sions at dark-light, dark-medium, and light-medium inter-

discussion below about the range of interackidie dynam- face. However, for Potts energy, Ed), e;=0 and the sur-
ics of the simulation is as follows: an exchange is tried bet5ce tensions reduce to
tween a cell and one of its 26 first neighbors and occurs with

the following probabilityP: Yai=€dl» (6)
1y — o— AH/T H

P(o—o')=¢e , if AH>0 Ydm= €dm s )

or Yim=Eim - (8)

Plo—o")=1, if AH<O, 2) Recently, Fotyet al.[4,5] have measured surface tensions in

where AH is the enerav change in the svstem produced bfive different chick embryonic tissues and verified that the
gy 9 y P alues found predict the mutual envelopment behavior of the

Lheiir?;ght?n?ﬁé ﬁﬂ?ﬂgg'rt gff rtggg(’)moargzrfigoofs(gg:; ’nlse anti sues. For liver and neural retina cells of five-day-old em-
y P 9 ryos they found 4.6 and 1.6 dyn/cm, respectively. When

is equal to the total number of sites of the lattice. opposed together, an aggregate of neural retina cells envelop

Lattice _Symmetry |ntrod.uces no_nblologu_:al behawor_ "N an aggregate of liver cells. We use these numerical values for
the evolution of the system; the main effect is energy anisot-

o . setting the surface tensions in the simulation at the dark-
ropy, which is well understood. Fortunate_ly, th|s.effect CaNmedium and light-medium interfaces, respectively. Then, we
e e B o e e =46 andy 16 .. Ther are 1o measue

P . gh nelg ge oc "y ments of surface tensions at heterotypic interfaces. We then
closest 26 surrounding cells, the energy interaction range is ) N — ;

. . . o ; Cchoose an arbitrary but realistic valuey=0.6 a.u., in
higher to decrease lattice anisotropy. In this simulation thea reement with the inequality > vi - which de-
interaction range between spins is defined as eighth-nearea? quaityam = Yim = vd »

neighbor on a cubic lattice, i.e., the closest 116 surroundinﬁgﬁfézg[C&r]]d'tlon for envelopment of a dark aggregate by a

sites of a given site. Then, in the present model a cell inter- . . : .

: . The choice of the temperature for running the simulations

acts with other cells at distances between one and two Ce\ll!IaS obtained from the condition that diffusion should be low

diameters away, limited to 116 adhesion sites. In this way Weenou has it is for real cellsfor an initially cubic aggregate

ensure that our results are lattice symmetry independent. Th% ug y aggregat
) ) . : of light cells to be able to round completely without being

range of the interaction between cells can be biologically

. e o 0
interpreted as a way of simulating the number of bi”di”ggf?hp:ir'igcr;ettgrsrfazIrztit%m;ggh\';hﬁfeld;; 58’5352;[ 32 d/:z -
sites (18~ 3) on the surface of real cells. P c y

According to experimental eviden¢8 8], in the absence 90?; tﬁige\?:rllg?/\?etor:s?r?? ;dse;f; %?étﬁﬁ dynamics of sortin
of adhesion and chemical gradients, cell motion is random. P y y 9

Then, o Simplcty, we model s 1 were termaly 1 1 eI concentaton o o cel e 1 an o
induced, and so the simulation temperature controls cell difgvhe?re the cell t etdark and light are distrilfuted rand%?nl 9
fusivity in the aggregate. The biological scenario is as fol- yp 9 y

lows: consider an isolated pigmented retina cell immersed ir"f‘gﬁj tr_]rehgigtcaelnrgzargggrogfd?éhscgt?'l'g géel aggregate may
an aggregate of neural retina cells, as performed in som Y '

. L . . In Fig. 1 we present snapshots of the time evolution of an
experimentd 6]; in our simulation, an exchange whefd : . .
:g has prscgbllbility 1, Eq(2). Then when agdark cell is aggregate withc=0.3. Observe the formation of isolated

. . clusters of dark cells. The average size of these clusters is a
surrounded only by light cells or vice versa, an exchang 9

with a neighboring cell hassE=0 and is always taken. Function of ¢, higher c, higher their size. These clusters

Since a neighbor is chosen randomly, the cell performs gventually merge and the single cluster formed is rounded at

. . out 20000 MCS. In graph 1 we plot the time evolution of
three-dimensional random walk. The order parameters use%be fractional dark-light interface. The unit of time is the

are the homotypi¢same cell, heterotypic(unlike cel), and ) .
cell-medium interface areas normalized by their $am13. Monte Carlo step; see above. These features are characteris-
tic of aggregates witle<<0.5.

From Eg.(1) we can define the surface tensions of the In Fig. 2 we can see the evolution of an aggregate with

model as a function of the contact energ[d<l]. For an —0.7. Ob the f i fal f dark cell I
aggregate of two cell typed and! in contact with medium c=0.7. Dbserve the formation of a fayer ot dark cefls encios-
; ing a cluster of light cell§Fig. 2(b)]. We can explain the
M, the surface tensions are . i .
development of this metastable state as follows: the higher
concentration and inward migration of dark cells on the pe-
€aqt €y . A i
Ydi=€q1— 5 (3) riphery of the aggregate during the formation of the external
light layer, forms a closed layer that partially blocks the out-
ward migration of light cells in the interior of the aggregate.
Cdd 4) A closed metastable layer is never formed below 0.5
since a minimum number of dark cells is required, leaving at
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FIG. 1. Two-dimensional
cross sections of the time evolu-
tion of an aggregate withc
=0.3. The unit of time is the
Monte Carlo step(MCS); see
text. (@) Initial state, (b) 2000
MCS, (c) 4000 MCS,(d) 9000
MCS, (e) 14000 MCS, (f)
28 000 MCS.

(d) (e) ®

least one opening for light cells to flow to the outside of the Finally, in Fig. 4 we plot the total time required for com-
layer. In the presence of a closed layer~0.5), light cells  plete sorting as a function of the concentration of dark cells,
detach from the internal cluster and migrate diffusively toc. It clearly shows the presence of a threshold values,of
reach the external light lay¢Fig. 2(c)]. In graph 1 we plot =0.5 that determines the formation of the closed layer of
the time evolution of the fractional dark-light interface for dark cells. This value is universal over the range of tempera-
this case. Its time evolution is much slower due to the for-tures that we consider biological £T=12) and above it,
mation of the internal light cluster that shrinks by cell diffu- i.e., when the cell types do not denfi®]. We are currently
sion. We have observed that the exponent for the process sfudying the effect of the surface tensionsopnpreliminary
shrinkage has a dependencecort about 275000 MCS the results show that; has a dependence af, [9].
internal core of dark cells is completely formed. In conclusion, we have seen that the dynamics of sorting
Aggregates withc>0.9 sort as fast as aggregates wéth can have two phases, depending on the relative concentration
< 0.5, as we can see in Figs. 3 and 4. This is reasonable sincé# cell types in an aggregaté) when the concentration of
dark cells are predominant in the aggregate. dark cells is belowe, the total time needed for the process is

FIG. 2. Two-dimensional cross sections of the
time evolution of an aggregate witt=0.7. Ini-
tial state not shown. The unit of time is the Monte
Carlo step(MCS). (a) 100 MCS. (b) 26 000
MCS. (c) 125000 MCS(d) 225000 MCS.
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time (MCS) FIG. 4. Plot of the time needed for aggregates sort completely as

a function of,c, the concentration of dark cells. The unit of time is
FIG. 3. Time evolution of the fractional interface between darkhe Monte Carlo stepMCS).

and light cells in the aggregates for 0.3 (crosses c= 0.4 (starg,

c=0.5 (triangleg, c=0.7 (squares andc=0.9 (circles. The unit ) ) )
of time is the Monte Carlo stefMCS). relative concentrationscan have substantial consequences

during development. An experimental verification of this

i metastable state would yield additional support to the differ-
weakly dependent oo (Fig. 4). Clusters of dark cells form  gnia| adhesion hypothesis.

and complete sorting occurs by encounter and coalescence of

these clusters(ii) For c=c;, a metastable state develops, We acknowledge the help of L. C. Preissler in developing

affecting the speed of sorting that changes abruptly, beconthe code of the simulation, and discussions with B. E. J.

ing much slower and strongly dependent®(Fig. 4). Bodmann, J. A. Glazier, N. Lemke, and M. A. P. Idiart. This
The results also suggest that different mitotic rates amongvork was partially supported by UNISINOS, FAPERGS,

cell types(whose immediate consequence is to change theiand CNPg.
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