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Quantitative Comparison between Differential Adhesion Models and Cell Sorting in
the Presence and Absence of Fluctuations
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We study the effect of inhibition of cell-membrane ruffling on cell sorting in experiments and
simulations. We use aggregates of neural retinal and pigmented retinal cells obtained from chicken
embryos and inhibit membrane ruffling by adding the drug cytochalasin B to the culture medium.
Simulations using the larg@- Potts model with differential adhesivity, with the simulation temperature
controlling the membrane ruffling amplitude, agree quantitatively with the experimental results for both
normal and low fluctuation sorting, providing strong support for the validity of the model. In both
cases, inhibition of ruffling prevents large scale cell sorting.

PACS numbers: 87.45.Bp, 68.10.Cr, 75.10.Hk, 87.10.+e

While cell sorting was first observed qualitatively in terized by fast cell motion, followed by a much slower
1744 [1], its kinetics have never been studied quantitabulk rearrangement (see Fig. 2).
tively. When cells obtained from different tissues of an In this work we present the first quantitative compari-
embryo are dissociated and mixed to form aggregateson between experiment and the Potts model simulation
they sort to form coherent homotypic (like cell) domainsof cell sorting. We consider two different mechanisms
(see Fig. 1). In some species of sponges, sea urchinthat could guide cell rearrangement. Rgssive:no fluc-
and hydras even a whole adult animal can completelyuation mechanism such as membrane activity is neces-
regenerate [1]. sary and an aggregate of cells can spontaneously reach a

This cell sorting is analogous to the demixing of imis- pattern with global minimum energy. (lBjuctuating: at
cible liquids. For example, when water is dispersed in oil least random membrane fluctuations are required to reach
energy minimization causes the water droplets to mergéhe minimum energy. If hypothesis (a) holds, then ag-
and form a single droplet. The surface tension of aggregregates of cells with passive membranes should be able
gates of cells obtained from the liver and heart of chickto sort completely due only to adhesion gradients; if not,
embryos have area-invariant properties characteristic dhen membrane fluctuations are necessary and (b) holds.
liquid behavior [2]. Steinberg proposed that differences In our experiments we used neural retinal and pig-
in adhesion (surface tensions) between different types ahented retinal cells obtained from 9- to 10-day old chick
cells [3] drive cell sorting. In this case, different ener-embryos. Cells were isolated using standard techniques;
gies are associated with different interfaces between cellsee Ref. [6]. The ratios used ranged from 3 to 10 neural
homotypic, heterotypic (unlike cells), and cell-mediumretinal cells for one pigmented retinal cell. We monitored
boundaries. Minimizing the overall surface energy (as inaggregation by taking images at regular time intervals.
liquids) drives the system to a final fixed configuration [4]. After 9—15 h, when the external light layer was complete
However, Steinberg’s model does not clarify the mechaand the aggregates were compact, some aggregates were
nism by which surface energies drive the cells. transferred to be cultured singly in 50 ml culture flasks in

Membrane activity in cells seems to be an essential ina 37°C shaking water bath to observe their time evolu-
gredient of complete cell sorting. Armstrong and Parenttion. For the low fluctuation case we began the experi-
have used cytochalasin B to inhibit cell membrane ruf-ment using a medium containing cytochalasin B at a con-
fling in aggregates [5]. They found that aggregates thatentration ofl0 wg/ml. Aggregates of normal size and
normally sort, do not sort, or sort only partially in the composition form over normal time scales in the presence
presence of this drug [6]. However, their work was in-of cytochalasin B, showing that the drug does not inter-
conclusive since they did not determine to what degreéere with normal cell adhesion, regardless of the detailed
cell sorting depends on membrane activity. chemistry; see Ref. [6].

LargeQ Potts model simulations [7] yield various pat- Our simulation uses an extended la@ePotts model
terns in two and three dimensions, including completeon a cubic100® lattice as described in Ref. [7]. In the
sorting and engulfment, showing that differential adhe-model, when thdluctuation temperatur& increases cell
sivity and random membrane fluctuations aufficientto  boundaries fluctuate with greater amplitude, simulating
explain simple cell sorting of random aggregates qualitamembrane fluctuations of real cells (not to be confused
tively, though in normal development many other mechawith the small amplitude thermal fluctuations due to real
nisms are important as well. Sorting presents two distinctemperature). To eliminate fragments we anneal briefly at
phases: the formation of the external (light) layer characT = 0 before display and statistical characterization.
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FIG. 2. Computer simulation of cell sorting using the Potts
model with differential adhesivityT( = 32). (a) Initial round

(b) aggregate with randomly assigned cell types. A complete
external light cell layer forms after 100 MCS (not shown).

(b) The aggregate sorts completely after 4000 MCS.

0.6 [8]. Unfortunately, in these experiments the surface
tensions in the heterotypic cell interface were not mea-
sured. However, we are constrained by the equation [2]
o(d,d) > [o(d,d) + ol,)o(d,1)]/2 = o(1,]) .

Since fractional boundary lengths depend on the ratios
and relative size of the different types of cells, we set
the parameters in the simulation to the corresponding
experimental values. The average diameter of almost
spherical cells is~5 um (*£0.3 wm) for neural retinal
cells and9 um (=1.6 um) for pigmented retinal cells,
which yield a volume ratio of5.8. Although cells are
not spherical in the aggregates, the volume ratio still
holds. In the simulation, the ratio of the target volumes
of light and dark cells is set to 5.8 with a typical volume
of light cells of 100 sites, and of dark cells, 580 sites.

. From completely sorted spheroidal aggregates we counted
approximately 30 neural retinal cells for each pigmented
retinal cell in the aggregates selected for study, which we
employ in the simulation.

To simulate normal sorting we set the fluctuation
temperatureT = 32, giving typical fluctuations of~1
lattice site corresponding to experimentally observed fluc-

FIG. 1. Sorting of an aggregate of neural retinal (light) angtuations of about um [9] f(_)r cells with a diameter of

pigmented retinal cells (dark) obtained from 10-day old chick5—10 um. At T = 0 the simulated aggregates do not

embryos. (a) Aggregate 5 h after mixing of dissociated cellsevolve in time due to residual lattice anisotropy [7]. Since

(b) Aggregate after 10 h. The neural retinal cells form ancell membranes fluctuate due to real temperature at an

external layer. (c) Aggregate after 72 h. The neural retinalympitude of roughly a tenth of the amplitude of normal

cells surround an internal dark core of pigmented retinal cells. cytoskeletally driven fluctuations [9], in the presence of
cytochalasin B we s€f = 4.

The surface tensions are [#(l,1) = 4.5 for light- The images obtained from the experimental aggre-
medium interfaceg(d,d) = 7.0 for dark-medium inter- gates are two-dimensional vertical projections of a three-
face, ando(d,l) = 0.5 for dark-light interface which dimensional structure. In the simulation we project the
yields a ratio between light-medium and dark-mediumaggregate onto a plane, by scanning the columns of the
surface tensions of 0.64. The experimental surface terthree-dimensional matrix. A column with a dark cell
sions for liver and heart cell aggregates of chick em-generates a dark site on the projected plane, a column
bryos are4.3 = 0.1 and8.3 = 0.1 dyn/cm, respectively, composed only of light cells generates a light site, and
which yield a ratio of 0.52 [2]. For ectodermal and endo-only of medium generates a medium site. With this algo-
dermal cells oHydra vulgaristhis ratio is estimated to be rithm all dark cells in our simulated aggregates are visible.

(c)
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This approximation holds since these aggregates ar®rm, unlike normal sorting [see Fig. 1(c)]. Instead, some
small,2 X 10° cells. The experimental aggregates haveclusters of dark cells formed, presenting a local order very
more cells, which hides some dark cells due to light dis-different from the global order found in the normal case.
persion, introducing a small errde<10%) in our mea- Aggregates transferred from medium containing cytocha-
sured boundary length. This difference decreases in timkasin B to be cultured in medium free of the drug, af-
to zero for aggregates that sort completely due to théer 40 h recovered and sorted normally over normal time
elimination of isolated dark cells. However, we expectscales. When the transfer was made at later times, 60 h or
a small difference in our results for aggregates cultured imore, sorting was not complete or did not occur, probably
medium containing cytochalasin B since they contain isodue to the decrease of membrane activity and stabilization
lated dark cells even at long times. of cells contacts, since both mechanisms decrease cell mo-
The aggregates we studied ranged in diameter frorbility [10]. We have confirmed experimentally that cell
150 to 300um and the estimated number of cells from mobility decreases substantially around 60 h [11]. The
2 X 10%* to 1.6 X 10°. The effect of cytochalasin B on simulation afT = 4, Fig. 3(b), resembles the experiment.
sorting can be seen in Fig. 3(a). As found by ArmstrongSorting is also partial but no clusters of dark cells form
sorting was partial. The aggregates were not roundedecause of the small number of cells in the simulated ag-
a complete light layer and an internal dark core did nogregate, compared to the experiment. We are currently
running simulations wit2 X 10* cells in larger lattices
from which we expect to obtain a better visual similarity

(a) to experimental aggregates [12].

At a fluctuation temperature of = 32, sorting is
complete; see Fig. 2(b). In Fig. 4(a) and 4(b) we plot the
time evolution of the boundaries between 5 and 87 h for
partial and normal sorting, respectively. Points represent
the average of 2—6 different aggregates. The time in the
simulation was rescaled to real time in the experiment
by the best coincidence between order parameters at
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FIG. 3. Representative images of the experimental and |n(minutes)

simulated aggregates (two-dimensional projections of three-

dimensional aggregates) at long times. (a) Partially sortedrlG. 4. Time evolution of boundary lengths for partial (a)
aggregate of neural retinal and pigmented retinal cells of chicland complete (b) cell sorting for experiment (open symbols)
embryos cultured in medium containing cytochalasin B afterand simulation (closed symbols)Circles, boundary between
83 h. (b) Computer simulation of the effect of cytochalasin Bdark and light cells. Squarespoundary between light cells and
using the Potts model with differential adhesivity at 4000 MCSmedium. Triangles,boundary between dark cells and medium.
(T = 4). Error bars are 1 standard deviation.
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early and late stages. In partial sorting the dark-mediunin spectrum [11]. The simulation is being improved to
boundary quickly decreases in the initial 4 h and therdescribe more complex biological behavior like the early
becomes constant as a partial light cell layer formsstages of an embryo (blastulation) by increasing the num-
The light-medium and dark-light boundaries increase irber of different types of cells and introducing mitosis [14].
the initial 4 h due to the decrease of the dark-medium We thank C.R. Mohr and J.M. Clark for their help
boundary and then remain constant. In normal sorting theith experiments, and the partial support of Ford Motor
dark-light boundary decreases as both cell types segrega@mmpany, Exxon Educational Foundation, ACPRF,
and the light-medium boundary increases while the darkNSF/NYlI DMR-9257011, and the Brazilian Agency
medium boundary decreases, as a result of the formaticBNPq.
of the light cell layer, until they reach plateaus. The
formation of the external light cell layer is much faster
than the characteristic time of the whole sorting process.
We attribute the faster saturation of the boundaries for the
simulated aggregate to its size. We expect to improve the *Permanent address: Instituto de'sien, Universidade
guantitative agreement by simulating larger aggregates. Federal do Rio Grande do Sul, C.P. 15051, 91501-970
Inhibition of membrane ruffling would also prevent jzzretc(;jiflpi\;eu%‘:gzs erS' Brazil.  Electronic  address:
gﬁgsr‘ng;;?s foII_I(_)m 29 O?J:fus)l/?(l)ih?aesrmcg rger:ll?lltes ntjo b%lot [1] S.G. Lenhoff,Hydra and the Birth of E)_(perimental Biol-
) ! . ogy—1744(The Boxwood Press, Pacific Grove, 1986);
by themselves 'rule out c.hemotaX|s. We heve performed P.L. Townes and J. Holtfreter, J. Exp. Zodl28 53
experiments using a few isolated dark cells in a large light  (1955): p.B. Armstrong, Crit. Rev. Biochem. Mol. Biol.
cell aggregate. The motion of the individual dark cells is 24, 119-149 (1989); S.A. Newman and W.D. Comper,
random, and not influenced by the presence of nearby (1- DevelopmentL10, 1 (1990).
3 cell diameters) dark cells. If chemotaxis were important [2] R. A. Foty, G. Forgacs, C. M. Pfleger, and M. S. Steinberg,
we would expect the dark cells to cluster even at low Phys. Rev. Lett72, 2298 (1994).
concentration [11]. [3] Cells adhere because they have molecules on their surface
The logarithmic time scale of sorting results from specialized in adhesion; M. Takeichi, Sciergl, 1451
the cells overcoming increasingly higher energy barriers (1991). Neural retinal cells express.neural cell adhesion
and from the decreased mobility of larger cell clusters, ~ Molecules among other cell adhesion molecules; A.F.
. . L. . Williams and A. N. Barclay, Annu. Rev. Immundb, 381
Neither effect operates in chemotaxis in which each cell

follows a gradient independently, and in which gradient [4] ,(\%?g%teinberg Scienck41, 401 (1963).

strength increases as cluster size grows, hence its POW§E] cytochalasin B depolymerizes the cellular network of

law time scales. . microfilaments of actin (the cytoskeleton) responsible for
Our results suggest an energy landscape with moderate  membrane ruffling.

local minima, where the fluctuations of cell membranes [6] P.B. Armstrong and D. Parenti, J. Cell Bidh5 606
play a role analogous to temperature in ordinary materi-  (1972). Aggregates of the same size, shape and cell type
als, increasing the mobility of cells by allowing them to distribution form in the same time in the presence or
interact with neighbors. As a consequence, the system can  absence of cytochalasin B.

overcome energy barriers and explore ergodically the en-"] '(:igggnir :”‘él‘;-z'i“gr C;Ir?gle;, (F;kr]gﬁ'erR?D\/HyI;%%esag
ergy space tc.J reach its global minimum. Despite thermal 2128 (,1993); J.A. Glazier, R.C. Rap,hael, F. Graner, and
fluctuations, it does not seem possible for cells lacking a

| . letelv d dhesi Y. Sawada, in Interplay of Genetic and Physical Pro-
ocomotive apparatus to sort completely due to adhesion  ogqes in the Development of Biological Form, edited by

gradients [13] [hypothesis (a) above], since energy min-  p  Beysens, M.-A. Felix, G. Forgacs and F. Gail

ima tend to stop the evolution. Engulfment, in which the (Springer, New York, to be published).

light and dark cells are brought together as coherent tis-[8] M. Sato-Maeda, M. Uchida, F. Graner, and H. Tashiro,

sues and whose final state is identical to that of cell sort-  Dev. Biol. 162, 77 (1994).

ing, should have much smaller energy barriers. We would[9] F. Graner (private communication).

expect that engulfment would proceed normally, thougH10] We have also reduced membrane fluctuations by holding

more slowly, regardless of the presence of cytochalasin B. cells at 4°C,_ resulting in partial cell sorting identical to

We are currently checking this hypothesis experimentally. ~ that seen with cytochalasin B. If we return the cells to
Aspects of cell sorting to be investigated to improve 3/ C We obtain complete sorting over normal time scales,

. - indicating that the cells are not significantly damaged by

the realism of the model include the length scale and refrigeration

amplitude of cell membrane fluctuations and better mear; 1 j.c. M. Mombach and J. A. Glazier (to be published).

surement of adhesivity of cells and cell-medium surfacg17] 3. c. M. Mombactet al. (to be published).

tensions in real aggregates. We are currently measurings] r. Graner and Y. Sawada, J. Theor. Bibb4, 477 (1993).

the fluctuation amplitude and spectrum. Initial results in-[14] J. C. M. Mombach, R. M. C. de Almeida, and J. R. Iglesias,

dicate that the cytoskeletal fluctuations are quasithermal Phys. Rev. &8, 598 (1993).
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