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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 large-Q 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.+¢

While cell sorting was first observed qualitatively in
1744 [1], its kinetics have never been studied quantita-
tively. When cells obtained from different tissues of an
embryo are dissociated and mixed to form aggregates,
they sort to form coherent homotypic (like cell) domains
(see Fig. 1). In some species of sponges, sea urchins,
and hydras even a whole adult animal can completely
regenerate [1].

This cell sorting is analogous to the demixing of imis-
cible liquids. For example, when water is dispersed in oil,
energy minimization causes the water droplets to merge
and form a single droplet. The surface tension of aggre-
gates of cells obtained from the liver and heart of chick
embryos have area-invariant properties characteristic of
liquid behavior [2]. Steinberg proposed that differences
in adhesion (surface tensions) between different types of
cells [3] drive cell sorting. In this case, different ener-
gies are associated with different interfaces between cells:
homotypic, heterotypic (unlike cells), and cell-medium
boundaries. Minimizing the overall surface energy (as in
liquids) drives the system to a final fixed configuration [4].
However, Steinberg’s model does not clarify the mecha-
nism by which surface energies drive the cells.

Membrane activity in cells seems to be an essential in-
gredient of complete cell sorting. Armstrong and Parenti
have used cytochalasin B to inhibit cell membrane ruf-
fling in aggregates [5]. They found that aggregates that
normally sort, do not sort, or sort only partially in the
presence of this drug [6]. However, their work was in-
conclusive since they did not determine to what degree
cell sorting depends on membrane activity.

Large-Q Potts model simulations [7] yield various pat-
terns in two and three dimensions, including complete
sorting and engulfment, showing that differential adhe-
sivity and random membrane fluctuations are sufficient to
explain simple cell sorting of random aggregates qualita-
tively, though in normal development many other mecha-
nisms are important as well. Sorting presents two distinct
phases: the formation of the external (light) layer charac-
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terized by fast cell motion, followed by a much slower
bulk rearrangement (see Fig. 2).

In this work we present the first quantitative compari-
son between experiment and the Potts model simulation
of cell sorting. We consider two different mechanisms
that could guide cell rearrangement. (a) Passive: no fluc-
tuation mechanism such as membrane activity is neces-
sary and an aggregate of cells can spontaneously reach a
pattern with global minimum energy. (b) Fluctuating: at
least random membrane fluctuations are required to reach
the minimum energy. If hypothesis (a) holds, then ag-
gregates of cells with passive membranes should be able
to sort completely due only to adhesion gradients; if not,
then membrane fluctuations are necessary and (b) holds.

In our experiments we used neural retinal and pig-
mented retinal cells obtained from 9- to 10-day old chick
embryos. Cells were isolated using standard techniques;
see Ref. [6]. The ratios used ranged from 3 to 10 neural
retinal cells for one pigmented retinal cell. We monitored
aggregation by taking images at regular time intervals.
After 9—15 h, when the external light layer was complete
and the aggregates were compact, some aggregates were
transferred to be cultured singly in 50 ml culture flasks in
a 37 °C shaking water bath to observe their time evolu-
tion. For the low fluctuation case we began the experi-
ment using a medium containing cytochalasin B at a con-
centration of 10 ug/ml. Aggregates of normal size and
composition form over normal time scales in the presence
of cytochalasin B, showing that the drug does not inter-
fere with normal cell adhesion, regardless of the detailed
chemistry; see Ref. [6].

Our simulation uses an extended large-Q Potts model
on a cubic 100 lattice as described in Ref. [7]. In the
model, when the fluctuation temperature T increases cell
boundaries fluctuate with greater amplitude, simulating
membrane fluctuations of real cells (not to be confused
with the small amplitude thermal fluctuations due to real
temperature). To eliminate fragments we anneal briefly at
T = 0 before display and statistical characterization.
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FIG. 1. Sorting of an aggregate of neural retinal (light) and
pigmented retinal cells (dark) obtained from 10-day old chick
embryos. (a) Aggregate 5 h after mixing of dissociated cells.
(b) Aggregate after 10 h. The neural retinal cells form an
external layer. (c) Aggregate after 72 h. The neural retinal
cells surround an internal dark core of pigmented retinal cells.

The surface tensions are [7] o(l,1) = 4.5 for light-
medium interface, o(d,d) = 7.0 for dark-medium inter-
face, and o(d,l) = 0.5 for dark-light interface which
yields a ratio between light-medium and dark-medium
surface tensions of 0.64. The experimental surface ten-
sions for liver and heart cell aggregates of chick em-
bryos are 4.3 = 0.1 and 8.3 * 0.1 dyn/cm, respectively,
which yield a ratio of 0.52 [2]. For ectodermal and endo-
dermal cells of Hydra vulgaris this ratio is estimated to be

FIG. 2. Computer simulation of cell sorting using the Potts
model with differential adhesivity (7' = 32). (a) Initial round
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]
od,d) > [o(d,d) + o(l,)o(d,1)]/2 = o(l,]) .

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 and 9 um (*+1.6 um) for pigmented retinal cells,
which yield a volume ratio of ~5.8. 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
temperature 7 = 32, giving typical fluctuations of ~1
lattice site corresponding to experimentally observed fluc-
tuations of about 1 um [9] for cells with a diameter of
5—10 um. At T = O the simulated aggregates do not
evolve in time due to residual lattice anisotropy [7]. Since
cell membranes fluctuate due to real temperature at an
amplitude of roughly a tenth of the amplitude of normal
cytoskeletally driven fluctuations [9], in the presence of
<cytochalasin B we set T = 4.

The images obtained from the experimental aggre-
gates are two-dimensional vertical projections of a three-
dimensional structure. In the simulation we project the
aggregate onto a plane, by scanning the columns of the
three-dimensional matrix. A column with a dark cell
generates a dark site on the projected plane, a column
composed only of light cells generates a light site, and
only of medium generates a medium site. With this algo-
rithm all dark cells in our simulated aggregates are visible.
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This approximation holds since these aggregates are
small, 2 X 10° cells. The experimental aggregates have
more cells, which hides some dark cells due to light dis-
persion, introducing a small error (<10%) in our mea-
sured boundary length. This difference decreases in time
to zero for aggregates that sort completely due to the
elimination of isolated dark cells. However, we expect
a small difference in our results for aggregates cultured in
medium containing cytochalasin B since they contain iso-
lated dark cells even at long times.

The aggregates we studied ranged in diameter from
150 to 300 wm and the estimated number of cells from
2 X 10* to 1.6 X 10°. The effect of cytochalasin B on
sorting can be seen in Fig. 3(a). As found by Armstrong,
sorting was partial. The aggregates were not rounded,
a complete light layer and an internal dark core did not

(@

FIG. 3.

Representative
simulated aggregates (two-dimensional projections of three-

images of the experimental and
dimensional aggregates) at long times. (a) Partially sorted
aggregate of neural retinal and pigmented retinal cells of chick
embryos cultured in medium containing cytochalasin B after
83 h. (b) Computer simulation of the effect of cytochalasin B
using the Potts model with differential adhesivity at 4000 MCS
(T = 4).
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form, unlike normal sorting [see Fig. 1(c)]. Instead, some
clusters of dark cells formed, presenting a local order very
different from the global order found in the normal case.
Aggregates transferred from medium containing cytocha-
lasin B to be cultured in medium free of the drug, af-
ter 40 h recovered and sorted normally over normal time
scales. When the transfer was made at later times, 60 h or
more, sorting was not complete or did not occur, probably
due to the decrease of membrane activity and stabilization
of cells contacts, since both mechanisms decrease cell mo-
bility [10]. We have confirmed experimentally that cell
mobility decreases substantially around 60 h [11]. The
simulation at 7 = 4, Fig. 3(b), resembles the experiment.
Sorting is also partial but no clusters of dark cells form
because of the small number of cells in the simulated ag-
gregate, compared to the experiment. We are currently
running simulations with 2 X 10* cells in larger lattices
from which we expect to obtain a better visual similarity
to experimental aggregates [12].

At a fluctuation temperature of 7 = 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. 4. Time evolution of boundary lengths for partial (a)
and complete (b) cell sorting for experiment (open symbols)
and simulation (closed symbols). Circles, boundary between
dark and light cells. Squares, boundary between light cells and
medium. 7riangles, boundary between dark cells and medium.
Error bars are 1 standard deviation.
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early and late stages. In partial sorting the dark-medium
boundary quickly decreases in the initial 4 h and then
becomes constant as a partial light cell layer forms.
The light-medium and dark-light boundaries increase in
the initial 4 h due to the decrease of the dark-medium
boundary and then remain constant. In normal sorting the
dark-light boundary decreases as both cell types segregate
and the light-medium boundary increases while the dark-
medium boundary decreases, as a result of the formation
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
quantitative agreement by simulating larger aggregates.

Inhibition of membrane ruffling would also prevent
cells from following diffusible chemical gradients by
chemotaxis. Thus, our cytochalasin B results do not
by themselves rule out chemotaxis. We have performed
experiments using a few isolated dark cells in a large light
cell aggregate. The motion of the individual dark cells is
random, and not influenced by the presence of nearby (1—
3 cell diameters) dark cells. If chemotaxis were important
we would expect the dark cells to cluster even at low
concentration [11].

The logarithmic time scale of sorting results from
the cells overcoming increasingly higher energy barriers
and from the decreased mobility of larger cell clusters.
Neither effect operates in chemotaxis in which each cell
follows a gradient independently, and in which gradient
strength increases as cluster size grows, hence its power
law time scales.

Our results suggest an energy landscape with moderate
local minima, where the fluctuations of cell membranes
play a role analogous to temperature in ordinary materi-
als, increasing the mobility of cells by allowing them to
interact with neighbors. As a consequence, the system can
overcome energy barriers and explore ergodically the en-
ergy space to reach its global minimum. Despite thermal
fluctuations, it does not seem possible for cells lacking a
locomotive apparatus to sort completely due to adhesion
gradients [13] [hypothesis (a) above], since energy min-
ima tend to stop the evolution. Engulfment, in which the
light and dark cells are brought together as coherent tis-
sues and whose final state is identical to that of cell sort-
ing, should have much smaller energy barriers. We would
expect that engulfment would proceed normally, though
more slowly, regardless of the presence of cytochalasin B.
We are currently checking this hypothesis experimentally.

Aspects of cell sorting to be investigated to improve
the realism of the model include the length scale and
amplitude of cell membrane fluctuations and better mea-
surement of adhesivity of cells and cell-medium surface
tensions in real aggregates. We are currently measuring
the fluctuation amplitude and spectrum. Initial results in-
dicate that the cytoskeletal fluctuations are quasithermal

in spectrum [11]. The simulation is being improved to
describe more complex biological behavior like the early
stages of an embryo (blastulation) by increasing the num-
ber of different types of cells and introducing mitosis [14].
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FIG. 1. Sorting of an aggregate of neural retinal (light) and
pigmented retinal cells (dark) obtained from 10-day old chick
embryos. (a) Aggregate 5 h after mixing of dissociated cells.
(b) Aggregate after 10 h. The neural retinal cells form an
external layer. (c) Aggregate after 72 h. The neural retinal
cells surround an internal dark core of pigmented retinal cells.
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FIG. 3. Representative images of the experimental and
simulated aggregates (two-dimensional projections of three-
dimensional aggregates) at long times. (a) Partially sorted
aggregate of neural retinal and pigmented retinal cells of chick
embryos cultured in medium containing cytochalasin B after
83 h. (b) Computer simulation of the effect of cytochalasin B
using the Potts model with differential adhesivity at 4000 MCS
(T = 4).



