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Multicellular Sprouting In Vitro
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ABSTRACT Cell motility and its guidance through cell-cell contacts is instrumental in vasculogenesis and in other devel-
opmental or pathological processes as well. During vasculogenesis, multicellular sprouts invade rapidly into avascular areas,
eventually creating a polygonal pattern. Sprout elongation, in turn, depends on a continuous supply of endothelial cells,
streaming along the sprout toward its tip. As long-term videomicroscopy of in vitro cell cultures reveal, cell lines such as C6
gliomas or 3T3 fibroblasts form multicellular linear arrangements in vitro, similar to the multicellular vasculogenic sprouts. We
show evidence that close contact with elongated cells enhances and guides cell motility. To model the patterning process we
augmented the widely used cellular Potts model with an inherently nonequilibrium interaction whereby surfaces of elongated
cells become more preferred adhesion substrates than surfaces of well-spread, isotropic cells.

INTRODUCTION

The collective motility of interacting cells is a poorly un-
derstood, but fundamental process during development. Ar-
guably, cell sorting is the best understood process that
involves the simultaneous displacement of multiple cell types
(1). The differential adhesion hypothesis and its quantitative
models—usually based on the Potts model of statistical
physics (2,3)—successfully predict the outcome as well as
the time-course of cell sorting experiments (4). Suitable ex-
tensions of these models can describe cell intercalation dur-
ing gastrulation (5), chemotaxis-driven cell movements
during vascular assembly (6-8), or tumor growth (9).

The formation of linear cell arrangements is a key step
during vasculogenesis (10,11)—thus, the process is the focus
of sustained interest. Two main mechanisms were proposed
so far to explain vascular patterning.

1. The mechanochemical hypothesis assumes that cells
exert mechanical stress on the underlying substrate, and
the resulting stress guides cellular motility (12—14).

2. A more recent body of research focused on pattern emer-
gence based on autocrine chemotactic signaling (68,
15,16).

Multicellular linear segments are also formed by a variety
of cell types when grown under normal tissue culture con-
ditions on a solid substrate (17). These simple systems can
illuminate aspects of the sprouting mechanisms that are not
covered by the mechanochemical or chemoattractant models.
The rigid substrate excludes the mechanochemical mecha-
nism. A specific chemotactic response is empirically un-
proven and unlikely to be shared by a great variety of cell
types. Finally, convection currents in the culture medium—
generated by temperature inhomogeneities within the incu-
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bator and the vibrations of microscope stage motion—are
expected to hamper the maintenance of concentration gra-
dients, or impose a strong directional bias upon the chemo-
taxis-related cell movements (17).

Motivated by the above observations and arguments, we
recently proposed that multicellular sprouting behavior can
involve a direct cell-cell interaction, which preferentially
guides cells toward adjacent elongated cells (17). To show
that such interaction can indeed generate linear segments and
an interconnected network, we studied a model where cells
are represented as point particles, and cell shape is only de-
duced from the configuration of surrounding cells.

Here we report detailed empirical data on the patterning
process of multicellular segments in cultures of C6 glioma
and 3T3 fibroblastlike cells. We show evidence that close
contact with elongated cells indeed enhances and guides cell
motility. To overcome the obvious shortcoming of the par-
ticle model, we also introduce a model which explicitly re-
solves cell shape based on the approach of Graner and Glazier
(18). To adequately formulate the proposed preferential
attraction to elongated cells, we augmented the transition
probabilities of the cellular Potts model (CPM) with a new,
inherently asymmetric term. The balance between multicel-
lular sprouting and surface tension-driven coarsening is an-
alyzed by systematic numerical simulations.

MATERIALS AND METHODS

Cell culture

C6 and 3T3 cells were cultured in DMEM (Sigma-Aldrich, St. Louis, MO)
with 10% fetal calf serum (Gibco, Csertex, Budapest, Hungary) at 37°C in a
5% CO, atmosphere. Cells in multiple fields were observed for 35 h with
automated phase-contrast time-lapse microscopy (19). Images were obtained
in every 10 min at a resolution of 1.3 or 0.3 megapixels.

Segmentation

To detect cell bodies in phase contrast images, we implemented the two stage
segmentation scheme of Wu et al. (20). Briefly, an approximate area en-
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closing the cells is selected first. The classification is based on the substan-
tially higher brightness variation within and around the cells. In the second
step, cell bodies are located as areas darker than the bright halo surrounding
phase objects. Although this automatic procedure is not satisfactory for the
identification of individual cells, it is sufficient for the detection of the
morphology of cell-configurations (Fig. Slin Supplementary Material).

Cell density

Local cell density is determined as the volume fraction occupied by seg-
mented cell clusters within a 50-um-wide region, i.e., the ratio of the area
occupied by the clusters and the selected region. As the segmentation al-
gorithm does not localize cell boundaries well, to obtain a measure of con-
fluence the volume fraction values are normalized by the maximal volume
fraction value observed for the particular cell type.

Anisotropy measure

A measure of local anisotropy, A(x), was calculated using the segmented and
subsequently smoothened (low pass-filtered) image as described by Czirok
etal. (21). Briefly, a diffusion process of a concentration field c is started with
a steady point source at x. At each pixel r the diffusion coefficient D(r) is
determined by the brightness A(r) of the input image and c(r) as

D(r) = h(r)O(c(r) = cmin), (1)

where O is the Heaviside step function. The c,;, concentration threshold
yields a well-defined propagating front which encloses a gradually increasing
area around the point source. The growing area is characterized by its
principal moments of inertia, u = v. If the area is circular (isotropic), these
principal moments are of a similar magnitude. In contrast, highly elongated
anisotropic structures result in dissimilar principal moments. The area is
grown until its width, v 8/.( I8 reaches a predefined value, the typical width
of a single cell. The local anisotropy of the location at the point-source is then
characterized as A(x) = \/u/v — 1. Repeating the procedure for various
positions x results in an anisotropy map, as shown in Fig. S1 e.

The A(x) anisotropy maps are also calculated for synthetic patterns to
prove that they indeed detect linear multicellular structures instead of indi-
vidual elongated cells. The randomized patterns consisted of segmented cell
clusters as objects placed randomly without overlap (see Fig. S1 d). For
intermediate volume fractions, the average local anisotropy of the synthetic
patterns was significantly lower than the corresponding mean anisotropy
determined from images of actual cell configurations (Fig. S1, g and h).
However, the synthetic patterns still exhibited a substantial anisotropy, re-
flecting frequent elongated cell shapes within the culture (Fig. S1 f).

Cell positions and displacements

The positions x;(#) of various cells i were determined by manually tracking
the centroid in the recorded image sequence, i.e., in every 10 min in real time
(t). The velocity, v;(f) was calculated as the net displacement of the centroid
during a 1 h-long time interval: vi(r) = |x;(t + Af) — x;(¢)|/At, where At =1 h.

Structure factor

The structure factor was calculated from the spatial power spectrum P(g) as

S(q) = P(q)/Pi(q), 2)

where P(g) is the radially averaged and Hanning-windowed power spectrum
of the spatial pattern y(x, y) as

P(q)8q = <.7-'2D [X(x,y)sin(%) sin(zy)D s , (3
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where the two-dimensional Fourier transformation is denoted by F>p and
(.. )q<la/<q+sq Tepresents the radial average. The form factor Pi(¢g) was
obtained in an analogous manner from randomized configurations.

EMPIRICAL RESULTS

As we reported earlier (17), various cell types, such as as-
troglia-derived C6 cells or 3T3 fibroblasts exhibit sprouting
behavior—Ilinear arrangements of multiple cells—when
grown under standard culture conditions on a solid substrate
(Fig. S1, a and b). The multicellular morphology can be
statistically characterized by a sequence of image processing
steps (21). First, the cell-occupied area is identified by a
segmentation procedure (Fig. S1 ¢). A measure of local an-
isotropy, A(x), is then calculated utilizing a diffusion process
with a point source at x. The resulting anisotropy maps
readily reveal the highly elongated, multicellular structures
(Fig. S1 e). Cell density strongly influences the possible cell
arrangements. As Fig. S1, g and £, reveals, at high densities
cells fill the substrate and the anisotropy of their arrangement
is low. At very low cell densities, no multicellular structures
are present. Between these extremes, at an intermediate
density (20% confluence), maximal anisotropy values indi-
cate that cells often assemble into linear structures.

Time-lapse microscopic records revealed that the intensity
of cell motion strongly correlates with the presence of adja-
cent, elongated, highly anisotropic structures (Fig. 1). As cell
trajectories demonstrate (Fig. 1 @ and Movie S1 in Supple-
mentary Material), cells intensively move toward and within
extending sprouts. After the sprouts became wider, cell mo-
tility diminishes again. Movie S2 depicts a typical example
when cell motility is initiated and guided by a contact of an
elongated cell process.

To establish the correlation between cell motility and local
anisotropy, individual cell velocity v;(f) values were paired
with the calculated values of local anisotropy, A(x;(¢)), for
various time points ¢ and cells i. As Fig. 1 b demonstrates,
cells tend to be up to three times faster in sprouts than in
isotropic cell clusters.

An investigation of branch widening rates reveals that
highly anisotropic structures are attractive migration targets.
This preference is reflected in Fig. 1 ¢ as the width of highly
elongated and thus anisotropic sprouts increases at a faster
rate. As we do not observe any obvious spatial pattern in cell
division rate (data not shown), increased sprout widening is
thus resulted by an increased immigration of cells. In sum-
mary, the data in Fig. 1 demonstrate that cells preferentially
abandon contacts with well-spread cells and move toward
adjacent elongated, anisotropic cells.

Asymmetric cellular Potts model

To formulate and test the hypothesis that multicellular pat-
terning is resulted by elongated cell-guided motility, we
modified the two-dimensional cellular Potts model (18). The
advantage of the Potts formulation is that cell shape is ex-
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FIGURE 1 The dynamics of sprout formation in C6 cell cultures is visu-

alized by time-lapse microscopy. (a) Cell trajectories demonstrate intense
motility within elongated structures. Current cell positions are marked with
open circles, trajectories are represented by open lines. Representative frame
is taken from Movie S1. (b) Data obtained from 3000 manually traced
positions of >50 C6 cells reveal that mean cell velocity is three times greater
in highly anisotropic sprouts. Error bars represent the standard error of the
mean. (¢) The manually determined rate of branch widening is also pos-
itively correlated to the average anisotropy of the branch. The increased
widening reflects increased migration into the branches.

plicitly resolved: distinct cells are represented as domains of
the Potts model, i.e., a set of lattice sites x where each spin o
is of the same value. For cell i (1 = i = N), it is convenient to
choose the common spin value as the cell index, o(x) = i. The
area devoid of cells is represented by spins with a special
value 0 = 0. The measure of anisotropy for cell i is 6;, ob-
tained from the inertia tensor of the Potts domain represent-
ing the cell as

0 = (w/m)"” — 1, )

where u; = v; are the two eigenvalues of the inertia tensor. As
the behavior of cells is, in many respects, dissimilar to that of
the medium, we introduce the function y to distinguish
between the two: x(x) = 0 where o(x) = 0, and y(x) =

1 elsewhere.
Cell movement is resulted from a series of elementary

steps. Each step is an attempt to copy the spin value from a
random lattice site to an adjacent site. The possible steps
satisfy constraints ensuring that the domains which represent
cells remain simply connected. Thus, cells cannot break into
parts and no holes can form inside the cells. The model dy-
namics is specified through probabilities assigned to the var-
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ious potential steps. The probability assignment rule ensures
1), the maintenance of a target cell size; 2), the adhesion of
cells; and 3), cell motion tendencies, such as directed motility.

Motivated by the Metropolis Monte Carlo dynamics of the
analogous Potts model, p(a — b), the probability of copying
the spin value o (a) at lattice site @ to an adjacent lattice site b,
is given by a combination of two factors,

Inp(a—b) = min(0, —Au(a—b) + w(a—b)), (5)

where Au is the change in energy of the whole system
according to the CPM (18) and w is a correction containing an
asymmetric interaction bias.

The CPM energy of a given configuration, u, is minimal in
configurations where cell adhesion and cell area preferences
are met:

N
u=a Y J(a@),0()+ Y A (BA). ©6)
L k=1
a(igifrm

The first term in Eq. 6 is a weighted sum of the length of cell-
cell and cell-medium boundaries. Formally, J(o (i), o(j)) =
J;((i),x(j) is a ferromagnetic interaction between adjacent spins
i and j belonging to different Potts domains. The J interaction
matrix is symmetric with one adjustable parameter 38 as

- 0 1
1:(1 B). ™

Parameter @ > 0 determines the relative weight of the
effective surface tension in Eq. 6, while parameter 3 specifies
the preference of cell-cell connections over cell-medium
boundaries. For 8 > 1 or 8 < 1, cell-medium boundaries
are preferred or penalized, respectively.

The second term in Eq. 6 is responsible for maintaining a
target cell size. The deviation of the /™ cell’s area from a
specified target size is denoted by 6A;. The A parameters are
analogous to elastic moduli, and may depend on the measure
of cell elongation to reflect assumptions that elongated cells
tend to be stiffer.

The motion bias w(a— b) represents a tendency to contact
elongated cells,

w(a—b) = y[x(a) — x(b)] )

c

a(c)&{0,0(a),0(b)}

Ha(c)a (8)

where parameter 7y sets the strength of the bias. The y(a) — x(b)
expression ensures that only cells (and not the medium) exhibit
the preference. Furthermore, the expression also assumes that
the amount of attraction depends only on the contact target:
if site b is occupied by a cell (x(b) = 1), then no other cell
(x(a) = 1) has any advantage to occupy that adhesion site. The
summation in Eq. 8 goes over only those neighbor sites of b
that belong to cells other than o (@) and o ().
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The w(a — b) term can also be considered as an asym-
metric extension of the J adhesive interaction. This is more
obvious if w(a — b) is written in the form of

wla—=b) = =y XU "(o(a),0(c) = 17" (o (), o(c))],

where

ifi=j,i=0,j=0,j=aorj=b;

i otherwise.

amby. 0
‘]1 b(l7]> = {0
10)

In general, 6; # 6, thus J; is an asymmetric matrix. The
asymmetry is instrumental in transforming the model into a
stochastic system where configuration and transition proba-
bilities do not satisfy detailed balance. As the example in Fig.
2 demonstrates, configuration (d) can be reached by at least
two different sequences of steps from configuration (a). Due
to symmetry, the p transition probabilities between states (@)
and (b) are the same as those between (a) and (c¢). However, if
cell A is more attractive than cell B, then the (b) — (d)

FIGURE 2 Demonstration of the asymmetric interaction. By symmetry
arguments the first step has the same probability in both paths: p((a) — (b)) =
p((@) — (¢)) and p((b) — (a)) = p((c) — (a)). However, if cell A is more
attractive than cell B, then the (b) — (d) transition is more frequent than the
(¢) — (d) transition (indicated by arrows in b and c, respectively). Further-
more, the (d) — (b) transition is less frequent than the (d) — (c) transition.
As a result, the steady-state probabilities of the four configurations will not
satisfy detailed balance.
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transition is more frequent than the (¢) — (d) transition.
Furthermore, the (d) — (b) transition is less frequent than the
(d) — (c) transition:

p((b)—(d)) p((d)— (b))
p((c)—(d)) p((d)—(c))
If the equilibrium probability of states (), (c), and (d) are P,

P, and Q, respectively, then the detailed balance condition re-

quires Pp((b) — (d)) = Op((d) — (b)) and Pp((c) — (d)) =
Op((d) — (c)). However, the resulting

p((b)=(d)) _ p((d)— (b))
p((c)=(d))  p((d)—=(c))

condition contradicts Eq. 11. Therefore, in the asymmetric
model, the transition probabilities cannot satisfy the detailed
balance condition, and thus the dynamics cannot be inter-
preted as relaxation of an energy functional to thermal
equilibrium.

>1> an

12)

SIMULATION RESULTS

The model was studied by simulations in a square area of size
L? with closed boundary conditions. The initial configuration
consisted of N randomly positioned, but simply-connected
domains representing cells and an arbitrary domain repre-
senting the cell-free areas on the substrate. The preferred cell
size is 50 lattice sites, thus the distance of two lattice points is
~1 um. A Monte Carlo (MC) time-step in the model is de-
fined as L? spin conversion attempts. This time unit corre-
sponds to ~2 min in real time—revealed by the comparison
of simulated and empirical (see, e.g., (22)) mean-square
displacement versus time curves of noninteracting cells.

For certain parameter values, the model indeed exhibits
branch sprouting behavior, reminiscent of those observed in
experiments (Fig. 3). After the initial bud appears, the leading
(elongated) cells attract other cells from the pool at the base
of the sprout. Cells constituting the sprout continue to mi-
grate until they connect to another cluster of cells. At that
point, the branch is established and becomes stable. Due to
the effective surface tension present in the system (23),
branches can also break up, resulting in a coarsening effect.

If sprouting takes place in the system, then after an initial
transient regime the balance of surface tension-driven
coarsening and the growth of new branches results in a
quasistationary state (Fig. 4 and Movie S3). As the ensemble-
averaged structure factors S(q) indicate (Fig. 4 d), after
the first 1000 MC time-steps the statistical properties of
the networklike pattern does not change substantially. The
characteristic pattern size £ ~ 80 is determined by the dy-
namics, and does not depend on the system size for L > /¢
(Fig. 4 e).

The effects of the symmetric and asymmetric adhesion
terms in Eq. 6 were studied systematically with simulations.
Parameter vy, characterizing the preference of elongated cells,

Biophysical Journal 95(6) 2702-2710
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FIGURE 3 Formation of new branches in the
stationary state of the model. Fluctuations initiate
sprouts, and the resulting elongated structure at-
tracts further cells. If the expanding branch connects
to another cluster it becomes stable, otherwise it
degenerates. In a typical example, time shown is
indicated in MC time-steps.

is responsible for sprouting activity in the model (Fig. 5 a).
As cell-cell contacts increase the CPM energy u by «f3, an
effective attraction requires y > «f3. For a fixed value of vy,
the two independent parameters « and 3 control the effective
surface tension, and thus the characteristic pattern size (Fig.
5 b). Cell shape is determined by the relative balance of surface
tension and anisotropic bias: if anisotropic bias dominates,
individual cells become extremely elongated.

For a fixed value of model parameters, cell density deter-
mines the interconnectedness of the structure, and it also
influences the characteristic pattern size (Fig. 6 a). Cell
density is measured as a volume fraction, i.e., the ratio of the
area covered by cells and the overall simulation area. At
densities higher than 55%, the linear structures gradually
disappear. At densities under 20%, there are not enough cells
to form interconnecting clusters. As in the case of the anal-
ogous particle model (17), within an intermediate range of
densities, the characteristic pattern size ¢ depends only
weakly on the density (Fig. 6 b).

The local anisotropy of the configuration was calculated as
the function of the local volume fraction for a range of cell
densities (Fig. 6 ¢). At low densities, the anisotropy tends to

be higher, and it exhibits a maximum at a density ~40%. The
peaked curve is thus qualitatively similar to the empirical data
(Fig. S1, g and &). The lower values of anisotropy reflect the
fact that branches in the model are usually more than single-
cell-wide.

The energy expression, Eq. 6, contains elasticlike terms
involving 8A;, the deviation of the i™ cell’s area from its
target value. Thus, 6A can be interpreted as a measure of
hydrostatic pressure. In the recently proposed model of
Merks et al. (6,8), branching occurs due to an instability
which involves the internal, hydrostaticlike pressure within
the aggregates and a radially weakening effective surface
tension. To compare this patterning mechanism to that of
Merks et al., we characterized cell compressions in both
models. The distributions of A are shown in Fig. 7 a. As
expected, cells in the Merks model are under compression. In
contrast, cell areas in our model fluctuate around the target
size, with slightly more expanded cells then compressed
cells. Fig. 7 b shows the distribution of compressed (solid)
and expanded (light shaded) cells in a typical configuration
generated by our model. The random mixture of compressed
and expanded cells also indicate that hydrostatic pressure

FIGURE 4 The model reaches a sta-
tionary state where surface tension-driven
coarsening is balanced by the formation
of new sprouts. Configurations in the
model are shown after 100 (a), 1000 (b),
and 30,000 (¢) MC time-steps. As the
structure factors averaged over 10 inde-
pendent runs reveal, the emerged pattern

= 100 MCS]

= 1000 MCS|]

> -=- =10 000 MCS
— (=30 000 MCS]]

S(q)
S(q)

does not change its statistical character-
istics after 1000 steps (d). However, the
resulting pattern is not frozen: branches
still form and break up, as visualized in
Fig. 3. The characteristic pattern size ¢
~ 80 is independent of the system size L
in the L > ¢ limit as the structure factors
of configurations obtained from systems
with increasing sizes indicate (e).
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cannot play a substantial role within our model. Thus, the two
models generate branching structures in clearly different re-
gimes of the CPM.

DISCUSSION
Attraction to elongated cells

Here we provided statistical evidence that various cell types
such as C6 gliomas or 3T3 fibroblasts form multicellular
linear arrays in a certain range of cell densities. This pat-
terning cannot be explained by the usual models of random
motility and isotropic cell-cell adhesion which predicts
gradually growing droplets (24). By the analysis of time-
lapse recordings we showed here, for the first time of which
we are aware, the remarkable change in cell motility when
cells become incorporated into multicellular sprouts, and that
these sprouts are attractive migration targets: due to cell

migration, the population of sprouts increases substantially
faster than the population of isotropic cell groups. As highly
elongated cells initiate and guide the motility of adjacent
cells, we argue that the generic ability to form cellular net-
works can be attributed to this preferential attraction to
elongated cells.

The cell biological basis for such a preference is not yet
known. We speculate that cells in elongated structures are
under mechanical tension, and strained cells can have a stiffer
cytoskeleton (25). Cells are able to respond to variations in
extracellular matrix stiffness (26), and an analogous mecha-
notaxis utilizing cell-cell contacts is also feasible. For ex-
ample, VE-cadherin, a major cell-cell adhesion receptor of
vascular endothelial cells, was recently shown to be incor-
porated in cell-surface mechanosensing complexes (27).
Mechanosensing, the detection of extracellular mechanical
properties, usually involves myosin II-based traction force
generation (28). Treating both 3T3 or C6 cells with bleb-
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FIGURE 6 The stationary pattern de-
pends on the volume fraction. Typical
model configurations are shown for vol-
ume fractions of 22% (a), 31% (b), and
47% (c). The normalized structure fac-
tors (d) reveal a peak at £ ~ 80 for

densities between 30% and 50%. The

T

0.25

0.2

S{q)

1=<0.15
0.1F

0.051

local anisotropy of the configuration as
the function of the local volume fraction
(e) reveals a maximum at a density
~40%. The peaked curve is thus qual-
itatively similar to the empirical data
- (Fig. S1, g and h). The parameters are
a=15,B8=8,y=15ap, and L =400.

0 0.2

bistatin, a potent myosin II inhibitor, indeed disrupts the
multicellular sprouts despite the highly elongated morphology
of the individual blebbistatin-treated cells (data not shown).

Numerical modeling

In Szabo et al. (17), some aspects of the preferential attraction
interaction were studied with a simple model representing
cells as interacting point particles. Here we formulate our
hypothesis using the cellular Potts model (CPM, (2)). As each
modeling attempt of a multicellular system introduces hid-
den, implicit assumptions on cell motility and cell-cell in-
teractions, we argue that it is intrinsically valuable to cast the
biologically relevant hypothesis into very different modeling
frameworks, and show that the emergent multicellular
behavior is independent of the choice of framework. Fur-
thermore, the particle model does not resolve cell shape (in
fact, it models attraction to anisotropic micro-environments,
where anisotropy is inferred from the configurations of not
necessarily adjacent cells within a fixed range). Because cell
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volume fraction

surfaces interact with the local molecular environment (sur-
faces of other cells or extracellular matrix structures), in
Szabo et al. (17) a further assumption had to be made, which
ensures that the anisotropy of cell configurations is somehow
manifested at the level of individual cells. The CPM for-
mulation, in contrast, allows the explicit representation of our
hypothesis and is truly local in the sense that only adjacent
cells interact. The CPM formulation also yields novel in-
sights or predictions less readily available from other models.
As the CPM is especially suitable to study cell-cell adhesion
(2), the demonstration of the competing effects of surface
tension and the attraction to elongated cells (Fig. 5) would be
much harder using the particle model. Finally, due to the
wide use of the Potts formalism, comparison between models
built upon the same framework (see, e.g., Fig. 7) are more
feasible. Unfortunately, in the CPM formulation the factors
determining cell motility are hidden in the stochastic simu-
lation rules and are thus less transparent.

To account for the preferential attraction of elongated cells,
we augmented the CPM with transition probabilities that

- -
R
* .
.
FIGURE 7 In the proposed model the patterning mech-
“, anism differs from the chemotactic model of Merks et al.
% Na, ) (6). (a) The size distribution of the simulated cells reveals
that in our model the cells are not compressed, but are rather
i 4 elongated. (b) The location of stretched (light shading) and
T compressed (solid) cells show no obvious regularity within
3 " a typical configuration. Cells with the target area are shown
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depend on the actual state of interaction partners. The
asymmetric attraction term in the transition probabilities
results in an inherently nonequilibrium system. This cell
shape-dependent attraction is fundamentally different from
the anisotropic interaction suggested by Zajac et al. (5),
where the dynamics (apart from the continuity constraints)
can still be derived as a relaxation of an energy functional of
the spin configurations. However, it is not clear why such a
global target/cost function should always exist to describe the
behavior of multicellular systems—nonequilibrium transi-
tion rules may be useful to model other systems as well.
Patterning through sprouting—as predicted by our hy-
pothesis and found both in vivo and in vitro—is markedly
different from the gradual coarsening of an initially uniform
density field and its possible arrest, characteristic for colloid
gels (see, e.g., (29)) or for several models proposed to de-
scribe vasculogenesis. In particular, a frozen pattern was
reported to gradually emerge, with an increasing modulation
amplitude in cell density, in the mechanochemical model (see
Fig. 6, of (12), or Fig. 7 of (31)). Gradually increasing
avascular area sizes were reported in the autocrine chemo-
attractant model (Fig. 1 of Serini et al. (16)). Except for a
recent model with autocrine chemotaxis and contact inhibi-
tion (8), none of these models were reported to produce
sprouts. Sprouts are also predicted by a patterning method
which assumes a prepattern of extracellular matrix molecules
to guide cell migration (32). However, all empirical evidence
points to the lack of such a mechanism either during in vivo
vasculogenesis (11) or in our simple cell cultures grown on a
solid surface. In the latter case, serum proteins adhere
strongly to the plastic surface and thus cannot be rearranged
(prepatterned) without the close proximity of cells.

Mechanism of sprout formation

Our model predicts a quasistationary state in which net-
worklike patterns are produced without any of the external
fields of the previous models of vasculogenesis. As mor-
phology measures such as the local anisotropy A reveal, the
model-generated patterns are similar to the networks ex-
hibited by several cells in vitro. The hypothesis assuming
preferential attraction to elongated cells results in linear
structures by two means: increased probability of multicel-
lular sprout formation; and increased stability of links already
connecting two clusters.

1. An expanding multicellular sprout clearly needs a supply
of cells from the reservoir at the sprout base. As invading
cells are elongated, they thus attract additional cells into
the sprout. Cell-cell adhesion alone would keep those
cells at the sprout base where they are well surrounded
with neighbor cells.

2. It is well known that cell-cell adhesion can be well
described as an effective surface tension (24). Surface
tension drives the system to minimize open surfaces (i.e.,
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cell surfaces unattached to adjacent cells), hence it works
to destroy sprouts. When a branch connecting two
clusters is about to break, it will consist of elongated
(and strained) cells which bridge between the clusters and
adhere to both. According to our hypothesis, such a cell
is an attractive migration target and the resulting active
inflow of cells into the strained area will offset the
coarsening tendency of surface tension.

The typical pattern size is thus partially determined by the
two competing effects: larger surface tension results in a
coarser structure with large void areas and thick branches as
Fig. 5 demonstrates. Furthermore, the typical branch length is
also influenced by the kinetic parameters of cell motility,
especially its persistence length. In this work, we considered
a simple case where cells perform random motility without
persistence, therefore sprout tip cells do not migrate deep into
empty areas. A modification of the presented model where
cells perform persistent random walks, however, predicts that
increased persistence yields longer sprouts (data not shown).

Since the recent model of Merks et al. (8) also results in
sprouts with biologically plausible assumptions, we devoted
special care to show that the two models operate in distinct
parameter regimes and utilize different mechanisms (Fig. 7).
The most striking difference is that the chemotaxis-based
model is pressure-driven, and cells are predicted to be com-
pressed in the aggregates. Patterning occurs due to an insta-
bility which involves the internal, hydrostaticlike pressure
within the aggregates and a radially weakening effective
surface tension. Therefore, aggregate surfaces are unstable
and sprouting is driven by an internal pressure gradient. In
contrast, in our model cells are typically not compressed,
which prevents the buildup of pressure gradients within the
aggregates. We argue, that our approach fits better the in vitro
cell cultures with low cell densities—where cells are well-
spread or moderately stretched—based on the well-known
reduction of cell area after severing cell attachments to the
substrate, e.g., by trypsin treatment.

A major question in developmental biology is the forma-
tion of structures from individual, smaller scale units.
This problem is present through the subcellular level to the
organizational level of tissues and organs. In this article,
we dealt with the emergence of a multicellular structure: the
formation of linear segments and networks of cells in vitro.
Our results suggest that besides chemotactic effects, a
preferential adhesion toward elongated cells can also con-
tribute to the multicellular sprouting during vasculogenesis
(10,11).

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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