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Abstract. Mesenchymal condensation is a critical step in much early morphogen-
esis. We propose a stochastic model to explain cell clustering during condensation
in limb bud cell cultures, based on local cell-cell adhesion and cell-extracellular
matrix (ECM) interactions and implement a two-dimensional (2D) cellular Potts
Model (CPM) simulation. The simulation reproduces some of the phenomenology
of in vitro chick limb chondrogenic mesenchymal condensation at the local level,
as well as aspects of the global distribution of condensations. In particular, our
model provides an account of dispersed patterns of condensations without invoking
Turing-type reaction-diffusion mechanisms, chemotaxis, or other mechanisms that
require long-range cell signaling and movement. We discuss limitations and possible
applicability of the model to three-dimensional chondrogenesis in the intact limb.

1 Introduction

In developing connective tissues, mesenchymal cells are initially dispersed in
a hydrated ECM. In a crucial, common step in the formation of structures like
skeletal elements, feather germs, blood vessels, or epithelial kidney tubules,
these cells transiently reorganize into compact clusters through mesenchymal
condensation.

The vertebrate limb develops from masses of mesodermally-derived mes-
enchymal tissue that emerge from the body wall. A pattern of mesenchymal
condensation develops into an array of cartilage nodules and rods, which bone
later replaces [1]. With regard to the formation of individual condensations,
experiments support mechanisms involving generation of local adhesive dif-
ferentials based on deposition of new extracellular matrix and production
of cell-surface adhesion molecules, rather than mechanisms involving trac-
tion, chemotaxis or local loss of matrix [2-5]. In the quasi-2D ‘micromass
culture’ (experimental method in the appendix) the series of developmen-
tal steps qualitatively resembles differentiation (chondrogenesis) in vivo: The
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separated mesenchymal cells condense focally to form larger area contacts
with one another than do the surrounding noncondensing cells. Finally, cells
differentiate at the sites of condensation.

Accumulation of the adhesive extracellular glycoprotein, fibronectin, ac-
companies condensation in both the developing limb and in vitro [2,3,6]. This
altered matrix binds to cell-surface macromolecules such as integrins and hep-
aran sulfate proteoglycan, causing their local accumulation in regions high
in fibronectin [2,3]. The accumulated cells transiently epithelialize, i.e., they
form direct membrane to membrane contacts mediated by the appearance
of the cell-cell adhesion molecules N-cadherin [7] and N-CAM [8]. Binding
of fibronectin to integrins on the cell surface can also promote N-cadherin-
mediated cell-cell adhesion [9]. Cellular automaton models of myxobacteria
by Stevens and coworkers have explored the related problem of bacterial cell
condensation and motion in the presence of chemotaxis and adhesion to a
non-diffusing cell-secreted extracellular material [10-12] and also in the case
of purely local interactions [13].

The CPM [14,15] provides a convenient way of simulating cell-cell interac-
tions with non-uniform adhesion and cell-ECM interactions with non-uniform

ECM distributions.

2 The 2D CPM Simulation

The 2D CPM represents the spatial distribution of a set of N cells, indexed
by o, by superimposing a lattice on the cells. The index value at a lattice
site (4,5) is o if the site lies in cell 0. Each cell occupies multiple lattice sites.
We assign different surface energies between different cells according to their
surface adhesiveness, which we denote by J. Smaller values of J correspond
to stronger cell-cell adhesion. Cell shape changes correspond to deformation
of the domains by changes of index at randomly selected sites. Evolution is
Monte-Carlo-Boltzmann, using Metropolis dynamics. Cells rearrange diffu-
sively to minimize the total effective free energy (see [14,15] for details).

We create a 600 x 600-pixel square lattice and restrict the initial cell
distribution to a circle in the middle with diameter 600 pixels to represent
the experimental diameter of 3 mm, setting the length scale to 5 pm/pixel.
The typical limb bud mesenchymal cell is 15 gm in diameter, so cells have
an area of approximately 7 pixels. The plating density is 1.75 x 107 cells/ml
in a 10 ul spot. We assume an equivalent 2D density of about 40% spatial
occupation. This ratio, which the spatial constraints on our 2D model dictate,
is lower than the standard density in micromass cultures where cells are
initially confluent and become separated by small amounts of secreted ECM
before condensing [5]. In the limb bud the volume ratio of cells to ECM is
about 3 to 2 [16].

In line with an earlier proposal [2,3] we implement a stochastic model
for mesenchymal condensation which invokes only experimentally verified ef-
fects and components: mesenchymal cells in culture produce non-diffusing
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fibronectin and deposit it onto the substrate. In our model fibronectin accu-
mulates at the deposition site and does not decay or diffuse. Cells execute
random walks biased by their binding more strongly to fibronectin than to
the substrate. Fibronectin—cell-surface binding upregulates production of cell-
cell adhesion molecules such as N-cadherin. The properties of the cells change
during the experiment. The potential rate of fibronectin production increases
five-fold 6 hours after plating (Fig. 1 (A)). We assign to each cell an initial
random phase parameter. Each cell goes through a 24-hour cycle, potentially
producing fibronectin during half of the period (Fig. 1 (C)). The actual fi-
bronectin production is the product of Fig. 1 (A) and Fig. 1 (C). Statistically,
at any time, half of the cell population is producing fibronectin. N-cadherin
appears after 12 hours, increasing in proportion to the cell’s integrated expo-
sure to fibronectin, which we represent by decreasing the cell-cell interaction
energy, J, linearly with the amount of fibronectin the cell has seen (Fig. 1
(B)). Condensations appear after 18 hours and continue expanding until 36

hours.
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Fig. 1. (A) The potential fibronectin production of each cell. (B) The dependence

of each cell’s adhesiveness on the amount of fibronectin it has contacted. Shading
shows the period of condensation. (C) The fibronectin production phase of a sample

cell.

The Hamiltonian describes the interactions between cells and between
cells and their environment. Our Hamiltonian includes three terms:

H=> " J(0,06 )1 = 8oij)orii) + D AMAs = Arurgero)® + Y uCy(i, 5).
(4,5),(#,3") 4 (4,5)
(1)

The first term describes the surface adhesion energy between cells and be-

tween cells and the ECM. The sum is over (%, j) and (7', j') neighbors, where
only boundary pixels contribute. We use the 20, 4th nearest neighbors (pixels
(7',5")) to pixel (i,7). 7 is the cell type. We treat the environment, includ-
ing the culture solution and substrate as a single cell with 7 = 0, while all
the biological cells are of type 7 = 1. We denote the energy cost per unit
area of cell surface between a cell o and a cell o’ of type 7’ by J(o,7’). If
J(o,7') # J(o',7) we set the interaction energy per unit area between the
cells to J(o,0’) = min(J(o,7’), J(¢/,7)). We make each cell’s surface energy
a variable to reflect the increase in membrane-bound adhesion molecules in
response to fibronectin. The second term constrains the cell surface area and
the sum is over all cells. A is the compressibility of the cell (larger A corre-
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sponds to less compressible cells). A, is the actual cell area and Ar,.ge. o is the
area of the cell in the absence of compression. The third term describes the
effect of preferential attachment of cells to fibronectin and the sum includes
only sites that lie within cells. C (3, j) is the concentration of fibronectin at
lattice site (7, 7). p is the unit strength of the fibronectin binding.

At each step we select a lattice site (7,j) at random and change its in-
dex from o to o’ (where o’ is the index of a neighboring lattice site) with
Boltzmann probability; for a temperature T > 0, P (0(3,7) — 0'(3,7)) =
{exp(—0H/kT): AH > 0;1: AH < 0}, where AH is the energy gain in Eqn.
1 produced by the change. Each such move corresponds to cell ¢’ displacing
cell o by one lattice site. T is a fluctuation temperature corresponding to
the amplitude of cytoskeletally driven cell membrane fluctuations. For more

details on the CPM see [15,17,18].

3 Major Results

Patterns of mesenchymal condensation and resulting cartilage nodule forma-
tion at high (superconfluent) and low (confluent) culture density (Fig. 2)

show very different morphologies.

Fig. 2. Experimental images of Alcian blue-stained cartilage nodules that formed
in cultures plated at superconfluent (A) and confluent (B) densities. The white
background represents cells that failed to undergo condensation and therefore did
not progress to cartilage. Unlike living cells in high density cultures, cells in our
2D simulations cannot readily move past one another. We therefore performed
the simulations at subconfluent densities of 40% and 20% coverage. Similar to the
experiment, the simulated cells form stripes and spots at high density (C) and
only spots at low density (D). Simulated cells are initially white and become dark
when the local fibronectin concentration exceeds a threshold chosen to correspond
to Alcian blue staining. (E), (F) The distribution of fibronectin: the lighter-colored
fibronectin peaks co-localize with the cell clusters.
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When the density is relatively high (40%), the condensation consists of
both spots and ‘finger-like’ stripes, while dots form in low density condensa-

tion (< 20%).

4 Discussion

i represents the strength of cellECM binding, the smaller u, the coarser
the pattern. The stronger the upregulation of expression of cell adhesion
molecules, the smaller the final J between cells and the coarser the pattern.
In the range of parameters we tested, the period of the phase parameter is
not crucial as long as cells alternate between a fibronectin producing phase
and a non-producing phase [19,20]. The clustering is robust: the same pattern
types occur over broad ranges of parameters.

Experimental studies of high density micromass cultures [21-23] have in-
dicated, in line with earlier suggestions [5] that the pattern of condensations
in high density micromass cultures is determined by a mechanism that em-
ploys both locally-acting cell-cell and cell-ECM adhesion mechanisms as well
as globally-acting diffusible activators and inhibitors of ECM production, in
Turing-type reaction-diffusion. The spot and stripe patterns seen in our sim-
ulations result from a density dependent mechanism that operates in the ab-
sence of diffusible activators and inhibitors. In our model, the instability arises
from positive feedback: cells tend to stay longer in regions with fibronectin,
and hence become more adhesive and produce more fibronectin. The wave-
length grows continuously until cells become stuck and clusters cannot co-
alesce any more. Thus, unlike the Turing mechanism, where the diffusion
constants of the activator and inhibitor determine the pattern wavelength,
our mechanism has no intrinsic wavelength but coarsens. The duration and
rate of coarsening together determine the final wavelength. High densities
of cells lower the cells’ motility and lead to more ‘stripe-like’ patterns while
at low densities, cells move fast enough for the surface-energy driven round-
ing of clusters to dominate. Even for patterns of the same type, changes in
parameter values result in subtle differences in cluster shape (Fig. 3).

Fig. 3. Low density condensation. (A) Jeeti—cet = 4.5. (B) Jeeti—cen = 2.5 (C)
Jeeti—cett = 0.5. Larger Js result in faster sticking. The rate of surface tension
driven rounding vs. the time to stick determines whether spots are round or rough

and irregular, elongated or symmetrical, large or small.
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We can test the applicability of our mesenchymal pattern formation mech-
anism in the in vitro setting by detailed statistical comparison of the distri-
bution of condensations and the resulting nodules at a wide range of initial
plating densities. Our preliminary results suggest that it will account for re-
sults at lower density better than those at higher density or in the limb bud
itself, where evidence for lateral inhibition of incipient condensations is strong

[24].

Appendix

Cell culture: We obtained fertile White Leghorn eggs from Avian Services,
Inc. (Frenchtown, NJ). We prepared primary cultures by separately pooling
dissociated mesenchymal cells from the myoblast-free distal 0.3 mm [25,26]
of stage 24 [27] leg buds. [19] gives experimental details. The present study
used lower plating densities: 2.0 x 10° (or 1.5 x 10° for dilution experiments)
cells per 10 ul spot. We fixed sample cultures after six days of incubation and
stained them for cartilage matrix with Alcian blue at pH 1.0 [28].
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