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2.3 CSK structuration process

Few details are currently available on the cell adhesion process and a simplified scenario had to be considered,
consistent with biological assumptions [1]. We suppose that microtubules develop from the centrosome, grow
then towards the substrate and push the integrins to adhere to the extra cellular matrix (Figure 4). The distances
between grains change in this process and the cell geometry also. The elastic interactions result consequently in
traction or compression forces, depending on the distance variations. The prestressed adherent structure then
obtained characterizes an estimated architecture of the CSK with a specific distribution of tensioned actin
filaments and compressed microtubules. It defines a complex tensegrity structure connected to the substrate. In
the simulation, a microtubule is represented by a series of straight elastic segments connecting a path of grains
and its growing is simulated by their step by step lengthening according to a tubulin polymerization speed.
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Figure 4: Simplified scenario for the cell adhesion process by microtubule polymerization

2.4 Substrate adhesion, adhesive reaction and numerical resolution

The adhesion between integrins and the extra cellular matrix is modeled by a sphere/plane contact. The adhesive
laws are based on an extension of Signorini’s contact and Coulomb’s friction laws, depending to the normal
distance between the substrate and an integrin grain. When contact is obtained, adhesion happens and an
adhesive reaction results. A decohesion process occurs conversely up to a critical distance (broken junction).
When contact takes place, in-plane tangential adhesive reaction forces become active to maintain the adhesion
and avoid sliding. The “Non Smooth Contact Dynamics” method is used to solve the equations of mechanics. It
allows considering dynamic adhesive contact and friction problem with a large number of grains. Non linearities
due to contacts and to discontinuities of relative velocities are as well considered. The NSCD technique also
allows specifying elastic distant interactions between grains to simulate the CSK’s filaments.

3. Results

An application is presented using roughly 3400 grains, including 1150 for the plasma membrane, 40 for integrin
receptors and 2 for the centrosome (located under the nucleus). Several steps of the cell adhesion and spreading
processes are presented in Figure 5 when microtubules grow and push the integrin grains. In the first steps (top)
the cell remains roughly spherical at the top while it begins to spread at the bottom. Spreading becomes then
more and more significant and microtubules stretch the whole structure until the complete adhesion (bottom).

Figure 5: Computational steps of the cell adhesion and spreading
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The resulting tensile network is shown in Figure 6. The most tensioned elements are basal, some of them on the
edges and joining the integrin grains, while the less tensioned are on the apical face, consistently with in vivo
observations of actin cortex and of basal stress fibers [3]. An experimental observation of an actin network is
also presented as a comparison, showing these basal stress fibers noticeably on the cell edges [7].

Figure 6: Actin tensile network (side view on the left, top view at centre) and confocal microscopy observation

The computed microtubule network is presented in Figure 7. They irradiate from the centrosome to the integrins
(“star-like” shape), which fits with experimental observations for a PtK1 cell (on the right [2]).

Figure 7: Compressive network (left and centre) and phase-contrast microscopy observation

4. Conclusion

The paper present a mechanical model and a numerical method devoted to the cytoskeleton form-finding
resulting from its structuration during cell adhesion and spreading. We determine, by combining the tensegrity
concept and the divided media theory, a more realistic CSK’s structure than those used in classical models. The
simulation considers a scenario of the cell adhesion based on the microtubule polymerization. This results in
complex tensegrity-like structures relevant with biological observations.
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