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Tissue stiffness

Cox2011



Tissue stiffness can change

embryonic development
tissue remodeling
fibrotic diseases
tumours

aging
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Tissue stiffness affects morphogenesis

Figure: Mammary epithelial cells (Paszek2011)

Figure: Vasculogenesis (Califano2008)



Tissue stiffness affects cell behavior

Figure: (Even-Ram2006)

Figure: (Tschumperlin2013)



Tissue stiffness affects cell spreading



Aim of our research

Explain the molecular mechanism behind cell spreading on
substrates of different stiffness

Figure: (Walters2014)

Figure: (Li2014)



Mathematical models



Focal adhesion as mechanosensors



Integrin bonds in focal adhesions act as
catch bonds
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Figure: (Novikova2013)



Catch bond mechanism? (Thomas2008)



Our methodology



Cellular Potts Model

Energy functional:

A
ki+ A

H= A + > U(s(X),s(%r) — Ac

neighbours(X,x/)
Motility:

1 if AH <0
P(AH) = {e(_AH+AHN)/T if AH > 0.



FA model (catch-slip bond cluster)

Based on Novikova2013

() = ga(t) — d(Be(t) Vel G

with g the growth rate and N, the available bonds in the whole
cell. The decay of the focal adhesions d(e.) is assumed to depend
on the tension ¢e on the focal adhesion N.. The degradation rate
is given by

Pe(t)
Ne(t)

o) en-(y o) (@)

d(de(t)) = exp(

where ¢, is the tension shared by the bound bonds and ¢s and ¢,
describe the slip and catch bond regime, respectively.



Steady state ODE

Figure: (Novikova2013)



Tension ¢, on FA?

Assume plane stress, then equilibrium equation is given by:

h(aXO-XX + ayaxy) TX (5)
h(dyoyy + Oxox) = T, (6)

where T is cell-matrix traction and o is internal matrix stresses



Cellular traction forces
First-moment-of-area (FMA) model, Lemmon2010.

Fi = MZ C_ii,ja (7)
J

divide 1 with area of cell A so that force increases roughly linear
with cell area, as experimentally observed



Conformational change due to matrix
stress strengthens actin binding

Figure:Besser2006.
Yield energy:

AHy = ANN(X) (1 + paoijk(ah)(a)) if retraction (8)

With h(o) = 3(oxx + 0,,) the hydrostatic stress of the stress
tensor (Stolarska2007).
Motility:

1 if AH+ AHn <0
P(AH) = {e(AHJrAHN)/T if AH+ AHN > 0. ©)



Tension on FA



Tension ¢, on FA in equilibrium! (t=00)

Since we do not want to do a dynamic FEM (very costly and need
additional assumptions) we adopt a model from Schwarz2006 that

describes how fast a cell can build up force depending on matrix
stiffness



Tension build up due to matrix stiffness

(Schwarz2006)
F(t) = Fo(1 — e t/t) (10)
Fs

where tj = ;= with K the matrix stiffness and vo, speed myosin
motors and stall force Fs.
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Figure: (Schwarz2006)



Cell shape depends on matrix stiffness



Future work

Cell-cell communication

v

Collective cell behavior

v

v

Cell response to (cyclic) loading of the matrix

v

Durotaxis (stiffness gradient)



