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Dynamics of Cell Area and Force during Spreading
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ABSTRACT Experiments on human pulmonary artery endothelial cells are presented to show that cell area and the force ex-
erted on a substrate increase simultaneously, but with different rates during spreading; rapid-force increase systematically
occurred several minutes past initial spreading. We examine this theoretically and present three complementary mechanisms
that may accompany the development of lamellar stress during spreading and underlie the observed behavior. These include:
1), the dynamics of cytoskeleton assembly at the cell basis; 2), the strengthening of acto-myosin forces in response to the gener-
ated lamellar stresses; and 3), the passive strain-stiffening of the cytoskeleton.
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When cells spread on a substrate, a thin lamella compart-
ment develops at the cell basis and progressively extends
the cell projected area (1). At the lamella front, lamellipodia
protrusions are formed from a highly branched and dense
actin network that polymerizes against the cell membrane
and pushes the front of the cell forward (2). Supported by
cell-substrate friction, these molecularly complex protru-
sions act as motor units that drive cell spreading and loco-
motion (2).

Experiments on endothelial cells are presented (Fig. 1)
to demonstrate that the increase in cell projected area
occurs concurrently with a rise in the exerted force on
the substrate. Interestingly, we systematically find that
the increase in cellular force is moderate at early times
and that the rapid development of force occurs a few
minutes past initial spreading; similar behavior has been
reported for fibroblasts on a pillared surface (3). To
explain these dynamics, we suggest an elastic picture
whereby the motor activity of the cell front elastically
stretches the lamellar cytoskeleton, and three mechanisms
are examined that may underlie the observed delay in force
generation. This elastic picture is motivated by previous
studies that consistently show that cell area and force
are both monotonically increasing functions of substrate
rigidity (4,5), and that the total steady-state force exerted
onto the substrate increases with the projected cell area
(Reinhart-King et al. (4), and see Fig. S3 in the Supporting
Material).

Based on these evidences, we have recently developed an
elastic theory of cell-spreading dynamics (5). The theory
successfully accounts for a variety of spreading characteris-
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tics such as the concurrent increase in the actin retrograde
flow with the slowing-down of spreading (1) and the depen-
dence of cell-spreading dynamics on substrate rigidity
and surface ligand density. We have also shown that the
nonlinear elasticity of the cytoskeleton can explain the
observed delay in force production. Here we present two
alternative and complementary mechanisms that may under-
lie this behavior; for yet another mechanism, see Fouchard
et al. (6).

Our starting point is the linear theory described in detail
in Nisenholz et al. (5). Accordingly, the lamella is modeled
as a homogeneous and isotropic elastic disk of thickness &
and radius R, which is actively stretched by propulsion of
the cell front-forward (see Fig. S1). The cell adheres to
the substrate via multiple (transient) adhesion contacts that
typically concentrate in a narrow rim at the cell front (2).
The radial velocity of the cell front is dictated by two oppo-
sitely oriented motions:

R(t) = Vpo — Vr(2). 1)

Here, vy, is the constant radial actin polymerization speed
at the cell front (1,5), and vx(?) is the increasing retrograde
flow of the lamellar network due to the rise in cellular ten-
sion (1,2). Myosin activity is implicitly accounted for in
its contribution to the effective elasticity of the lamella
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network. The forward motion of the lamellipodium stretches
the cytoskeleton, and as a result a visco-elastic force is
developed in the lamella:

f/h =2k (R—Ro)/Ro + & d(R/Ry)/dt. 2
Here f = F/(2mR) is the radial force per unit length; F is the
total cell force; k.. is the effective, long-term, area-expansion
modulus of the lamella; &, is the effective viscosity coeffi-
cient; and Ry is an associated rest length of this elastic con-
tinuum from which elastic forces are dictated.

Assuming linear (force-independent) cell-substrate fric-
tion coefficient, &, (5), the retrograde flow, vx(f), may be
related to the force f(¢) via vp(f) = f(t)/é,. Combining this
with Eq. 1 results in the linear force-velocity relation

I :fss(1 _R/Vpol)7 3)
where fi, = §vpol is the steady-state force, which depends
on substrate rigidity via &;’s dependence on rigidity (5,7).
Equating 3 and 2 and assuming R; to be fixed, results
in a linear differential equation for R(¢) and f(¢), with the
simple solution R(t) ~ f(t) ~ 1 —exp(—t/7), where 7 =
[E. + Roé,/h]/(2k.). We now describe three possible exten-
sions of this basic model to explain the interesting
(nonlinear) coupling in the behavior of R(f) and f{(r); all
three mechanisms are believed to contribute simultaneously
(see Fig. S1), but for clarity, we treat them separately, as
follows.

I: dynamics of lamellar network assembly

Our approach to this complex reorganization process of the
cytoskeleton is based on a simple kinetic scheme in which
suspended constituents of the cytoskeleton assemble the
semi-two-dimensional lamellar network at the cell basis.
This process, which gives rise to a gradual increase in the
elastic rest length, R, occurs concurrently with cell
spreading as observed in experiments (4); the driving force
is assumed to be force-independent for simplicity and is
reflected in the rate constants of the assembly process. We
assume a constraint on the overall mass of cytoskeletal
material that may eventually assemble at the cell basis and
we denote this mass by M,,. Furthermore, for simplicity,
we consider only two forms of this material: either sus-
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FIGURE 1 Evolution of mean (n = 47)
assembly‘ - cell radius (a) and force (b); (solid lines)
actomyosin = theoretical fits to the three models; (insets)
non-linear = respective dynamics of individual cells.
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pended in the cell volume, V, or incorporated in the two-
dimensional network at the cell basis. Mass conservation
is then given as

Mo = c(t) V + p Ao(2), 4

where c(?) is the total concentration of suspended cytoskel-
eton material (primarily actin), Ao(f) = 7R, is the total
(elastically relaxed) area of the two-dimensional network,
p is the surface density of this material, and p and V are
assumed to be constant. Assuming that the rate of area
growth is proportional to both c¢(#) and the assembled area,
Ao(1), we write

Ay = oc(1)A(1), 5)
where ¢ is the corresponding effective binding rate constant
of suspended cytoskeletal fragments to the lamella network.
Equations 4 and 5 provide a minimal model for the kinetics
of network assembly at the cell basis, and for the variations
of the elastically relaxed radius, Ry(f), in particular.
Although neglecting many details in this process, the simple
model presented suffices us here as a minimal model for
examining the consequences of network assembly on the
mechanics of spreading. The progressive growth of Ry(f)
relaxes the tension being created by the pulling of lamellipo-
dia protrusions at the cell front (see Eq. 2). Consequently,
the cell can initially spread with minor increase in force,
providing a plausible explanation to the observed delay in
force production (Fig. 1). Once the suspended material
available for assembly has fully integrated into the network,
a second, elastic phase begins where the force rapidly in-
creases with cell area. This behavior explains why we
may neglect the force-dependence of the rate constant 9, in-
asmuch as forces develop mainly after the assembly process
is finished. A fit of this model to the experimental data is
shown in Fig. 1 (red curves). The assembly model also pre-
dicts an interesting effect of cell volume on the spreading
dynamics, as shown in the Supporting Material (see
Fig. S2).

ll: strengthening of actomyosin forces in the
course of spreading

Whereas in our previous sections myosin activity has only
implicitly been accounted for in contributing to the
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expansion modulus, k., here we wish to explicitly represent
myosin activity in our expression for the force and to
demonstrate how the augmentation of actomyosin force in
time may affect the evolution of cell area and total force dur-
ing spreading. Generalizing Eq. 2, we write

f/h =2k (R—Ro)/Ro+£.R/Ry—P(t),  (6)

where P(?) represents the radial myosin stress; the negative
sign is here to indicate that the contractile activity of myosin
(P(t) < 0) generates (positive) elastic tension in the cyto-
skeleton. To focus on the new effects arising from the polar-
ization response of myosin contraction, we treat R, as a
constant. Based on a variety of theoretical and experimental
studies indicating that myosin activity responds to the local
stress in the cytoskeleton (8), we write the following
phenomenological relaxation response to account for its
early-time dynamics (see Nisenholz et al. (9) for a more
detailed treatment):

TP = —2k.a(R — Ry) /Ry — [P — Py). (7)

Here, 7,, represents the timescale of the polarization
response (namely, of the increase in the magnitude of the
actomyosin stress, P(?)); « reflects the susceptibility of the
acto-myosin dipolar stress, P, to the evolving elastic stress;
and P,, is the initial acto-myosin dipolar stress. In the steady
state,

P = 0and P, — Py = —2ak.(R — Ro)/Ry.

In cases where myosin polarization response is sufficiently
strong (large «), and fast (7, small compared to overall
spreading time), myosin forces would dominate the overall
force, f, at early times, and one expects to find a character-
istic acceleration of f in time. Such behavior is observed
in Fig. | (green fit). Hence myosin polarization provides a
second mechanism that may contribute to the apparent
delay in force generation relative to area increase. However,
we note that our data fitting should not be taken as a quan-
titative measurement of 7, and «, inasmuch as all three
mechanisms (I-IIT) might be operating simultaneously dur-
ing spreading.

0 02040608 1 0 02040608 1

0.5 (red), 0.67 (orange), 0.83 (green), and
0.99 (blue), where E,,, and E, are the respec-
tive Young’s moduli of the substrate and
cell (5); see the Supporting Material for
additional parameters used. To see this
figure in color, go online.

lll: nonlinear elasticity of the cytoskeleton

A third mechanism that may inevitably contribute to the
delay in force production is strain-stiffening of the cytoskel-
eton (9,10). This is particularly expected in cases where
initial spreading occurs with a relatively soft cytoskeleton,
and consequently only weak tensile stresses are generated
at early spreading. Strain-stiffening causes a delayed in-
crease in cellular force. Replacing the Hookean term in
Eq. 2 by an exponential strain-stiffening term (10), one
writes

FIh = kD) [®FIR 1] £ R/Ry.  (8)
Combining this equation with Eq. 3 reveals an analytically
solvable equation for cell-spreading dynamics (5). The fit
to experimental data is shown in Fig. 1 (blue curves).

This mechanism is somewhat similar in effect to a slow
assembly of the lamellar network, as considered in (I)
above. However, the origin of the delay in force generation
is different. In the current scenario, the nonlinear depen-
dence of f(f) on R(¢) arises from the passive constitutive
relation of the cytoskeleton. In the assembly mechanism
(I) and acto-myosin polarization mechanism (II), the
apparent nonlinearity of f(R) is a consequence of the
different dynamics of R(#) and f(r) but the cytoskeletal
constitutive relation is linear. Because R and f cease to
evolve in the steady state, systematic measurements of
their steady-state values may shed light on the actual
constitutive relation relevant for spreading, as demon-
strated in Fig. 2. The dashed lines indicate the end-points
of spreading on differently rigid substrates. For an intrinsi-
cally nonlinear cytoskeleton, all end-points must fall on a
nonlinear curve that represents the cytoskeleton constitu-
tive relation. In contrast, a linear relation between f;; and
R is expected for (I) and (II) above. A scatter plot of
cell area and force in the steady state is provided in
Fig. S3; the overall trend is consistent with previous reports
(4), which have suggested that F scales linearly with Ag.
However, because the R? value in these plots is rather
small, additional experiments would need to be carried
out to reconcile to what extent the cytoskeleton behaves
in a linear fashion during spreading.

Biophysical Journal 107(12) L37-L40
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SUPPORTING MATERIAL

Five supporting information sections, three figures, and two tables are available
at http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)01136-9.
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Dynamics of cell size and force during spreading
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Figure S1: Schematic illustration of major elements of the model. The cell is modeled as a
circular disc of radius R(t) and thickness h that is adhered to the substrate along a narrow rim,
L < R(t) that is assumed to be constant during spreading. Actin polymerization (red circles)
at the cell front provides the driving force for cell spreading. Experiments suggest that the
radial polymerization speed, vy, is constant during spreading. In contrast, the retrograde
flow, vg(t), increases in the course of spreading while the radial extension speed, v(t) =
dR(t)/dt, decelerates with time (1). This is explained here by the rise in elastic tension in the
cytoskeleton. The shaded spring in the cell center is there to represent the underlying
viscoelastic response of the cell (including the cytoskeleton and the membrane). Three models
are presented to account for the non-linear coupling between cell size and force during
spreading; those are shown with the three cartoons above. Left, middle and right panels
illustrates the network assembly model, actomyosin polarization model and the non-linear

elastic model, respectively.



1. Materials and Methods

Combined, time-resolved force and area measurements in cultured human

pulmonary artery endothelial cells (HPAECS)

Preparation of gel-substrates: Cells (Lonza,cat#CC-2530) were detached with 0.25%
Trypsin- EDTA (1x) (Life Technologies, cat #25200-056) from a standard cell culture
flask and re-suspended in growth medium (EGM2 bulletkits, cat # CC-3162, Lonza
Inc.) supplemented with 10% fetal bovine serum (cat#45000-736, VWR
International). The medium containing cells was then added to the surface of 26kPa
stiff polyacrylamide gel substrates. The substrates were prepared within 35mm glass
bottom dishes (Mattek, USA) as has been previously described (2) with a few
modifications. Briefly, a small volume of an acrylamide-Bisacrylamide mixture was
dissolved in ultrapure water containing 7.5% acylamide, 0.3% Bisacrylamide, 0.5%
ammonia persulfate, and 0.05% TEMED (Bio-Rad, Hercules, CA) and polymerized
between glass coverslips to yield gels that were ~100 um thick. The polymerized gel
surfaces were activated using Sulfosuccinimidyl-6-[4-azido-2-nitrophenylamino]
hexanoate (Sulfo-SANPAH; Pierce, Rockford, IL) and conjugated with sulfate-
modified fluorescent latex nanospheres (diameter = 200 nm, F8848, Life
Technologies) by delivering a bead suspension on top of the gels for 20 minutes (3).
The bead solution was carefully removed to discard any suspended or unattached
beads, replaced with type I Collagen dissolved in PBS solution (0.1 mg/ml; cat#5505-
B, Advanced Biomatrix) and stored overnight at 4°C. The bead binding step was
repeated on the following day. The gels were then washed, hydrated with PBS, and

stored at 4°C until the day of the experiment.

Cell-spreading measurements: All measurements were performed in a microscope
chamber (37°C and 5% CO2) using an inverted fluorescence microscope (DMI
6000B, Leica Inc). Phase contrast images of cells were obtained together with
fluorescent images of nanospheres. From the phase contrast images, by manually
tracing cell contours, we calculated the cell spreading area. From the fluorescent
nanosphere images, by comparing images during cell spreading with the same region
of the gel after cell detachment from the substrate, we calculated the cell-exerted

displacement field. The displacements were calculated through cross-correlation using



the fast fourier transform method in Matlab. From knowledge of the displacement
field together with the previously determined gel elastic modulus (26 kPa), we
computed the cell-generated forces by solving the inverse Boussinesq solution using
the well-established procedure of Fourier transform traction microscopy (2). During
its implementation, we minimized any experimental artifacts that may have arisen
during the measurements of displacements through the constrained traction method,
where tractions outside the boundary of the cell are set to be zero. From the traction
map, we calculated total force over the cell, F, by summing the absolute magnitude.

Next, we determined the traction density as f=F/(2 7R). These calculations were

performed from experimental measurements obtained every five minutes for the total

duration of approximately an hour.

2. Effect of cell volume on spreading dynamics

It is generally expected that cells of larger volume and larger cytoskeleton mass
would show a longer period in which the assembly of the cytoskeleton network at the
cell basis accompanies spreading. According to our elastic picture, this process
changes the effective “rest-length’’ of the cytoskeleton and therefore modulates the
dynamics of force generation during spreading. To the best of our knowledge, it is
unknown how cell volume alters the dynamics and mechanics of spreading. Thus, in
this section we examine this issue theoretically. In comparing cells of different
volumes we assume that the concentration of suspended cytoskeletal material, c(0), is
fixed. In addition, the initial projected cell radius, R(0), is assumed to scale with the
cell volume and to be equal to the stress-free radius, R,(0), such that in the onset of
spreading, R(0) = R,(0) = SV'/3; where f is a proportionality constant that can be
obtained by the fit to experimental data. Egs. 4 and 5 provide a simple kinetic model
for the growth-dynamics of the stress-free area of the lamellar cytoskeleton A,(t) =
mRZ(t) at the cell basis. Accordingly, the larger the cell volume, and consequently
also A, the faster is the assembly rate since the number of available binding sites is
larger. As a result, the cell may spread by assembling the lamellar cytoskeleton, and
yet without generating elastic stresses in the cytoskeleton. This is shown for example

by the red curves in Fig. S2. Panels a. and b. show the evolution of cell radius and
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Figure S2: Effects of cell volume on spreading dynamics and mechanics. Panels a and b
exhibit the evolution of cell radius and force respectively. Dashed lines in (a) is the stress-free
radius as calculated analytically from Egs. 4 and 5. Panel c. shows a parametric plot of the
radial cell force as a function of cell radius. Panel (d) presents the radial spreading speed,
R(t), along with the radial assembly speed, R, (t) for the largest (orange) and smallest (light
blue) cells. Parameters used in the calculation are: V (um?=2200 (light blue), 3150 (purple),
4100 (green), 5050 (orange), h=1 pm, p=1.1-10" molec/um?, ¢(0)=3.8 MM, v,s=0.58 pm/min,
k=11 kPa, &=1.67 kPa-min, & =8.4 kPa-min, 6=26.4 (M-min)™.

force, respectively. So long as the radial assembly speed is equal to the spreading
velocity, v = R ~ R, no tension is developed in the cell. The elastic phase begins
once the available suspended material for lamellar assembly diminishes and
consequently further spreading is associated with stress generation.

In cells of smaller volume (e.g., light blue), the assembly rate is slower due to the
smaller number of binding sites on the smaller 2D network area. However, because
the polymerization speed, v,,,, is likely to be similar (since it is dictated by similar G-
actin concentration), the spreading speed v = R can exceed the assembly-growth
speed R, and as a result the cell may develop tension already at early-times. The
comparison between R,(t) and R(t) is shown in panel (d) for two cells that only

differ in volume. While for both cell cases, R(0) = Vpor SiNCE NO elastic tension has

yet been generated (and the viscous force is relatively small), R,(t) is lower for the



smaller cell and consequently stresses develop more quickly in the onset of spreading.
The effects of these different dynamics on the f(t) versus R(t) curve is shown in
panel c. The apparent non-linearity of f(R) is seen to be more pronounced the larger

the cell is.

Figure S3: Evolution of cell area and total force during spreading. Panels a. and b. show the
respective spreading data for 18 representative cells in our collection. Panel c. is a scatter plot
of the steady-state force and area, collecting the end-points from our entire collection of cells
(47 cells). Red line is a linear fit (slope=0.31 kPa, R?=0.4).

3. Data for total cell force and area

Fig. S3 shows measured data of the evolution of cell area, A(t), and total cell force,
F(t), for individual cells in our collection. These are related to the temporal traction
density, £, and cell radius via: F ~ 27R f and A ~ wR?. Panel c. provides a scatter
plot of the steady-state force, F;¢ as function of the steady-state area of cells, As. The
seemingly linear dependence between F;; and A, suggests that also f;s~R,s; Yet note
the small R? value. Manipulating the data to plot f,; as function of Rsdirectly,
increases the relative noise and the corresponding R? value reduces to 0.06.
Nevertheless, we note the apparent difference in the behavior of the steady-state
dependence of F,; on Ag, Fig. S3.c, and the profound non-linear dependence of the
temporal force f(t) on R(t), shown in Fig.1c. A linear dependence of F;; on Agg may
indicate that the cytoskeleton behaves in a linear fashion during spreading and the
apparent non-linearity of the f(R) curve would then be explained by the different
dynamics of cell area and force as explained with models (i) and (ii) in the
manuscript. Nevertheless, since the R?=0.4 is rather low in panel c. we are unable to

reach any conclusion about this issue in the current manuscript.



Table S1. Parameters used in Figure 1.

Parameter Notation Network | Actomyosin | Non-linear | Refs
assembly | polarization (in SI)

Initial lamella radius* R(0) (um) 11.2 10.3 10.8 -

Average lamella height h (um) 1.7 1 1 4,5

Cell volume V (umd) 4500 - - -

Surface density of lamellar p 1.85-10° - - 6

network (molec/um?)

Assembly rate constant 5 (M-min)™ 9.96 - - -

Initial concentration of ¢(0) (mMm) 9.2 - - 6

suspended cytoskeleton

constituents (based on actin)

Radial actin polymerization Vpol (MM/min) 0.59 0.68 0.63 1

speed

Effective cytoskeletal rigidity | x. (kPa) 10 0.07 0.13 8

Lamella viscosity coefficient | & (kPa-min) 1 0.07 3.58 9

Cell-substrate friction & 8.3 6.4 7.2 -

coefficient (nN-min/um?)

Stress-stiffening factor A - - 2.75 7

Actomyosin susceptibility a - 22 - -

Actomyosin polarization 7p (Min) - 15 - -

response time

* R(0) = R, in the polarization and non-linear models and R(0) = Ry(0) in the
0 p 0

assembly model.

4. Data Fitting in Figure 1

Table S1 lists the parameters obtained from fitting the three models to our

experimental data. The right most column provides references (listed at the bottom of

this document) for comparison for few of the fitted parameters. The order of

magnitude of the phenomenological surface density parameter, p, and initial

concentration of suspended constituents, c(0) is consistent with the size (v =

h/p~10~7um3) and bulk-concentration of actin monomers (Ref. 6) which is the main

polymer in the lamellar network. The cytoskeleton viscosity, ¢, = 1 kPa min is




estimated based on the measurements in Ref. 9 below. Since the number of fitting
parameters is large, (between 6-7) and more importantly, since it is very likely that the
three mechanisms operate simultaneously the values we obtain by these fits should
not be considered as quantitative estimates of these parameters. Rather, the purpose
of the fits shown in Fig.1 is to demonstrate that all three models may separately
capture the qualitative behavior of cell size and force during spreading and hence to

contribute to the observed phenomena.

5. Comments and parameters for Fig. 2

Fig. 2 highlights the difference between the temporal dependence of f(t) on R(t)
(solid lines) and the corresponding dependency of the steady-state values of f,; and
R, (dashed lines). While the relation between f(t) and R(t) reflects the various
dynamical processes that take place in the cytoskeleton during spreading (such as
network assembly and actomyosin polarization), the dependence of f,; on R, (and
equivalently of F, on Ay, Fig. S2) reflects the underlying (passive) constitutive
relation of the cytoskeleton. Different curves were plotted for various values of the
substrate rigidity. A relatively high viscosity constant, & =45 kPa-min was used in
order to visually separate the different curves; this also required adjustment of the
network assembly rate constant, &, to keep the early-time force comparable to the two
other models. The values of k. were adjusted in the three models to obtain the same
level of overall strain (Rgs — Ry)/R, since both the acto-myosin polarization model
and the nonlinear elasticity model possess different stiffening mechanisms of the
cytoskeleton, one via the polarizability factor, o, the other via the stiffening factor A.
Finally, throughout, we used P, = 0 implying that P(t) — P, = P(t) measures the
strengthening of the acto-myosin dipolar stress. The basal level of myosin contraction
is then implicitly represented in the value of the cytoskeleton rigidity, k.. The

parameters used in Fig. 2 are listed in Table S2.



Table S2. Parameters used in Figure 2

response time

Parameter Notation Network | Actomyosin | Non-
assembly | polarization | linear

Initial lamella radius* R(0) (um) 10 10 10

Average lamella height h (um) 1 1 1

Cell volume V (umd) 4500 - -

Surface density of lamellar p 1.85-10" | - -

network (molec/um?)

Assembly rate constant 8 (M-min)™ 55.8 - -

Initial concentration of c(0) (mm) 9.3 - -

suspended cytoskeleton

constituents (based on actin)

Radial actin polymerization Vool (UM/min) | 0.8 0.8 0.8

speed

Effective cytoskeletal rigidity | & (kPa) 10 1.4 1.9

Lamella viscosity coefficient | & (kPa:min) | 45 45 45

Cell-substrate friction &M 10 10 10

coefficient (nNN-min/um?)

Stress-stiffening factor A - - 2.75

Acto-myosin susceptibility a - 3 -

Actomyosin polarization 7p (Min) - 2 -
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