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Finite-Element Analysis of the
Adhesion-Cytoskeleton-Nucleus
Mechanotransduction Pathway
During Endothelial Cell Rounding:
Axisymmetric Model
Endothelial cells possess a mechanical network connecting adhesions on the basal sur-
face, the cytoskeleton, and the nucleus. Transmission of force at adhesions via this path-
way can deform the nucleus, ultimately resulting in an alteration of gene expression and
other cellular changes (mechanotransduction). Previously, we measured cell adhesion
area and apparent nuclear stretch during endothelial cell rounding. Here, we reconstruct
the stress map of the nucleus from the observed strains using finite-element modeling. To
simulate the disruption of adhesions, we prescribe displacement boundary conditions at
the basal surface of the axisymmetric model cell. We consider different scenarios of the
cytoskeletal arrangement, and represent the cytoskeleton as either discrete fibers or as an
effective homogeneous layer. When the nucleus is in the initial (spread) state, cytoskeletal
tension holds the nucleus in an elongated, ellipsoidal configuration. Loss of cytoskeletal
tension during cell rounding is represented by reactive forces acting on the nucleus in the
model. In our simulations of cell rounding, we found that, for both representations of the
cytoskeleton, the loss of cytoskeletal tension contributed more to the observed nuclear
deformation than passive properties. Since the simulations make no assumption about the
heterogeneity of the nucleus, the stress components both within and on the surface of the
nucleus were calculated. The nuclear stress map showed that the nucleus experiences
stress on the order of magnitude that can be significant for the function of DNA molecules
and chromatin fibers. This study of endothelial cell mechanobiology suggests the possi-
bility that mechanotransduction could result, in part, from nuclear deformation, and may
be relevant to angiogenesis, wound healing, and endothelial barrier dysfunction.
�DOI: 10.1115/1.1933997�
Introduction
Cells—whether lining the vasculature, embedded within bone,

or in the inner ear—respond to perturbations in their local me-
chanical environment �1–3�. These cellular changes that are
brought about by mechanical cues �mechanotransduction� are
critical to the physiology and pathology of many tissues. Endot-
helial cells lining blood vessels are an interesting system for the
study of mechanotransduction. In vivo, they are continuously ex-
posed to mechanical stimuli, including pulsatile flow of blood
across their apical surface, and tensile stresses due to vessel ex-
pansion on their basal surface. These stresses can activate the
G-protein signaling cascade �4�, as well as cause changes to ad-
hesions on the basal surface �5,6�, and play an important role in
vascular biology.

In the endothelial cell, as well as in many other cell types, many
subcellular structures between the outer cellular surface and inner-
most regions of the cell are mechanically connected. Directly rel-
evant to mechanotransduction, integrins at the surface of endothe-
lial cells are mechanically coupled to the nucleus by way of the
cytoskeletal network �7�. This adhesion-cytoskeleton-nucleus
pathway provides a direct line of force transfer for mechanical
perturbations on the surface of the cell to propagate to the nucleus,
raising the possibility that mechanotransduction might occur
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within or near the nucleus. Changes in nuclear shape as a result of
changes in cell shape appear to alter gene expression and protein
synthesis �8�. Thus, a quantitative characterization of the forces
acting within and/or on the nucleus may provide insight to endot-
helial cell mechanotransduction.

The forces deforming the nucleus could have several effects of
biochemical nature: First, they can change the binding rates of the
molecules involved in DNA synthesis and gene transcription; sec-
ond, these forces can cause changes in DNA molecules and chro-
matin fibers, and third, they could affect transport on mRNA mol-
ecules through the nuclear pores. It has been shown that if a force
applied to a DNA molecule becomes greater than 10 pN, the mol-
ecule behaves as if it changes its chemical structure, and if the
force reaches 65 pN, the molecule yields and overstretches �9�. If
torsional stresses are applied to a molecule of DNA, and the
torque reaches 9 pN�nm, the molecule locally denatures releas-
ing torsional stress �10�. When the torque increases up to
20 pN nm, the DNA molecule adopts a new overtwisted structure
�11�. Cui and Bustamante �2000� extended a single chromatin fi-
ber, and found that if the applied force reached 5–6 pN, the fiber
undergoes a structural transition �12�. If the chromatin fiber is
extended by a force greater than 20 pN, nucleosomes become un-
raveled �13�. In vitro studies of RNA and DNA polymerases show
that these motors can develop forces up to 30–40 pN �14�. Thus,
mechanical stresses experienced at the nucleus in living cells may
affect nuclear processes.

Previously, we performed experiments to investigate the defor-

mations of the nucleus resulting from endothelial cell rounding
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�15�. Adhesion area was altered by disruption of integrin binding.
We calculated nuclear stretch in response to changes in projected
cell area �apparent adhesion area�. We found that stretches of the
major and minor axes of the projected nuclear area had the same
mean value �0.69�. Moreover, the rate of nuclear and projected
area change was similar, suggesting a direct and immediate re-
sponse of the nucleus to changes in adhesion area. We used an
analytical approach and estimated the stress field, and then esti-
mated the magnitude of force for a hypothetical arrangement of
the deformation forces, and found them to be on the same order of
magnitude as adhesion forces.

Here, we extend our study of the adhesion-cytoskeleton-nucleus
mechanical pathway by considering a computational, finite-
element model of cell rounding. This version of the model is
axisymmetric. We use the major elements of the cell �nucleus,
cytoskeleton, cytoplasm, cortical layer�, and incorporate the latest
mechanical properties of each structure. We found that passive
properties did not contribute much to the nuclear deformation.
Rather, most of the deformation of the nucleus during cell round-
ing was due to a loss of cytoskeletal pretension �treated as reactive
forces in our model�. The model was robust, being insensitive to
changes in geometry, cytoskeletal material properties, and cytosk-
eletal arrangement. We applied our model to compute the stresses
inside and along the nucleus that are generated during endothelial
cell rounding, which might be important for mechanotransduction
in the nucleus. These results may lead to a better understanding of
wound healing, angiogenesis, and endothelial barrier dysfunction.

Model

Constitutive Relations. Our model includes the major subcel-
lular structures �nucleus, cytoskeleton, cytosol, cortical layer� that
are treated as incompressible neo-Hookean materials, whose strain
energy function U is given by the equation

U = C10��1
2 + �2

2 + �3
2 − 3� �1�

Here C10 is a constant and �1, �2, and �3 are the principal
stretches. The constant C10 is related to Young’s E modulus by the
equations

C10 = E/6 �2�
In terms of the cytoskeleton, the above constitutive relation de-
scribes its passive properties, and the active properties of the cy-
toskeleton will be considered below.

Model Parameters. Our model axisymmetric cell possessed a
maximum diameter of 20 microns, and a maximum height of
8 microns. The model nucleus had a maximum radius of
8 microns, and a height of 4 microns. The cortical layer of the cell
had a thickness between 0.2–0.4 microns. These dimensions were
representative of our experimental data in �15�, and are consistent
with other studies on endothelial cells �16�. The Young’s moduli
used for the nucleus, cytoskeleton, cytosol, and cortical layer were
5000 Pa, 500–1500 Pa �see Discussion�, 500 Pa, and 1000 Pa,
respectively.

The magnitude of the computational reactive forces used in
each case was chosen as follows. In the case of the discrete cy-
toskeletal fiber simulations, 17 point forces were prescribed along
the arc of the nucleus between ±45 deg for an adhesion area
fraction=0.4. Forces were chosen to produce a stress field of
roughly 2000 Pa on the surface of the nucleus, consistent with
previous estimates �15�. We apply roughly one force per each
node of the fiber cross section �3 elementary computational forces
per fiber�. The nodewise �instead of fiberwise� application of the
forces was used to help avoid local inhomogeneity in the defor-
mation of the nucleus that caused difficulties in the comparison
with the data of our experiment �15� �see also the Computational
Method�. For simulations with higher values for the adhesion area
fraction, fewer forces were used, proportional to the number of

released fibers �as described above�. In the case of the effective
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layer representation of the cytoskeleton, 17 point forces were also
prescribed along the arc of the nucleus between ±45 deg for an
adhesion area fraction=0.4. For simulations with higher values for
the adhesion area fraction, all 17 point forces were kept. However,
the magnitudes of the forces were chosen to be consistent with
stress fields estimated previously for these different states �15�.
Forces were inclined between 17 and 19 deg from the horizontal
in order to correspond with cytoskeletal fiber orientation.

Boundary Conditions: Model of Cell Detachment. To simu-
late endothelial cell rounding, we imposed the boundary condition
that describes the detachment of a portion of the cell surface. The
cell surface detachment was modeled as a jump in the radial �in-
plane� component of the cell boundary elastic displacement �we
did not assume any jump in the normal component of the cell
displacement�. The length of the detached portion of the cell sur-
face at the current moment of time is assumed to be proportional
to the time of cell rounding until that moment. As an example,
Fig. 1 shows the jump in the radial displacement as a function of
the radial coordinate at the moment of time when 40% of the
initial adhesion area remains. The adhesion area fraction refers to
the current area at the base of the cell divided by the reference
spread area �e.g., adhesion area fraction=1.0 is the spread state�.
In the case of higher adhesion area ratios �corresponding to a cell
that is more spread�, the maximum displacement is lower in mag-
nitude, but the linear decrease in displacement towards the center
of the cell is maintained. In our simulations, the maximum diam-
eter of the cell was 20 microns, and the cortical layer of the cell
had a thickness between 0.2–0.4 microns.

Model of Cytoskeletal Fibers. Our concept of the forces de-
forming the nucleus in the process of cell rounding is based on
observation of the “preprocess” of cell spreading. There is com-
mon understanding that the cell spreading is accompanied by
stressing of cytoskeletal fibers, probably, via signaling from the
adhesion sites that triggers the actin/myosin machinery. The actin
cytoskeleton surrounds the nucleus, and may be tethered to it.
Thus, we assume that in the preprocess of cell spreading the
nucleus is deformed as a result of the generated cytoskeletal ten-
sion. If now we consider the process of cell rounding, we assume
that the part of the cytoskeletal fibers associated with the detached
part of the cell surface lose their tension. In our model of the
deformation of the nucleus caused by cell rounding, the reference
state is the spread state, and the current state is the partially or
fully round state. Thus, the loss of the fiber pretension is equiva-
lent to application of reactive forces to the nucleus. Our hypotheti-
cal model for the adhesion-cytoskeleton-nucleus mechanical path-
way in the context of cell rounding is shown in Fig. 2. Figure 2�a�
shows the initial �spread� state of the cell where the cytoskeletal
fibers �solid lines� generate tension on the nucleus, and ultimately,

Fig. 1 The boundary condition to simulate detachment of the
cell surface from the substrate during cell rounding. The case
of an adhesion area fraction=0.4 is considered, and the jump in
the radial component of the cell displacement as a function of
the cell radius is prescribed.
form connections with the adhesion site. Figure 2�b� represents an
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intermediate �partially detached� state of the cell. When adhesions
are disrupted, there is a loss of cytoskeletal tension that is repre-
sented by reactive stresses. In the considered state of the cell, such
loss of the original tension occurs along a portion of the fibers that
become detached from the substrate. These fibers are represented
by the dashed lines in Fig. 2�b�. Figure 2�c� shows a preround
state of the cell where all the fibers �given in dashed lines� are
detached from the substrate and associated with the reactive
stresses.

The stress–strain state that we compute is determined by the
deformation accompanying the transition of the cell from the
spread to the round state. In our simulation of the cell and nucleus
rounding, we assume that the active forces acting on the nucleus
are equal in magnitude and opposite in the direction to those that
were generated in the cytoskeletal fibers in the preprocess of cell
spreading �Fig. 2�c��. A similar concept is used in the treatment of
intermediate states where the active force is associated with a
portion of the fibers that become detached by the moment of time
under consideration �Fig. 2�b��. Thus, the mechanics of the actin
cytoskeleton is determined by superposition of the active and pas-
sive properties.

To introduce the cytoskeletal fiber arrangement, we considered
two cases: �1� the presence of direct cytoskeletal fiber connections
from the adhesion site to the nucleus �Fig. 3�a��; and, �2� a layer
representing the effective material properties of a random arrange-
ment of cytoskeletal fibers �Fig. 3�b��. In the former case, the
cytoskeleton is composed of almost parallel fibers with one-to-one
connection between the points along the surface of the nucleus
and those at the adhesion area. In the latter case, the cytoskeleton
is organized in a chaotic fashion where a point at the adhesion
surface can be connected to multiple points located at the surface
of the nucleus. In the case of discrete fibers �Fig. 3�a��, reactive
forces were only present on the nuclear surface if opposite fiber

Fig. 2 Concept of the active forces associated with a loss of
cytoskeletal tension in the cytoskeletal fibers due to loss of
adhesion area: „a… reference spread state where the solid lines
represent the originally stressed fibers connecting the nucleus
to the adhesion sites, „b… intermediate state where a portion of
the fibers is detached and associated with the reactive stresses
„dashed lines…; and, the rest of the fibers „solid lines… is still
attached to the adhesion sites, and „c… preround state where all
the fibers are associated with the reactive stresses.
ends were in the displacement region. For example, if we were
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looking at a state where the maximal cell displacement was
2 microns, only the rightmost fiber in Fig. 3�a� would be affected,
so reactive forces would only occur at the nuclear surface near the
rightmost fiber. Thus, the number of forces—not force
magnitude—was different between states using discrete fibers. In
the case of an effective random fiber layer, we applied the same
number of forces along the surface of the nucleus for any defor-
mation state, but varied the magnitude of those forces. This sce-
nario was meant to represent a recruitment of reactive forces as
the cell became more rounded.

Computational Method
Computational simulations were performed on a personal com-

puter running the Windows XP operating system. Two commercial
software packages were used for creating the geometries of the
different subcellular components and for running the finite-
element analysis.

Creation of orphan mesh geometries was done using the soft-
ware package, SolidWorks Student Edition 2004 �SolidWorks
Co.�. Individual model parts for the nucleus, cytoskeletal fibers,
cytosol, and cortical layer were generated at a 1000�scale, and
were saved as ACIS.sat files for importation into the finite-
element software package.

Finite-element analysis is a computational method whereby
continuous, deformable objects are broken down into representa-
tions with a discrete number of interconnected nodes. The Com-
plete ABAQUS Environment �CAE� version 6.3 �ABAQUS, Inc.�
was used to perform the axisymmetric finite-element analysis of
cell rounding. Model geometries were imported into the CAE,
where they were given spatial coordinates and assigned material
properties. The different parts were assigned axisymmetric, quad-
rilateral element types, meshed, and boundary conditions were
specified. After performing the finite-element analysis, simulation
outputs were viewed using the Visualization tools.

In the performed simulations, the nucleus was very constrained,
due to the multiple contact-type boundary conditions that ensured
mechanical continuity between the nucleus and the subcellular
structures �cytosol, cytoplasm, fibers or effective layer�. This re-
sulted in the convergence of the simulations only with a mesh
density for the nucleus that was lower than that for the rest of the
cellular model. In order to resolve the nodal mismatch at the in-
terface between the nuclear surface and the surrounding struc-
tures, it was necessary to perform node wise application of the
active force determined by the mesh of the nucleus �see the Model
Parameters�.

Results and Discussion

Description of the Results. The results of our finite-element

Fig. 3 Arrangement of cytoskeletal fibers in the computational
cell model using „a… discrete fiber, and „b… effective layer
representations
analysis are given in Figs. 4–8 and Tables 1 and 2. Figures
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4�a�–4�d� shows the simulation results as the cell rounds for the
discrete cytoskeletal fiber arrangement, and Figs. 4�e�–4�h� show
different states during the rounding event for the effective layer
representing a random arrangement of cytoskeletal fibers. In both
scenarios for the cytoskeleton, the adhesion area fraction=0.4 cor-
responds to the closest state to a fully round cell in the simula-
tions. While Fig. 4 shows the deformation of the nucleus, cytosk-
eletal, and whole cell during cell rounding, Figs. 5�a�–5�f� present
the corresponding time evolution of the active forces deforming
the nucleus. Table 1 compares the radial nuclear stretch calculated
from experiments on cell rounding in �15� with the nuclear stretch
from the simulations.

To investigate the contribution of purely passive properties to
nuclear deformations during cell rounding, we ran the finite-
element analysis as above, but removed all active forces. Thus, the
nuclear deformation observed during the passive analysis would
be due to bulk motion of the different materials and their proper-
ties. In Table 2, the radial nuclear stretch from the passive simu-
lations is compared to the predicted value based on experimental
data in �15�.

One of the major goals of our simulations was to obtain stress
maps for the nucleus. Figure 6 shows the Cauchy stress compo-
nent of the nucleus, S11, for an adhesion area fraction=0.4 during
the cell rounding. Figure 6�a� shows the discrete cytoskeletal fiber
simulation, while Fig. 6�b� relates to the simulation using the ef-
fective layer representation of the cytoskeleton. Likewise, Fig. 7
shows the nuclear stress component, S22, for different cytoskeletal
configurations, while Fig. 8 represents the results for the nuclear
shear stress component, S12.

Model Discussion. In this study, we concentrated on the force
�stress� transmission along the adhesion-cytoskeleton-nucleus

Fig. 4 Computational simulation of cell rounding for different
states and different cytoskeletal configurations. Adhesion area
fractions of „a… 1.0, „b… 0.9, „c… 0.7, and „d… 0.4 correspond to
simulations with discrete cytoskeletal fibers. Simulations in-
corporating an effective layer representation of the cytoskel-
eton are shown for adhesion area fractions of „e… 1.0, „f… 0.9, „g…
0.7, and „h… 0.4.
mechanotransduction pathway with the ultimate goal to estimate
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the stress field inside the nucleus and along its surface. To accom-
plish this, we created a finite-element model of the cell. This
model cell possessed all major features of the cell, such as the
nucleus, cytoskeleton, cytosol, and cortical layer. Additionally, we
varied both active �reactive forces� and passive �arrangement and
magnitude of the actin cytoskeleton� properties to verify if our
model was robust.

The material properties used in our simulations for each sub-

Fig. 5 Undeformed „dark… and deformed „light… states of the
nucleus with prescribed reactive forces for different states and
different cytoskeletal configurations. Adhesion area fractions
of „a… 0.9, „b… 0.7, and „c… 0.4 correspond to simulations with
discrete cytoskeletal fibers. Simulations incorporating an effec-
tive layer representation of the cytoskeleton are shown for ad-
hesion area fractions of „d… 0.9, „e… 0.7, and „f… 0.4.

Fig. 6 Nuclear stress field of Cauchy stress component, S11,
corresponding to an adhesion area fraction=0.4 for „a… discrete

fiber and „b… effective layer representations of the cytoskeleton
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cellular structure were based upon the experimental latest mea-
surements for endothelial cells. The Young’s modulus of the
nucleus was approximated to be 5000 Pa, and the Young’s modu-
lus of the cytosol used was 500 Pa, consistent with the measure-
ments by �16,17�. For the cortical layer and cytoskeleton, we used
a range of stiffness between 500–1500 Pa to determine the extent

Fig. 7 Nuclear stress field of Cauchy stress component, S22,
corresponding to an adhesion area fraction=0.4 for „a… discrete
fiber and „b… effective layer representations of the cytoskeleton

Fig. 8 Nuclear stress field of Cauchy shear stress component,
S12, corresponding to an adhesion area fraction=0.4 for „a… dis-
crete fiber and „b… effect layer representations of the
cytoskeleton

Table 1 Experimental and computational nuclear stretches for
different times during the cell rounding event

Adhesion area ratio

Nuclear stretch

Predicted
�experimental data�

Simulation
�discrete fibers�

Simulation
�effective laye

0.9 0.96 0.97 0.97
0.7 0.88 0.91 0.91
0.4 0.80 0.82 0.82

Table 2 Experimental and computational nuclear stretches for
different times during the cell rounding event in the case of no
reactive force „passive properties only…

Adhesion area ratio

Nuclear stretch

Predicted
�experimental data�

Simulationa

�discrete fibers�
Simulationa

�effective laye

0.9 0.96 0.99 0.99
0.7 0.88 0.97 0.96
0.4 0.80 0.93 0.91

a
Simulations use passive properties only
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of the effect on the nuclear deformation. In our simulations,
changing these properties did not cause more than a 0.01 change
in nuclear stretch across the range, i.e., the effect was minimal.

In our model, we chose the parameters on the bases of several
lines of experimental data �7,15,16�. In addition to that, the results
of our modeling are consistent with independent experiments. The
forces acting on the nucleus are on the same order of magnitude
�tens of nanonewtons� as traction forces measured by several in-
dependent groups �18–20�. Also, it can be shown, that the pro-
posed model can reproduce the data on cell �nucleus� rounding
present in �21�.

Figure 3 shows two scenarios of actin cytoskeleton arrangement
in our simulations. The discrete fiber representation consisted of 5
“effective” cytoskeletal fibers that, although much larger in diam-
eter than an actual cytoskeletal filament, suffice to reflect the pas-
sive properties in this instance. The effective layer treatment of
the cytoskeleton was meant to reflect a very dense, random ar-
rangement of actin filaments, thereby allowing representation of
this subcellular region with a homogenous layer.

In our model, the mesh density was such that the internodal
spacing represented no greater than 0.30 microns �in most re-
gions, the spacing was less�. The simulations were also run using
a lower mesh density �0.5 micron internodal spacing� to determine
if this had any effect. In both cases, the results were similar,
except for a larger edge effect at the leading edge of the cell in the
lower density case.

To determine the dependence on geometry—and whether or not
the edge effect produced any impact on the nuclear
deformation—we also tried running our scenarios with a cell that
had a half-trapezoidal shape �as opposed to the smooth contour of
the model cell shown in the figures�. This half-trapezoidal cell had
more cytoplasm closer to the nucleus. However, the simulations
with this other model cell produced identical nuclear deforma-
tions, indicating that the cell geometry had a minimal effect.
Moreover, since there was no effect by this region near the
nucleus, this suggested that the edge effect in the simulations—the
leading edge of the cell being farther away than this tested
region—probably had no effect on the nuclear deformation as
well.

The finite-element model in this paper was axisymmetric. The
assumption of axisymmetry is consistent with our earlier experi-
mental finding �15� that the nuclear stretch along the major and
minor axes of the elliptical nuclear projected area had the same
mean value. Some of the effects, such as shape of the adhesion
and that of the cell in the spread state could be of a 3D nature, and
it will require a next-level computational model in the future.
Also, the boundary conditions that simulate the detachment of the
cell surface of the substrate �Fig. 1� are in terms of the vertical
component of the displacement only, which causes the cell in the
model to “round up.” This seems a good approximation at the
cellular level, but depicting the events at a molecular level might
require more sophisticated boundary conditions.

Simulation of Cell Rounding. The results of our simulations
for different states during cell rounding and different cytoskeletal
arrangements are shown in Fig. 4. The left column of simulations,
�a�–�d�, represents the discrete cytoskeletal fiber simulations for
adhesion area fractions of 1.0, 0.9, 0.7, and 0.4, respectively.
Similarly, �e�–�h� shows the results of the simulations using the
effective layer representation of the cytoskeleton for adhesion area
fractions of 1.0, 0.9, 0.7, and 0.4, respectively. As one can see, the
nucleus gets more and more deformed as the cell rounds: it is
compressed in the directions parallel to the substrate and elon-
gates in the perpendicular direction, which is consistent with in-
compressibility of the nuclear material. As a result, the nuclear
shape changes from elliptical to spherical. In the case of the ef-
fective layer simulations, the deformation of the nucleus is more
uniform. In addition to the deformation, the nucleus moves as a
whole away from the substrate in response to cell rounding. While

the stretches of the relatively stiff nucleus do not exceed 20%, the
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distortion of the softer cytoskeleton is quite large �Figs. 4�d� and
4�h��. In this modeling, the materials of the cellular components
were considered elastic and incompressible. In our previous ana-
lytical treatment �15�, we analyzed the effect of slight compress-
ibility of the nuclear material and found it not very significant in
terms of the forces acting on and stress inside the nucleus. Also,
the relaxation time of the endothelial cell nuclei is not available at
this time, but it has been found in some other cells. For example,
that of the nuclei in chondrocytes was found close to 25 s �22�.
Such times are much shorter than the duration of the experiment
that we modeled here �about 180 s�. Thus, in our case, we can
treat the material of the nucleus as elastic with the short-term
moduli. More general models of the nucleus used on different
time scales will probably require a consideration of dissipative
processes as well as two-phase �chromatin and intranuclear liquid�
nature of the nuclear content.

The active forces corresponding to different moments of time
during cell rounding are given in Fig. 5. Table 1 summarizes the
maximal radial stretch of the nucleus in the simulations of Fig. 4
with the expected stretch value based on the experiments in �15�.
As one can see, the stretch values from the simulations are very
close to the predicted values from experiments. Moreover, the
stretch values from both cytoskeleton scenarios are similar, with a
difference between the two of less than 1%. The fact that two
different representations of the cytoskeleton result in a similar
nuclear deformation �nuclear stretch� suggests that our model is
robust.

In order to analyze the significance of the active forces to the
deformation of the nucleus, we developed a computational test
when these forces are excluded, and the cell is deformed due to
the passive stresses resulting from the detachment of the cellular
surface from the substrate. While full-scale finite element compu-
tations of this hypothetical case are not presented, Table 2 sum-
marizes the maximal radial stretch of the nucleus for the passive-
case simulations corresponding to different stages of cell
rounding. Comparing the passive results to the predicted values of
stretch, one can see that passive properties alone cannot account
for the nuclear deformation. Moreover, if one compares the data in
Table 2 to that in Table 1, it is clear that most of the stretch
�50%–70%� of the nucleus during cell rounding is a product of the
loss of cytoskeletal tension �active force production in the spread
state�. This is consistent with earlier studies on the contractile
machinery of cells �e.g., �23,24��.

Nuclear Stresses and Their Significance. In Figs. 6–8, we
present the components of the nuclear stress that corresponds to
an adhesion area fraction=0.4, a moment of time close to full cell
rounding, where cases �a� and �b� correspond, respectively, to the
“discrete-fiber” and “chaotic-fiber” model of the cytoskeleton. In
Fig. 6, the radial, S11, component is shown. The stress field of the
nucleus for S11 is more uniform in the second �chaotic-fiber com-
position� scenario, though the magnitude of stress in each is
within the same range. Figures 7 and 8 show the vertical, S22, and
shear, S12, nuclear stress components, respectively. In each case,
the discrete fiber scenario �a� and effective layer representation �b�
of the cytoskeleton are very close in stress distribution. In the case
of S22, the magnitude of stress appears greater towards the bottom
center region of the nucleus, while in the case of shear stress, S12,
the greater magnitude of stress is concentrated near the outer top
region of the nucleus. In the case of the radial component, an
average value of that throughout the nucleus is 2000 Pa. For the
vertical and shear component, average values are about 2000 and
500 Pa, respectively.

From a biological point of view, the major goal of studying
mechanotransduction is to understand how the mechanical forces
result in biochemical signals, particularly ones associated with
alterations of gene expression and protein synthesis �8,25�. The
molecules of DNA are stored in the chromatin in an extremely

twisted and bent form associated with intrinsic stresses, to which
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DNA molecules are very sensitive. DNA replication and gene
transcription is associated with the binding of enzymes �polymer-
izes� that induce changes in the molecular stress. Protein synthesis
occurs as a result of transport of mRNA molecules through
nuclear pores. In order to understand the potential significance of
the computed nuclear stresses for gene alteration and protein syn-
thesis, we estimated the corresponding forces and moment
�torque� that would act on a single chromatin fiber and molecule
of DNA if they were in the stress field presented in Figs. 6–8.
While this analysis will be published elsewhere, we found that the
level of the total force acting on a representative �30-nm-diam�
chromatin fiber is about 20 pN. This is above thresholds observed
in experiments with isolated fibers, at which structural changes
occur �12,13�. Such forces can also significantly change the rate of
binding of regulatory proteins to DNA molecules �26�. In addition
to the total force or torque, the perturbation of a molecule inside
nucleus can be characterized in terms of changes in the molecular
free energy. Thus, the computed mechanical characteristics
�stresses and strains� can be converted into the corresponding free
energy changes per molecule that is associated with the cell evo-
lution during its rounding. Notice that these conclusions corre-
spond to the adhesion area fraction=0.4, which means that even a
partial detachment �rounding� of the cell can cause significant
changes in the genetic material inside the nucleus. It is also im-
portant to obtain all components of the stress field because all of
them contribute to the force, torque, and free energy per molecule,
and each of them can be critical to the state of the molecule.

We developed a robust finite-element model to analyze the
adhesion-cytoskeleton-nucleus mechanotransduction pathway dur-
ing endothelial cell rounding. By using the known properties of
cellular components, we reproduced the same level of nuclear
deformation in our simulations as that observed in previously pub-
lished experimental data. The active forces associated with the
loss of cytoskeletal tension was the major cause of the nuclear
deformation. Thus, passive mechanics alone did not account for
the observed nuclear deformation during cell rounding. Finally,
we computed the stress components inside and along the nucleus,
and found that they can be significant to genetic processes in the
nucleus.
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