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Cells are complex, dynamic systems that actively adapt to various stimuli including mechanical

alterations. Central to understanding cellular response to mechanical stimulation is the organization of

the cytoskeleton and its actin filament network. In this manuscript, we present a minimalistic network

Monte Carlo based approach to model actin filament organization under cyclic stretching. Utilizing a

coarse-grained model, a filament network is prescribed within a two-dimensional circular space

through nodal connections. When cyclically stretched, the model demonstrates that a perpendicular

alignment of the filaments to the direction of stretch emerges in response to nodal repositioning to

minimize net nodal forces from filament stress states. In addition, the filaments in the network

rearrange and redistribute themselves to reduce the overall stress by decreasing their individual

stresses. In parallel, we cyclically stretch NIH 3T3 fibroblasts and find a similar cytoskeletal response.

With this work, we test the hypothesis that a first-principles mechanical model of filament assembly in

a confined space is by itself capable of yielding the remodeling behavior observed experimentally.

Identifying minimal mechanisms sufficient to reproduce mechanical influences on cellular structure

has important implications in a diversity of fields, including biology, physics, medicine, computer

science, and engineering.

& 2011 Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

The cytoskeleton is directly linked to the mechanical environ-
ment of cells through multiple sites of interaction, including focal
adhesions, integrins, cellular junctions and the extracellular matrix
(Bellin et al., 2009). The cytoskeleton is a dynamic structure capable
of rearranging to adapt to change in environments, even though the
specifics of these active adaptations are not well understood. Among
the major components of the cytoskeleton is its network of actin
filaments that assemble into specialized bundles, arrays, and complex
branching structures to influence cell functions such as cell motility,
spreading, and adhesion. For example, stress fibers, which are cross-
linked bundles of actin filaments, maintain tensile forces in the cell to
assist in cell adhesion and cytokinesis. From a physiological perspec-
tive, the mechanical stimulation experienced by individual cells is
: +1 909 869 4341.
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often comprised of multiple mechanical modes (e.g., stretching and
shear), thus presenting a challenge to characterize their influence on
cell structure. Endothelial mechanotransduction has been a topic of
significant interest (Hahn and Schwartz, 2009). Endothelial cells are
classically considered to undergo three mechanical stresses: shear
from blood flow, hydrostatic pressure from blood pressure, and cyclic
hoop stress due to vessel deformation (Sato and Ohashi, 2005). In
addition, fibroblasts form a major component (tunica externa) of the
vasculature in a layer surrounding the endothelial cells (tunica
intima) and thus experience similar forces to the endothelium. The
responses of cells to mechanical stimuli are often directly linked to
their actin cytoskeleton. For example, in vivo experiments performed
in flow-regulating chambers using cultured endothelial cells revealed
that cells and their stress fibers dynamically reorient themselves
parallel to the direction of flow, which is perpendicular to the
direction of hoop stress (Franke et al., 1984). Physiologically, endothe-
lial cells are similarly found to align themselves parallel to the
direction of flow and perpendicular to the direction of hoop stress
(Wong et al., 1983). Fibroblasts have also been shown to align
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perpendicular to the direction of cyclic stretch in vivo (Danciu et al.,
2004; Joshi and Webb, 2008; Pender and McCulloch, 1991), suggest-
ing that a biomechanical similarity could cause comparable behavior
in both cell types under cyclic stretching. This pattern of cyclic stretch
alignment has been shown to occur in the absence of microtubules in
cultured cells (Wang et al., 2001) and in the absence of shear flow in
intact rat arteries (Sipkema et al., 2003).

Computational models can provide a valuable complement to
experimental work in understanding the complex responses of
cellular systems to heterogeneous mechanical environments
(Puskar et al., 2007). For example, they provide a basis for rationaliz-
ing complex experimental observations and a platform to test the
sufficiency of theories and minimal models of the experimental
system. They are therefore in principal well suited to understanding
how mechanical stimulation influences actin cytoskeleton structure
and dynamics. Actin in particular has attracted considerable interest
in the modeling and simulation area due to its relative simplicity and
the wealth of experimental data available for it. Specifically, mechan-
ical modeling of the actin cytoskeleton has contributed much to
understanding the interplay between these polymer networks and
mechanics. Properties at many scales have been examined, from
atomic-scale models of small numbers of actin monomers (Chu and
Voth, 2006), through models of properties of single filaments (Ming
et al., 2003), through coarse-grained models of the overall mechan-
ical properties of full actin networks (Satcher and Dewey, 1996;
Stamenovic and Coughlin, 2000; Stamenovic and Ingber, 2002;
Stamenovic and Wang, 2000; Wilhelm and Frey, 2003). A key
observation of the field is that multiscale modeling approaches make
it possible to infer detailed mechanical properties of filaments at the
atomic scale and translate these into coarse-grained models of large
filaments or filament networks (Bausch and Kroy, 2006; Chu and
Voth, 2006). One can thus use insights from the more computation-
ally expensive models, as well as experimental studies of the
mechanical properties of filaments and filament bundles, to set
parameters for simplified but far more tractable models of the
macroscopic behaviors of full actin networks.

In this work, our objective was to design a coarse-grained
Monte Carlo model of the actin filament network in a cell under-
going uniaxial cyclic stretch. We demonstrate a gradual alignment of
the actin filaments, which reflects the observed physiological and
in vivo response of both endothelial cells and fibroblasts under cyclic
stretch. We corroborate our model with experimental data showing
gradual alignment of fibroblasts perpendicular to cyclic stretch over
a period of 24 h. Previous works on cyclic stretch simulations on
actin networks have focused on areas such as continuum mechanics
models (Hsu et al., 2009; Na et al., 2007; Palmer and Boyce, 2008) or
cytoskeletal dynamics (Civelekoglu et al., 1998). While there has
been work on discrete models involving force-generating actin–
myosin networks (Silveira et al., 2005; Silveira and Fredberg, 2005)
and passive actin networks under static stretch (DiDonna and
Levine, 2006), to our knowledge this is the first discrete filament
model that accurately captures the observed passive response of
actin filament alignment under cyclic stretch. While we believe that
incorporating active elements such as myosin and different cross-
linking proteins will be the next great step, in this manuscript, we
have focused on developing a new model and showing its responses
compared to defined experimental results.
2. Materials and methods

2.1. Simulation methods

A stochastic model was developed to examine the distribution
of forces and the reorganization of actin filament structures in
response to cyclic stretching. We used a two-dimensional circular
solution space of prescribed radius. This radius was chosen to be
100 arbitrary units, representing an adhered and spread cell
whose bulk lies in an approximately circular region of diameter
30 mm, such as a fibroblast. So as not to restrict the angular orien-
tation of the filaments, an off-lattice model was chosen. The space is
considered fixed to an underlying substrate by perimeter nodes at
prescribed locations on the circumference of the circle (Fig. 1a).
Within its interior, additional nodes are randomly placed that are not
fixed to the substrate and can move when a net imbalanced force
is applied to them. The nodes on the perimeter act as anchoring
proteins, which are representative of focal adhesions, and the interior
nodes model cross-linking proteins between filaments, such as
filamin; multiple filaments per node are possible. A prescribed
quantity of filaments is created by randomly assigning two nodes
per filament, which locate the filament ends and establish its length
and orientation within the space (Fig. 1b). These filaments are
assumed to represent either cross-linked single actin filaments or
bundled filaments found in stress fibers. The filaments are consid-
ered linear members able to support both tensile and compressive
loads. This assumption is reasonable if the applied stretch is at short
time intervals, or the stress is weak, or for short filaments in the
range of 0.1–1 mm long, which accounts for 80–90% of filaments
found in vivo (Cano et al., 1991; Xu et al., 1999). The filaments and
nodes are initially assembled in an unstressed state. All perimeter
nodes except for those between 80–1001 and 260–2801 are then
stretched horizontally on both sides (i.e., uniaxially) by an amount
proportional to their initial X-axis positions so that those on the
X-axis experience full stretching. The excluded nodes are near the
vertical positions and are not considered fixed; this approach is used
to simulate uniaxial stretching (Fig. 1c; see Movie S1 in the
Supporting Material). The substrate is assumed to be sufficiently
wide to exclude edge effects. A key assumption of the model is that
mechanical stress on actin filaments is primarily responsible for the
network’s response and all other influences, including the properties
of the binding proteins, which are accounted for in the probabilities
assigned for filament fracture.

Supplementary material related to this article can be found
online at doi:10.1016/j.jtbi.2011.01.011.

The displacement of the nodes on the perimeter may cause
some filaments to elongate and some to shorten. The resulting
mechanical strain in a filament is defined as the ratio of the
change in length to the original length. Using the assumption that
filaments behave as Hooke’s Law springs, strain is directly
proportional to stress by the elastic modulus, which for actin
filaments is approximately 2 GPa (Isambert et al., 1995; Xu et al.,
1998). It has been shown that individual actin filaments in living
cells have a linear stress/strain relationship up to at least 12%
strain (Lu et al., 2008) and that at frequencies o100 Hz, overall
cytoskeletal elasticity is relatively independent of frequency
(Deng et al., 2006). The strain in our model is then directly
proportional to the applied force and the forces exerted by the
filaments on their connected nodes are equal and opposite;
multiple filament connections per node are possible. A force
balance—which translates to a strain balance—was applied to
all internal nodes and the perimeter nodes at 80–1001 and
260–2801 (i.e., all nodes except for the fixed perimeter nodes).
Based on the resultant forces, the position of the nodes was
adjusted by an amount proportional to and in the direction of the
resultant force. A Gauss–Seidel relaxation iteration was applied to
adjust the node positions until all the nodal forces were balanced,
minimizing the nodal stress in the network. However, reposition-
ing of the nodes can either increase or decrease stresses in the
connected filaments. We consider the system to be at equilibrium
when the sum of the absolute magnitudes of all the nodal forces is
less than a prescribed tolerance (0.1 Pa in our model). We
imposed a 10% total displacement by displacing perimeter nodes

doi:10.1016/j.jtbi.2011.01.011


Fig. 1. Our computational model for representing a simplified actin filament network of an approximately circular cell under mechanical stimulation. (a) The node

distribution of the network of 100 arbitrary unit radius with filaments removed. 16 nodes are assigned to specific locations on the perimeter (filled circles) and can act as

fixed connections (mimicking focal adhesions). 30 interior nodes (open circles) are placed randomly and function as links between filaments (mimicking linking proteins

such as filamin). (b) 138 filament network with both nodes and filaments represented. Linear fibers are formed by randomly selecting two nodes for each fiber; the nodes

locate the ends of a fiber and define its length and orientation. Arrows denote which perimeter nodes will be stretched and the direction of stretch. (c) Configuration after

stretching the arrowed perimeter nodes by 10% of their X-axis position in the direction of the arrows and after node network equilibrium has been achieved. The model

was considered in equilibrium when the summation of the absolute magnitude of all the nodal forces was less than the prescribed tolerance.
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in 1% increments and relaxing forces in the system after each 1%
adjustment until a total specified displacement of 10% was
reached. Note that at equilibrium, individual filaments may
contain large positive (tensile) or negative (compressive) stress
values but the net balance of these stresses on each node must be
small. Once the total prescribed displacement was reached and
the model was in equilibrium (Fig. 1c), the final strains in the
individual filaments were checked to determine which would
break. This was accomplished by first normalizing the strains
using the largest strain value. The probability for any individual
filament to break was then defined to be the absolute value of the
normalized strain. Random numbers were generated between
0 and 1 to determine which filaments were removed, with new
filaments generated in the relaxed state between a random pair of
nodes to replace each removed filament. These processes of
stretching, energy minimizing, and breaking and replacing fila-
ments were considered a complete cycle. A new cycle was
initiated by returning the nodes back to their original positions
with the filaments in an unstretched state. The network was again
stretched and the cycle repeated. This continued for a prescribed
number of cycles while the distribution of filaments, their
orientations, and their stresses was determined. See Movie S2
for a simulated actin filament network undergoing 25 cycles of
horizontal uniaxial 10% stretching with filament breakage and
replacement. To calculate the variability in our model, we
calculated the standard error of the mean of our measurements
of filament angle and stress. The means are taken at each cycle
over n¼10 uniquely generated filament networks. These vari-
abilities are shown in the relevant figures as error bars represent-
ing 95% confidence intervals. One assumption that makes this
approach more computationally tractable is that the peripheral
nodes acting as focal adhesions do not move freely. While it has
been shown that focal adhesions can move in response to
tensional stress (Chen et al., 2003) in the scope of this work we
have not incorporated this yet.

Supplementary material related to this article can be found
online at doi:10.1016/j.jtbi.2011.01.011.
2.2. Experimental methods

2.2.1. Mechanical stimulation system

A device was fabricated to impose cyclic uniaxial tension on
living cells (Kubicek et al., 2004). A stretch frequency of 1 Hz was
chosen since a normal adult resting heart rate is 60–100 beats per
minute and experiments show that maximal alignment does not

doi:10.1016/j.jtbi.2011.01.011
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occur at less than 1 Hz (Hsu et al., 2009). The substrate used in
our cell–substrate interactions was a 1/2 cm thick polydimethyl-
siloxane (PDMS) membrane. PDMS is created using a prescribed
base-to-curing agent ratio, which was 10:1 for this study, result-
ing in an elastic modulus of 1882 kPa. We used the PDMS
membrane to generate forces on adhered cells by clamping and
stretching it in an air pressurization system (Steward et al., 2010).
For the cyclic stretching, the cyclic pressure supply to the PDMS
membrane was created through a bypass mechanism. This
mechanism was constructed by modifying the feedback pressure
control system of a microfluidic interface approach (Kim et al.,
2009). This control device enabled cyclic regulation of pressurized
air onto the bottom surface of the membrane, which deformed
the cells attached to the upper surface of the membrane. Nearly
complete uniaxial (ratio of 20:1 of stretch in desired vs. normal
direction) stretching was imposed on PDMS membranes through
elliptically constraining the periphery of the membrane, and the
cells that were attached to the membrane were stretched simul-
taneously. Cyclic uniaxial strain at 20% was applied by adjusting
the pressure to 10 psi using a frequency of 1 Hz for 3, 6, and 12 h
time periods.

2.2.2. Cell culture

NIH 3T3 fibroblasts were washed once with phosphate-buf-
fered saline (PBS), and then exposed to 0.05% trypsin–
ethylenediamine–tetraacetate (Trypsin-EDTA) for 5 min. Follow-
ing dissociation, the cells were counted and seeded, at a concen-
tration of 1000 cells/cm2, on PDMS substrates that were
pre-coated with fibronectin (10 mg in 1 mL PBS; BD Biosciences,
San Jose, CA, USA; No.: 39410). Cell cultures were maintained at
371C under 5% carbon dioxide in Dulbecco’s modified Eagle’s
medium supplemented with 10% calf serum; glutamine, 0.3 mg/mL;
streptomycin, 100 mg/mL; penicillin, 100 U/mL; and 20 mM N-2-
hydroxyethylpiperazine-N0-2-ethanesulfonic acid at pH of ]7.4. Cells
were incubated for a minimum of 6 h to allow for attachment
and spreading; the media was replenished 24 h before testing.
A thermostatically regulated heat source maintained a temperature
of 37 1C during the experiments.

2.2.3. Optical microscopy

Following the application of mechanical stimulation, pressure
was removed and the cells were immediately fixed for imaging
with an optical microscope. Filamentous actin (F-actin) was
visualized to investigate the effects of mechanical stimulation
on actin filaments. F-actin was visualized by fixing the cells with
4% paraformaldahyde and then permeablizing them with 0.2%
Triton-X 100, followed by staining with 6 mM Alexa Flours 488
phalloidin (Molecular Probes, Carlsbad, CA, USA; No.: A12379).
The cells were then mounted with fluoromount-G, sealed under a
coverslip and examined using an inverted optical microscope
(Zeiss Axiovert 200; Zander IVF, Vero Beach, FL, USA) with a 63x
high numerical aperture oil immersion objective. A fluorescein
isothiocyanate (FITC; correspondingly pseudo-colored green)
filter set allowed us to visualize these filaments.

2.2.4. Analysis of actin filament orientation

Following mechanical stimulation, the cells were stained for
F-actin and fluorescent images were imported into ImageJ soft-
ware (download from the National Institutes of Health; http://rsb.
info.nih.gov/ij/download.html), which were used for analysis of
actin filament orientation. Microfilament orientation was exam-
ined by fitting an ellipse to the cellular outline based upon an
initial tracing of the cell periphery. Major and minor x0 and y0 axes
were then defined on this ellipse. Because cellular orientation is a
predictor of actin filament orientation (Suciu et al., 1997; Swailes
et al., 2004), we then quantified actin filament orientation by
comparing the ellipse major axis orientation to the direction of
uniaxial stretch. Only cells whose actin filaments exhibited a
single orientation were used for analysis.
3. Results

We studied the response of the actin filament model network
by examining the network over time as mechanical stimulation
was imposed on the system. Fig. 2a–d shows initial, intermediate,
and final configurations of an actin filament network subjected to
cyclic stretching corresponding to 1, 5, 10, and 25 cycles of
stretching. There are 16 nodes on the perimeter of a circle of
radius 100 units and 30 interior nodes with 138 filaments. In
dividing non-muscle vertebrate cells, the number of actin fila-
ments has been estimated to be in tens of thousands (Alberts,
2002; Lee et al., 2010; Mitsui and Schneider, 1976) but due to the
computational challenges with these number of filaments, we are
assuming a model with fewer filaments. We have though exam-
ined the changes associated with our model response with
respect to the number of filaments. Nodes located on the
perimeter from 801 to 1001 and 2601 to 2801 are not stretched.
Nodes from �601 to 601 and 1201 to 2401 are stretched 10% for 25
cycles. After each cycle, the normalized filament stress deter-
mines the probability for breaking. ‘‘Breaking’’ is a term used to
encompass all of the different mechanisms by which a filament
might cease linking two nodes, whether this is through depoly-
merization, disassembly, or physical breaking (Janmey et al.,
1991; Krendel et al., 1998; Mitchison and Cramer, 1996; Ono,
2003; Tsuda et al., 1996). These are replaced by filaments that are
randomly assigned new locations such that the total number of
filaments is conserved.

In order to quantify filament orientation, we create histograms
of all filament angles in the network, averaged over 10 uniquely
generated networks (Fig. 3a–d). A clear affinity for 901 vertical
alignment appears as cycle number increases. This shift though
can be detected in as few as 5 cycles. The error bars reveal that
there is a small amount of variation in the distribution of the
filament alignment, which is not unexpected in a stochastic
model. Note that all filament angles have been transposed to
the first quadrant of the Cartersian coordinate system to create
these histograms so that we are able to similarly portray fila-
ments from 901 to 3601.

To quantify filament angle alignment over all cycles, we
normalized all filament lengths to 1 and determined the dot
products between each filament angle and the mean filament
angle of the network. We calculated this normalized dot product
for each cycle from 1 through 25 and averaged the results over
ten uniquely generated 138-filament networks (Fig. 4). The
normalized dot product increases immediately in the early cycles
until a steady state is reached at approximately 14 cycles. The
decision to normalize all filament lengths to 1 was made to allow
equal representation among all filaments. If all of the 138
filaments aligned exactly with the filament network mean angle,
the normalized dot product sum would be 1.0 for that cycle.

To determine the changes to our model under important
parameters including filament number and internal node number,
we increased the number of filaments to 414 and 1242 while
varying the number of internal nodes between 15, 30, and 60. We
tracked filament angle orientation and present the results at
cycles 1 and 20 (Fig. 5). While there is no obvious alteration in
filament orientation when filament number increases, there is a
slight shift towards vertical alignment when the number of
internal nodes is decreased. We observed that with decreased
number of internal nodes, more breakages occur while holding

http://rsb.info.nih.gov/ij/download.html
http://rsb.info.nih.gov/ij/download.html


Fig. 2. A filament network of 138 filaments, 16 prescribed perimeter nodes, and 30 randomly placed internal nodes under 10% uniaxial horizontal stretch after (a) 1, (b) 5,

(c) 10, and (d) 25 iterative cycles. Stretch was imposed in 1% increments on all peripheral nodes from �601 to 601 and 1201 to 2401 followed by the Gauss–Seidel relaxation

to achieve network nodal force equilibrium. The depicted thickness/darkness of the filaments correspond to their relative stresses with the thickest/darkest being 475% of

the maximum stress of the network and the thinnest/lightest being o25%. The length scale in this model is 100 arbitrary units, representing a cell whose bulk lies in an

approximately circular region of diameter 30 mm, such as a fibroblast.
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the filament number steady (data not shown). It is possible that
fewer degrees of freedom to alleviate stress are causing higher
filament strains when node number decreases, which subsequently
leads to faster convergence to the perpendicularly aligned state.

The filament stresses for each of the 138 filaments in the
network for 1, 5, 10, and 25 cycles of stretching are analyzed
(Fig. 6). Positive stress (i.e., tension) denotes an increase in the
length of the filament relative to the start of the stretch cycle and
negative stress (i.e., compression) denotes a decrease in length. As
the cycle number increases in Fig. 6a–d, a clear trend towards
decrease in stress is observed. At cycle 1, the range of filament
stresses is [�150,250] MPa. By cycle 9, this has been reduced to
[�100,100] MPa and by cycle 25, the range is [�50,50] MPa with
one outlier at 100 MPa. These results are non-obvious as the
model implies that stresses in not only tension but also compres-
sion are reducing in this uniaxial stretch based approach.

Fig. 7 quantifies the filament stress through histograms com-
paring tensile (positive) and compressive (negative) stresses for 1,
5, 10, and 25 cycles of stretching. Each category bin covers a range
of 10 MPa. The left-most and right-most starred (*) bins contain
filaments with stresses less than and greater than �190 and
190 MPa, respectively, as these contained much smaller numbers
of filaments. Initially the filament stresses are relatively widely
distributed but as the number of cycles increases, a shift to a
much higher number of filaments in the bins of lower tension and
compression occurs. This result is consistent with the results
presented in Fig. 6. The peak in the right-most bin for the 1st cycle
in Fig. 7(a) is the result of a large number of high-stress filaments
initially in the network, which decreases with greater number of
cycles (Fig. 7(b–d)).

The orientation of cytoskeletal actin in NIH 3T3 fibroblasts
exposed to 1 Hz cyclic uniaxial stretch after 3, 6, 12, and 24 h was
observed (Fig. 8a–d). The cells were strained using the elasto-
meric membrane, fixed with paraformaldahyde, and then labeled
using 6 mM Alexa Flours 488 phalloidin stain for F-actin (green
pseudo-colored). The filament outlines were enhanced in
software using the convolution feature in ImageJ. For each time
point, the angles of ten representative filaments relative to that of



Fig. 4. Normalized dot product between filament angles and the filament network

mean angle at nodal equilibrium over cycles 1–25. For each cycle, filament lengths

were all assumed to equal 1 and the average dot product between each filament

angle and the mean filament network angle was averaged over 10 uniquely

generated networks. All filament lengths were normalized to 1 to maintain equal

representation among all filaments. If all of the 138 filaments aligned exactly with

the filament network mean angle, the normalized dot product sum would be

1.0 for that cycle. Error bars denote 95% confidence interval.

Fig. 3. Histograms of angular orientation of filaments in nodal equilibrium after (a) 1, (b) 5, (c) 10, and (d) 25 iterative cycles of 10% uniaxial horizontal stretch. Averaged

over ten uniquely generated filament networks, each of which consisted of 138 filaments distributed among 16 prescribed perimeter nodes and 30 randomly placed

interior nodes. Each filament connects two nodes. Error bars denote 95% confidence interval.

J. Kang et al. / Journal of Theoretical Biology 274 (2011) 109–119114
the cyclic stretch were measured and their average computed
(Fig. 8e). At 3 h, we see that prominent actin filaments are
arranged both parallel to and perpendicular to the axis of stretch.
Over time, with an increase in number of stretch cycles, steadily
increasing F-actin alignment in the direction normal to stretch is
observed. To further support our observations, we measured the
orientation of whole cells at the same time points as whole cell
orientation generally follows intracellular cytoskeletal alignment
(see Fig. 8). This alignment is quantified showing a strong pattern
moving toward vertical alignment (Fig. 9). These experimental
results reflect the modeling results in Figs. 3 and 4.
4. Discussion

4.1. Filament alignment patterns

Through our computational simulations, we have shown that a
minimal model of coupling of mechanics to a stress based
approach results in a realignment of filament networks under
cyclic stretching. Initially the filaments in the model are randomly
oriented (Fig. 3a) but begin to exhibit a distinct alignment in the
vertical direction as they experience additional cycles of stretch-
ing (Fig. 3b–d). Fig. 4 clearly shows a trend towards filament
co-alignment with further cycles. Taken together, Figs. 3 and 4
show that under cyclic stretch, our model demonstrates not only
gradual vertical alignment but also increased similarities in the
distribution of filament angles. As shown in Figs. 8 and 9, a
comparable alignment in response to cyclic stress occurs in
cultured cells. Initially, the cells show little alignment, but with
increase in time, at 12 h under uniaxial cyclic stimulation, the
cytoskeletal actin and whole cell alignment of NIH 3T3 cells
acquire a defined alignment in the vertical direction. This align-
ment begins to appear as early as 6 h. Our model predicts this
alignment by 25 cycles, which would correspond to approxi-
mately half a minute assuming a typical heart rate of 60 cycles
per minute. We believe this discrepancy results from the fact that
the probabilistic method of our network realignment algorithm
forces at least one filament to break and reform on each iteration
of energy relaxation, while the true system might pass through
many cycles of stretching between filament breakages. In this
regard, then, each cycle in our method can be considered to
represent a sequence of potentially many cycles without any
filament breakage culminating in a cycle in which some rearran-
gement occurs. This decision to effectively simulate only
‘‘eventful’’ rounds of cycling is needed because the computational
cost of each individual cycle would make it prohibitive to directly



Fig. 5. Histograms of angular orientation of filaments in nodal equilibrium after 1 cycle and 20 cycles for networks with (a) 414 and (b) 1242 filaments, which are 3 fold

and 9 fold multiples, respectively, of the previous filament number, 138. The number of internal nodes was varied as well from 15, 30, to 60 while peripheral nodes were

held constant at 16. The results were averaged over eight uniquely generated filament networks. Error bars denote 95% confidence interval.
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simulate the tens of thousands of cycles needed to explicitly
simulate every cycle of the true multi-hour time course of realign-
ment. While the selective sampling procedure we use prevents us
from attaching an explicit time scale to our simulations, we plan in
future work to extend it using standard stochastic simulation
methods to allow more realistic sampling of times between eventful
cycles (Hsu et al., 2009; Rathinam et al., 2003; Slepoy et al., 2008).
4.2. Filament stress patterns and imposed strain

Along with the alignment perpendicular to the direction of
cyclic stretch, the stress within the individual filaments was
observed to decrease with increase in number of cycles. The
alignment can be attributed in part to the model being stretched
in the horizontal direction and the highest strains therefore
occurring in the horizontally positioned filaments. There were,
however, several further interesting and non-obvious findings.
For the nodes from 80–1001 to 260–2801, which were not fixed to
the underlying substrate, the vertical filaments attached to these
nodes could be expected to experience higher compressive strains
similar to that experienced in a uniaxial stretch of a solid body
obeying Poisson’s ratio, described as a simple elongation model
(Wang et al., 2001). This, though, did not seem to be the case here.
The stress plots suggest that both tensile (positive) and compres-
sive (negative) stress levels proceeded toward a low baseline with
more cycles of stretching (Fig. 6). Fig. 7 quantifies this trend and,
when taken with the alignment of the filaments, indicates that
the filaments may have reorganized to minimize stress. However,
if the filaments in compression were assigned a higher probability



Fig. 6. Individual filament stress values in nodal equilibrium for 138 filaments,

16 perimeter nodes, and 30 internal nodes after a network was stretched

uniaxially by 10% for (a) 1, (b) 5, (c) 10, and (d) 25 cycles. Positive stress (i.e.,

tension) denotes an increase in the length of the filament relative to the length

before the stretching cycle and negative stress (i.e., compression) denote a

decrease in length. At the end of each cycle, filament breakage probability was

defined to be the absolute value of the strain normalized to the largest

strain value.

Fig. 7. Histogram of filament stresses in nodal equilibrium after (a) 1, (b) 5, (c) 10, and

filament networks of 138 filaments, 16 perimeter nodes, and 30 internal nodes. The star

than �180 and 180 MPa, respectively. Positive stress (i.e., tension) denotes an increa

negative stress (i.e., compression) denotes a decrease in length. Note the large right-mo

the network, which decreases with additional cycles (b–d). Error bars denote 95% con
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of breaking, as has been suggested in prior experimental work
(Takemasa et al., 1998), the final results may have been more
biased towards an oblique alignment of the filaments. In addition,
if all the perimeter nodes were fixed in a different initial
configuration, the filament response may have differed. Further-
more, the results may be dependent on the total magnitude of
stretching applied as experiments have shown that cell reorienta-
tion is primarily dependent on stretch magnitude as opposed to
rate (Wang et al., 2001). A strain of 10% was used based on
previous cellular and physiological experiments and conditions.
For example, under normotensive conditions, stretch has been
reported to be 9–12% in the aorta and 6–10% in the pulmonary
arteries in humans (Luchsinger et al., 1962; Nakajima, 1968; Patel
et al., 1962). In addition, arterial motion is predominantly in the
circumferential direction with little longitudinal movement
(Dobrin, 1978), which suggests that a uniaxial circumferential
stretch model may accurately simulate physiological arterial
stretch. Previous studies have demonstrated that cytoskeletal
elasticity’s relationship with frequency lies in two domains: at
high frequencies 4100 Hz, the elasticity is dependent on fre-
quency with a universal exponent of 3/4 in a regime akin to
semiflexible polymers whereas at lower frequencies the elasticity
is relatively independent of frequency consistent with a soft-glass
regime (Deng et al., 2006; Trepat et al., 2007). While our model is
independent of frequency and these cytoskeletal elasticities relate
to the whole cell rather than individual filaments, in the future,
the alignment and stress patterns could be compared to empirical
(d) 25 iterative cycles of 10% uniaxial stretch averaged over 10 uniquely generated

red (*) left-most and right-most bins contain filaments with stresses less or greater

se in the length of the filament relative to that before each stretching cycle and

st bin in (a) represents a large number of high-stress filaments initially present in

fidence interval.



Fig. 8. Images of NIH 3T3 fibroblasts exposed to 1 Hz vertical cyclic stretch uniaxial stretching after (a) 3, (b) 6, (c) 12, and (d) 24 h. Red lines indicate representative actin

filaments measured for angle relative to stretch direction. (e) Average filament angle relative to stretch direction at all time points. 5 filament angles were measured per

clearly visible non-dividing cell. For the 3, 6, 12, and 24 h time points, we measured filaments in 47, 31, 22, and 10 cells, respectively. The cells were cultured on an

elastomeric substrate, stretched, fixed with paraformaldahyde, and then stained with 6 mM Alexa Flours 488 phalloidin stain for F-actin. These images were captured on

an inverted Zeiss Axiovert optical microscope with a 63X high numerical aperture oil immersion objective. A fluorescein isothiocyanate (FITC) filter set allowed us to

visualize the actin filaments. Error bars denote 95% confidence interval.
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results after parameterizing the elastic modulus of our filaments
for frequencies between 60 and 100 Hz and beyond 100 Hz.
4.3. Filament breakage and reassembly

In our model, we normalize probabilities of filament breakage
to the highest individual stress value of the given filament
network. Our goal is to have a single measure that attempts to
account of the variety of different filament responses that might
occur at high stresses, including physical breaking and depoly-
merization. However, it has been shown in vitro that actin
breakage might be more accurately modeled as occurring reliably
at a threshold strain (Janmey et al., 1991) rather than probabil-
istically over a range of strains. This observation may hold in vivo

as well. Our data shows the maximum stress averaged over 10
runs consistently is between 140 and 180 MPa with few excep-
tions after the 5th cycle (Cycle 16: 106 MPa; Cycle 20:127 MPa;
Cycle 25:114 MPa). These data suggest that even though our
model uses a relative probability for filament breakage, the model



Fig. 9. Angular orientation histogram of NIH 3T3 fibroblasts after (a) 3, (b) 6,

(c) 12, and (d) 24 h of uniaxial horizontal cyclic stretch. Following mechanical

stimulation, the cells were stained for F-actin and fluorescent images were

imported into ImageJ software for analysis of actin filament orientation. Micro-

filament orientation was examined by fitting an ellipse to the cellular outline

based upon an initial tracing of the cell periphery. Major and minor x0 and y0 axes

were then defined on this ellipse. Actin filament orientation was then quantified

by comparing the ellipse major axis orientation to the direction of uniaxial stretch.

Only cells whose actin filaments exhibited a single orientation were used for

analysis. In total, 100 cells were sampled.
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still is relatively effective at simulating pseudo-thresholds in
these cycle ranges. In addition, new filaments are assumed to
form instantaneously and independently of current fiber orienta-
tion or shape in our model. In reality, new filament formation
may be more gradual and dependent on multiple factors includ-
ing current cell orientation. It has been reported that endothelial
elongation can drive filament orientation (Civelekoglu-Scholey
et al., 2005). Conversely, stress fiber orientation has been sug-
gested to drive endothelial cell elongation (Noria et al., 2004). An
interesting result during reassembly that we observed in our
simulations was when nodes moved outside the boundaries of the
cell during the force equilibrium phases (see Movie S2). Our
model was not formulated to constrain this from occurring and
interestingly, this might have implications for cell motility as
motility is directly related to polymerization of the actin cytos-
keleton (Mitchison and Cramer, 1996). As our model is based on
passive force balance, one factor that we have not modeled is the
generation of active force by myosin motors. While it is known
that myosin II is involved in unbundling individual actin filaments
and their depolymerization, the functions of various myosins in
actin turnover separate from actin-based motility is not well
understood (Haviv et al., 2008); thus in this manuscript, we
presented a minimalistic model without multiple layers of com-
plexity. Additionally, while it is known that various focal adhesion
and actin cross-linking proteins such as a-actinin and zyxin have
different mechanical properties related to adhesion, motility and
orientation (Ngu et al., 2010), in this current work, we are not
modeling these specific differences in this minimalistic model.
5. Conclusion

We have developed a simulation model to investigate the
response of actin filaments under mechanical stimulation. We
present this minimalistic model to isolate observed behavior and
test the sufficiency of a defined set of components critical to
understanding complex biological systems, as modeling billions
of molecules in single cells completely in terms of spatial and
temporal organization will be far beyond computational resources
for the foreseeable future. These minimal or coarse-grained models
are in principal suited to understanding how mechanical stimulation
influences actin cytoskeleton structure and dynamics. With this
model, we are able test the hypothesis that a first-principles
mechanical model of filament assembly in a confined space may
be capable of yielding the remodeling behavior observed both
experimentally and in vivo for cytoskeletal actin networks subjected
to mechanical stimulation. We have found that the filaments in our
model align preferentially in the vertical direction when experien-
cing cyclic horizontal stretchings, which were similar to our experi-
mental cyclic cell stretching responses. We also observed that the
stress in the individual filaments decreased with the increase in the
numbers of stretch cycles, indicating that the aggregate behavior of
this network can decrease the local stress in the individual fila-
ments. While this is a simplified model of cell structure, it is
intended to approach a minimal model to allow exploration of
fundamental questions about the mechanisms underlying cytoske-
leton rearrangement in response to mechanical stimulus that do not
lend themselves to direct experimental investigation. It therefore
contains only those mechanisms we propose to be necessary to the
observed phenomena, in order to test whether those mechanisms
specifically are sufficient to give the observed behaviors. Future
directions of this work include correlating our simulation and
experimental data to find an accurate physiological threshold stress,
integrating multiple modes of mechanical stimulation and linking
these network responses to biochemical alterations. We believe this
computational model in combination with experimental results will
provide insight into a wide range of areas at the intersection of
mechanics and biochemistry, including mechanobiology, material
science, and polymer physics.
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