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ABSTRACT Many cells in the body experience cyclic mechanical loading, which can impact
cellular processes and morphology. In vitro studies often report that cells reorient in response
to cyclic stretch of their substrate. To explore cellular mechanisms involved in this reorienta-
tion, a computational model was developed by adapting previous computational models of
the actin-myosin-integrin motor-clutch system developed by others. The computational
model predicts that under most conditions, actin bundles align perpendicular to the direction
of applied cyclic stretch, but under specific conditions, such as low substrate stiffness, actin
bundles align parallel to the direction of stretch. The model also predicts that stretch fre-
quency impacts the rate of reorientation and that proper myosin function is critical in the re-
orientation response. These computational predictions are consistent with reports from the
literature and new experimental results presented here. The model suggests that the impact
of different stretching conditions (stretch type, amplitude, frequency, substrate stiffness, etc.)
on the direction of cell alignment can largely be understood by considering their impact on
cell-substrate detachment events, specifically whether detachments preferentially occur
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during stretching or relaxing of the substrate.

INTRODUCTION

Cell alignment in response to cyclic stretch

Many tissues and organs in the body experience cyclic mechanical
loading, including the cardiovascular systems with the beating of
the heart and subsequent pulse wave through the vasculature, the
lungs with breathing, the digestive system with peristalsis, and the
muscular skeletal system with locomotion. The cyclic mechanical
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loading and resulting cyclic stretch are thought to impact the
structure and functions of these tissues as well as the associated
cells in vivo, as summarized in various review articles (Gupta and
Grande-Allen, 2006; Birukov, 2009; Morita et al., 2013; Qiu et al.,
2014; Yu et al., 2016). In vitro studies have shown that stretch plays
a role in cellular proliferation (Gorfien et al., 1989; Sumpio et al.,
1990; Butt and Bishop, 1997), apoptosis (Sotoudeh et al., 2002),
migration (Hasaneen et al., 2005; Zhang et al., 2015), extracellular
matrix maintenance and production (Gorfien et al., 1989; Sumpio
etal., 1990; Butt and Bishop, 1997), and phenotype alteration (Cui
et al., 2015). Similarly, various morphological responses of cells to
cyclic stretch have been reported, including spreading, elonga-
tion, and alignment (Moretti et al., 2004; Barron et al., 2007;
Greiner et al., 2013; Cui et al., 2015). While some cellular and
molecular responses to cyclic loading are highly dependent on cell
type and alterations in stretch type, many cell types tend to alter
their orientation similarly in response to cyclic stretch. Specifically,
cells cultured on deformable substrates with initially random orien-
tations align nearly perpendicular to the direction of principal
strain, or along an axis of minimal strain, after exposure to
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FIGURE 1: Cellular morphological response to applied mechanical cyclic stretch. (A) In vitro HUVEC exposed to no
stretch control (top) and 10% stretch conditions (bottom). Representative images show overall culture perpendicular
realignment (left) and individual cell actin fiber realignment (right, yellow circle). (B) Three general processes by which
changes in the actin cytoskeleton (actin fibers) can result in reogranization of cells in response to cyclic stretch. Fibers
may lengthen or shorten due to polymerization or depolymerization, based on their orientation with respect to the
direction of applied stretch. Fibers may rotate as a function of applied strain. Fibers may disassemble in directions
where applied strain is greatest and reassemble in directions where strain is reduced.

cyclic substrate deformation (Dartsch and Betz, 1989; Sumpio etal.,
1990; lba and Sumpio, 1991, Kada et al., 1999; Standley
et al., 2002; Moretti et al., 2004; Barron et al., 2007; Jungbauer
et al., 2008; Matsugaki et al., 2013).

Biophysical processes that could potentially lead to
cytoskeletal alignment

Several cellular components have been hypothesized to play a
role in cellular realignment, with most of them focusing on the
actin cytoskeleton. Cells under tension from internal (e.g., cellular
contraction) (Chrzanowska-Wodnicka and Burridge, 1996) or ex-
ternal loads form highly organized actin fiber bundles terminat-
ing at substrate-linking focal adhesions known as actin stress fi-
bers (Burridge et al., 1988; Pellegrin and Mellor, 2007). Applied
cyclic load reorganizes stress fibers along an axis of minimal
strain (roughly perpendicular to the direction of applied stretch)
with the whole cell typically also aligning in this direction (Dartsch
and Betz, 1989; Ghibaudo et al., 2008; Faust et al., 2011). When
stress fiber formation is inhibited, cells lose the ability to reorient
when exposed to cyclic stretching (Kaunas et al., 2005). Similarly,
disruption of actin cytoskeletal organization with various pharma-
cological agents also inhibits cellular reorientation (Goldyn et al.,
2010). These observations suggest that the actin cytoskeleton
plays a vital role in the cellular morphological response to cyclic
stretch. While there exists a wealth of knowledge on the cellular
response to cyclic stretch, and data have begun to emerge on
potential molecular players, the specific mechanisms behind cel-
lular sensing of cyclic stretch and reorientation of cells remain
unknown. On a broad level, one can consider three mechanisms
by which changes in the actin cytoskeleton can result in reorgani-
zation of cells in response to cyclic stretch (Figures 1 and 2):
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1) Actin bundles can preferentially lengthen and/or shorten, de-
pending on their orientation; 2) Actin bundles can preferentially
depolymerize or form, again depending on their orientation; 3)
Intact bundles can change their orientation or rotate within the
cells.

S

A L

dwe) Aseuoneis
dwep) ajiqoy

4
o <
= s
a =3
o
< o}
o )
o E
E -]
°

FIGURE 2: Experimental application of mechanical cyclic stretch to
cultured cells. (A) Schematic of custom mechanical stretch device
capable of applying cyclic strain to cell cultures. Device consists of
two clamps attached to a motorized stage, where one clamp moves
cyclically to stretch a PDMS slab. The PDMS slab contains wells in
which cells are seeded. (B) Graphical representation of cyclic stretch
waveform. Cultures are stretched from initial length Ly to final length
L, according to a sine function with period t.

Molecular Biology of the Cell



Existing mathematical models of fiber and cell alignment
Several computational models have been previously developed to
predict cellular reorientation in response to cyclic stretch. Generally,
models of stress fiber alignment make predictions by focusing on
ways that actin bundles are altered by applied cyclic stretch. Many
of these models utilize the pivoting of bundles in response to ap-
plied cyclic stretch. Models such as the one developed by Wang
and Grood (1992) include preexisting fibers with initially random
orientations. Fibers then change their orientation if their perceived
level of stress exceeds a certain threshold value. Fibers continue to
sense applied stresses and change orientation until they reorient in
a direction where perceived stress is below a specified strain thresh-
old. In a similar model, Civelekoglu et al. (1998) consider the rate of
actin fiber unbinding with the extracellular substrate as a determi-
nant of final fiber orientation. They reasoned that fibers aligned in
the direction of stretch would exert greater forces on the proteins
connecting them to the substrate and thus hypothesized that fibers
initially oriented perpendicular to the direction of stretch are less
likely to unbind with the substrate as it is stretched, while fibers ori-
ented parallel to the direction of stretch are more likely to break
their bonds with the substrate and are free to pivot. Notably, their
model did not directly account for force-dependent effects on un-
binding, but instead assumed that the unbinding constant was a
specified function of the angle of the fiber relative to the stretch. A
separate model developed by De et al. (2007) also utilizes fiber piv-
oting and rotation phenomena, but further describes how cells ad-
just a force dipole within the cell to maintain constant levels of cel-
lular and matrix stress.

Another commonly modeled phenomenon as a means of de-
scribing cellular reorientation in response to cyclic stretch is the as-
sembly, disassembly, and subsequent reassembly of actin fibers un-
der stress. Hsu et al. (2009) and Kaunas and Hsu (2009) developed a
model in which stress fibers have a defined rate of turnover depen-
dent on applied stretch, where fibers tend to disassemble in direc-
tions with greater amounts of stretch and reassemble in directions
where strain is decreased. Similar models, developed by Obbink-
Huizer et al. (2014), Qian et al. (2013), and Wang (2000), also utilize
assembly and disassembly of fibers to predict an alignment
response.

While previously developed mathematical models can predict
certain experimental results, some models are phenomenological in
nature, for example, assuming fibers exposed to higher stresses ro-
tate without giving insight into why this rotation might occur. Other
models do not consider processes likely important for cellular reori-
entation, including the impact of force on the binding and unbind-
ing of the actin fibers via integrins to the substrate and the impact of
myosin motors on the motion of actin fibers. Therefore, we devel-
oped a mechanistic, mathematical model that utilizes specific cell-
substrate interactions to examine how cells are linked with their sub-
strate, sense externally applied forces, alter their morphology, and
reorient along their substrate as a function of applied cyclic stretch.
This model builds upon the work of Chan and Odde (2008) and
Bangasser et al. (2013, 2017), who developed a computational
model of the actin-myosin-integrin motor-clutch system hypothe-
sized by Mitchison and Kirschner (1988).

RESULTS

Motor-clutch model of cell-substrate interactions

The motor-clutch model describes the interactions between myosin
motors, actin bundles, and molecular clutches that link the actin
bundle and the extracellular substrate (Figure 3A). Myosin motors
pull the actin bundle toward the center of the cell (i.e., retrograde
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motion). Molecular clutches (e.g., integrin complexes) link the intra-
cellular actin bundle to the extracellular substrate. The binding and
unbinding of the multiple clutches are assumed to be independent
of one another. The bound clutches apply a resisting force to the
actin bundle, thereby decreasing the speed of the retrograde mo-
tion. Actin subunits are continuously added to the leading edge of
the actin bundle. This addition of new subunits tends to extend the
end of the actin fiber away from the center of the cell while individ-
ual subunits within the fiber move toward the center of the cell. If
the rate of fiber elongation is greater than the rate of retrograde
motion, the actin fiber can push against the plasma membrane,
thereby elongating the cell in that direction.

Chan and Odde (2008) and Bangasser et al. (2013, 2017) devel-
oped a set of equations that embody the concepts of the motor-
clutch model and applied it to a cell on a deformable substrate. The
model consists of an F-actin bundle, molecular clutches, and a com-
pliant substrate. The actin bundle is treated as a rigid rod. The ve-
locity of the actin (Vaein) is assumed to be a linear function of the
sum of the forces applied by all clutches (X Fjyich()- Specifically,

Vactin = Vu (1 + ZFclutch(i) /Fstall) (1)

where V,, is the unloaded velocity of the bundle. The stall force (Fgay)
is the force that would prevent bundle motion and is calculated as
the force of a single motor (F,,) times the number of motors (n,,).
Thus, when 3 Fejuich( is equal and opposite to Fggll, Vactin = 0. The
velocity of actin polymerization at the leading edge is a function of
available free actin. While addition of new actin monomers to the
leading edge impacts bundle length, it does not impact bundle ve-
locity directly. Each individual clutch bond is treated as a single,
Hookean spring with the magnitude of the force it exerts (Fjytch()
proportional to its deformation. Specifically,

Fclutch(f) = Kc (XI - Xsub) (2)

where X is the position of the ith clutch, X, is the position of the
substrate, and K. is the clutch spring constant. The sum of the forces
for all clutches is applied to and deforms the substrate, which is
treated as a single, Hookean spring with a spring constant K.
Specifically,

EFclutch(i) = KsubXsub (3)

Ksub is related to the modulus of the substrate, with 1 pN/nm
corresponding to 1 kPa (Chan and Odde, 2008). Clutch binding and
unbinding occurs stochastically with a binding rate constant (ko)
and a detachment rate constant (ko¢*). To account for the fact that
mechanically loading the clutch bond can increase the probability
that it breaks, the Bell relationship is used to calculate kof)* for each
clutch given the force it is currently experiencing. Specifically,

kof‘f(i)* — koﬁeabs(Fclutch/Fb) (4)

where ko is the unloaded off-rate, Fy, is a characteristic bond rup-
ture force, and abs represents the absolute value function.

The length of the actin bundle is influenced by both depolymer-
ization on the nuclear edge, or minus end, and polymerization on
the leading edge, or plus end. The depolymerization rate at the
minus end is assumed to be equal to V.. The polymerization rate
(Vp) is allowed to increase as L decreases, which is consistent with
the notion that as the bundle shortens there would be more globu-
lar (G-actin), or free, actin, which could increase polymerization rate.
This behavior is captured by the equation
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FIGURE 3: (A) The motor-clutch model of Chan and Odde (2008) was adapted to incorporate the effects of cyclic
stretch on actin bundle dynamics. The original model of Chan and Odde is shown in black and consists of an F-actin
bundle, molecular clutches, and myosin motors. Myosin motors pull on the actin bundle, which moves at a velocity V,cn.
In the diagram, only one of the 50 clutches is shown for simplicity. Clutches can bind from the substrate to the actin
bundle with a probability of k,,. One end of each clutch originates from the current location of the substrate (X,), and
other end of each clutch binds to the actin bundle at Xj;. At the moment of binding, there is no load on the clutch, so
Xsub = Xjj). Owing to the relative motion of the substrate and actin, after bonding the clutch can be stretched (i.e., Xsp #
X)) and the clutch applies forces to the actin bundle and substrate. In the adapted model used here, the substrate
anchor is moved sinusoidally to introduce stretch (shown in red). (B) lllustration of three forms of cyclic stretch: purely

uniaxial, simple elongation, and equibiaxial.

Vi = Voo (Lmax = L)/L (5)

where Vpmax is the maximum actin polymerization rate and Ly is
the maximum allowable bundle length.

Values for the free parameters were obtained by Chan and Odde
from the literature or their own experimental work (Supplemental
Table 1; Chan and Odde, 2008).

Modifications to model cyclic stretch
To consider the impact of cyclic stretch, we adapted the original
Chan and Odde (2008) motor-clutch model described above. To
mimic different experimental systems, the motor-clutch model was
adapted to include three distinct types of cyclic stretch, following
the convention of Wang et al. (2001): purely uniaxial stretch, simple
elongation, and equibiaxial (Figure 3B). Purely uniaxial stretch in-
volves movement of the substrate anchor in the x-direction only.
Simple elongation involves movement of the substrate anchor in
both the x- and y-directions, where the substrate is stretched in the
x-direction and compressed in the y-direction as a result of the in-
compressible nature of deformable substrates commonly used in in
vitro stretch experiments. Equibiaxial stretch involves stretching of
the substrate anchor equally in both the x- and y-directions.

Cyclic stretch of the substrate in the x-direction is modeled
through movement of the substrate anchor (Xanchor) according to a
sinusoidal function,

Xanchor/ X = 1= ((cos (2nt/P)) * e /2) )

where X is the Lagrangian x-coordinate of the actin bundle tip at
time of the first clutch binding in relation to the stretch cycle, P is
the period of stretch, and e is the percent cyclic stretch in the
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direction parallel (x-) to applied stretch. For the case of purely uni-
axial stretch, Eq. 6 was the only application of strain to the system.
The functional form 1 — cos(constant*t) was chosen so that at the
beginning of the simulation (i.e., time = 0) there would be no ap-
plied stretch on the bundle, which matches the conditions of our
experiments and those of most others. The position of the substrate
following movement of the anchor is then updated such that the
sum of the forces acting on the substrate is zero by using the
equation

Xa = (Kelutch* 3778 X0)+ Kt * Xanchor

/(Ksub + Kclutch * neng) v

where ngpg is the number of engaged (bound) clutches. Recognizing
that the force exerted by the substrate (Kiup * [Xsub — Xanchor)) is
equal and opposite to X Fejyicni), EQ. 1 yields

Vactin = Vu (1 _Ksub *(Xsub - Xanchor)/ Fstall) (8)

In the simple elongation case, strain in the y-direction, which is
perpendicular to the direction of applied stretch, the y-coordinate
of the substrate anchor (Yanchor) changes following the equation

Yanchor/Y = 1+ ((cos(2nt/P)) * e, /2) 9

where Yis the Lagrangian y-coordinate of the actin bundle tip at the
time of the first clutch binding in relation to the stretch cycle, Pis the
period of stretch, and ey is the applied cyclic compression ratio in
the direction perpendicular (y-) to applied stretch as a result of

Molecular Biology of the Cell
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FIGURE 4: In vitro cellular morphology changes as a function of applied cyclic stretch. (A) Representative images of
HUVEC exposed to no stretch control and 10% stretch conditions. (B-D) Cellular morphological measurements
collected as a function of applied cyclic stretch. From left to right, visual descriptions of each measurement collected,
average measurements (* denotes statistical significance with p value < 0.0125 according to Bonferroni multiple
comparisons correction; bars on data points represent SEM), and representative frequency distribution histograms from
no stretch control and 10% stretch conditions, n=50-100 cells for each condition.

elongation in the parallel direction (x-). The compression ratio was
calculated as a function of stretch applied in the parallel (x-) direc-
tion and the estimated Poisson’s ratio of the modeled substrate. Our
in vitro experimental system applied stretch in the x-direction, and
the substrate was not confined in the y-direction. By recording the
motion of fiduciary markers placed on our in vitro polydimethylsilox-
ane (PDMS) deformable substrate, we determined the Poisson’s ra-
tio to be 0.52, similar to that reported for elastomers (specifically sili-
cone rubbers) (O'Hara, 1983), which we approximated as 0.5 in
simulations of simple elongation.

In simulations with cyclic equibiaxial stretch, stretch was applied

equally in both the parallel (x-) and the perpendicular (y-) directions
by moving the x- and y-coordinates of the substrate simultaneously
with equal magnitude,
Xanchor = Yanchor = ny *(1—((COS(21IZt/P)) * e /2)) (10)
where L, is the Lagrangian tip of the actin bundle at the time of the
first clutch binding in relation to the stretch cycle and gy is the ap-
plied cyclic stretch ratio.

In vitro cell and actin fiber orientation as a function of the
amplitude of simple cyclic elongation

Changes in the morphology of cells exposed to cyclic stretch are
well-documented (Dartsch and Betz, 1989; Sumpio et al., 1990;
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lba and Sumpio, 1991; Kada et al., 1999; Standley et al., 2002;
Moretti et al., 2004; Barron et al., 2007; Jungbauer et al., 2008;
Matsugaki et al., 2013). The large majority of these studies, how-
ever, analyze either cell or actin fiber orientation without quantifying
other metrics of cellular morphology such as shape (e.g., aspect ra-
tio) and elongation. Because our computational model can make
predictions related to changes in both actin bundle orientation and
length, which in turn influence cell shape, it is useful to have experi-
mental data for each of these metrics. Owing to differences in the
cyclic loading experiments across reports including stretch type,
magnitude, and frequency of stretch as well as cell types used, it is
difficult to compare the effects of cyclic stretch on different metrics
taken from different experiments. Thus, we collected a self-consis-
tent set of experimental data that explored how these metrics
changed as the amplitude of stretch was varied (Figure 4).

In our experiments, exposing cultured cells to simple uniaxial
cyclic elongation, cells reoriented their major axis away from the
direction of applied stretch (Figure 4, B-D, row 1). Similar to that
reported by others (Faust et al., 2011), increasing the magnitude of
stretch increased the angle (from 49.94° with 1% stretch to 73.88°
with 10% stretch) (Figure 4, B-D, row 1). Similarly, actin fibers within
the cell tend to realign to a similar angle when exposed to cyclic
stretch (Figure 4, B-D, row 2). With increasing stretch amplitude,
cells also tend to be longer along the axis perpendicular to the di-
rection of stretch compared with their length along the axis parallel
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FIGURE 5: Experimentally measured actin fiber and/or cell orientation compared with our simulation results. Angle is
relative to the direction of applied stretch. Because different stretch amplitudes or durations can yield different fiber
orientations, the maximum value of the average fiber orientation reported in a study was used. (A) Actin fiber and/or
cell orientation following exposure to simple elongation cyclic stretch. (B) Actin fiber and/or cell orientation following

exposure to purely uniaxial cyclic stretch.

to stretch (Figure 4, B-D, row 3). However, data suggest that cell
shape is not altered by cyclic stretch as the cellular aspect ratio (ratio
of major axis length to minor axis length) is unchanged, with the
exception of the 4% amplitude case (Figure 4, B-D, row 4). Histo-
grams showing major axis, fiber orientation, perpendicular elonga-
tion, and aspect ratio for all strain levels studied are shown in Sup-
plemental Figure 1.

Experimental data inform biophysical processes that could
potentially lead to actin reorientation

As noted in Figure 1B, there are at least three nonexclusive mecha-
nisms that could lead to changes in cellular alignment in response to
cyclic stretch. By measuring only changes in cell shape or orienta-
tion, it is not possible to exclude any of these three mechanisms.
Experimental measurements, however, reveal a change in actin
orientation, which can be accounted for only by cyclic stretch pref-
erentially altering fiber rotation or actin assembly/disassembly
(Figure 1B). Thus, we explored the case where actin bundles can
rotate as a potential mechanism of cellular reorientation in response
to applied cyclic stretch.

Type of cyclic stretch and actin reorientation

To directly compare our model results with our experimental obser-
vations of cellular and actin fiber reorientation, we analyzed the ef-
fect of cyclic stretch on simulated actin bundle orientation. Under
simulation conditions most comparable to our experimental condi-
tions (simple elongation, high substrate stiffness [10 kPa], cyclic
stretch frequency of 1 Hz, and 24 h of stretching), bundles align to
an angle of 55.44 + 0.12° relative to the direction of applied stretch
(Figures 5A and 6A). Notably, this angle is similar to the angle calcu-
lated for the axis of minimal strain for simple elongation of an in-
compressible material (54.74°) (Livne et al., 2014) (Figure 5A, red
dotted line). As noted by others, the calculated angle of minimal
strain is similar to the orientation of cells cultured on a substrate
subjected to simple cyclic elongation (Figure 5A and Table 1, row 1,

6 | B.W.Scandling, J. Gou, et al.

type of stretch) (Barron et al., 2007; Faust et al., 2011; Matsugaki
etal., 2013).

In simulations of actin bundles exposed to purely uniaxial stretch
(i.e., no deformation of the substrate in the direction perpendicular to
the applied stretch), actin bundles align to an angle of 89.74 + 0.38°
relative to the direction of applied stretch (Figures 5B and 6B). Again,
the direction that the actin bundles orient in the simulation is similar
to the direction of minimal strain (90° for purely uniaxial strain). This
simulation finding is consistent with the experimental results of oth-
ers who used systems that generated purely uniaxial stretch (Figure
5B and Table 1, row 2, magnitude of stretch) (Sumpio et al., 1990; Iba
and Sumpio, 1991; Standley et al., 2002). Thus, for both simple elon-
gation and purely uniaxial cyclic stretch, the simulations predict that
actin bundles reorient to the direction on minimal strain, which is
generally consistent with experimental observations (Figure 5).

Others have reported that both cells and actin fibers do not align
with a preferred orientation following exposure to cyclic equibiaxial
stretch (Wang et al., 2001; Kaunas et al., 2006). For example, initially
randomly oriented cell populations remain randomly oriented fol-
lowing equibiaxial stretch. Following 24 h of equibiaxial cyclic
stretch, simulated actin bundles do not alter their orientation (e.g., a
bundle with an initial orientation of 15° remains at 15° following
stretching) (Figure 6E and Table 1, row 3 frequency of stretch).
Therefore, our adapted model accurately predicts the experimental
observation of no preferential realignment of actin fibers following
equibiaxial cyclic stretch.

Amplitude of stretch and actin reorientation

In general, actin bundle orientation moves toward perpendicular to
the direction of applied stretch with increasing stretch amplitude for
moderate and high substrate stiffness and toward parallel for low sub-
strate stiffness (Figure 6). To compare simulation results to experimen-
tal observations, we first focused on the high-substrate-stiffness case
because we and most others used this condition in experiments. For
simulations of high substrate stiffness (Figure 6, A and B), bundle
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stretch (E) with frequency of 1 Hz and variable amplitude, following which bundle length and final orientation were
collected. Red circles around bundles represent average size of bundles under no stretch control condition for each

substrate stiffness.

reorientation begins for stretch amplitudes as small as 0.1%. Most of
the reorientation occurs by 1% stretch, and there is very little differ-
ence in final orientation as the amplitude increases from 1 to 20%
(Figure 6, A and B). Our in vitro studies (Figure 4) and the work of
others (Faust et al., 2011) report significant realignment of fibers with
stretch amplitudes as small as 1%, with further realignment with in-
creasing amplitude. Some have reported no significant realignment
with amplitudes lower than 5% but significant realignment following
exposure to 40% stretch (Nava et al., 2020). Thus, across various in
vitro studies, there is a range of stretch amplitudes required for signifi-
cant cell and actin alignment, but the amplitude required by our simu-
lations is less than this range (Table 1, row 2, magnitude of stretch). It
is not surprising that we did not see quantitative agreement between
the stretch amplitude required to achieve significant alignment in
simulation and experimental results because we did not attempt to
optimize our model parameters to better fit the experimental data.
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Odde and coworkers have shown that varying the parameters in a
version of the motor-clutch model that does not account for cyclic
stretch can vary the mechanical stimuli required for a specific re-
sponse by several orders of magnitude (Bangasser et al., 2013, 2017).
Though beyond the scope of the current study, model parameters
likely could be optimized to provide better quantitative agreement.

Jungbauer et al. (2008) reported that increasing the stretch am-
plitude decreased the characteristic time of reorientation. We ran
simulations with a range of amplitudes from 1% to 20% with other
parameters held constant. As amplitude was increased, the time it
took for actin bundles to reach their final orientation decreased
(Supplemental Figure 2 and Table 1, row 2, magnitude of stretch),
consistent with the experimental results. Therefore, the motor-clutch
model can predict the qualitative effects of stretch amplitude on
both the rate and steady-state value of actin alignment in response
to cyclic stretch.

Modeled cell alignment to cyclic stretch | 7



Simulation predictions

In vitro experimental observations

Type of stretch

Simple elongation: Actin bundles typically (with many
parameters sets) align ~55-60° relative to direction of
applied unconfined cyclic stretch (Figure 6A).

Purely uniaxial stretch: Actin bundles typically (with many
parameters sets) align perpendicular relative to direction
of applied purely uniaxial confined cyclic stretch (Figure 6,
B and Q).

Equibiaxial stretch: Actin bundle orientation is not
changed following exposure to equibiaxial cyclic stretch
(Figure 6E).

Magnitude of stretch

Dose response: For moderate and high substrate stiffness,
final angle of reorientation increases (toward perpendicu-
lar) with increasing amplitude of cyclic stretch (Figure 6),
until reaching perpendicular.

For high substrate stiffness, amplitude of cyclic stretch
affects rate of actin bundle realignment, where increasing
amplitude increases rate of realignment (Supplemental
Figure 2).

Minimal effective dose: Significant realignment is notice-
able with stretch amplitudes as low as 1% (Figure 6).

Frequency of stretch

Rate of reorientation: For high substrate stiffness, frequen-
cy of cyclic stretch affects rate of actin bundle realignment
with increasing frequency increasing rate of realignment
(Figure 7A).

Final angle of orientation: Frequency has no effect on final
angle of orientation (Figure 7).

Substrate stiffness
For low substrate stiffness, actin bundles align parallel to
the direction of applied cyclic stretch (Figure 6D).

Myosin motors

Reducing myosin motor stall force by one order of magni-
tude completely eradicates actin bundle reorientation in
response to cyclic stretch (Figure 8).

In vitro experiments utilizing unconfined cyclic stretch, both we and
others report actin alignment along an axis of minimal strain, ~55-65°
relative to direction of applied stretch (Figures 4 and 5A) (Wang et al.,
2001; Barron et al., 2007; Faust et al., 2011; Matsugaki et al., 2013).

Others report actin realignment ~90° relative to direction of applied
cyclic strain Figure 5B) (Wang et al., 2001; Standley et al., 2002).

Randomly oriented cell populations remain randomly oriented following
exposure to equibiaxial cyclic stretch (Wang et al., 2001; Kaunas et al.,
2006).

We and others show increasing cellular and actin fiber reorientation with
increasing stretch amplitude (Faust et al., 2011).

Rate of reorientation is affected by amplitude of cyclic stretch., where
characteristic time of reorientation decreases linearly with increasing
stretch amplitude (Jungbauer et al., 2008).

We and others show significant realignment with stretch amplitudes
as low as 1% (Faust et al., 2011), while others report minimum stretch
amplitudes greater than 1% required for reorientation response (Nava
et al., 2020).

Rate of cellular reorientation is affected by frequency of cyclic stretch,
where the characteristic time required for reorientation decreases with
increasing frequency. For confluent cell cultures, characteristic time
decreases exponentially (Jungbauer et al., 2008).

Frequency affects final angle of orientation, where final angle of reorien-
tation increases with increasing frequency (Jungbauer et al., 2008).

Others have reported realignment parallel to the direction of applied
cyclic stretch on soft collagen substrates (Tondon and Kaunas, 2014).

Blocking myosin Il function through the use of blebbistatin eliminates
perpendicular reorientation of cells in response to cyclic stretch (Goldyn
et al., 2010; Greiner et al., 2013).

TABLE 1: Comparison of simulation predictions and in vitro experimental observations.

Frequency of stretch and actin reorientation

they simply experience a greater number of stretch cycles over a

Relative to studies of the effect of stretch amplitude, there have
been far fewer experiments studying the impacts of stretch fre-
quency on cell and actin reorientation. Jungbauer et al. (2008) re-
ported that increasing the frequency of cyclic stretch of a PDMS
substrate decreased the characteristic time required for two differ-
ent types of fibroblasts to reorient. Under simulation conditions
most comparable to their experimental conditions (simple elonga-
tion, 10% stretch, and high substrate stiffness [10 kPa], 24 h of
stretching), we observed that increasing the stretch frequency de-
creased the characteristic time required for reorientation (Figure
7A). However, stretch frequency has no impact on the final bundle
orientation seen after ~500 s (Figure 7, A and B), which is in contrast
to Jungbauer et al.'s observation of increasing final orientation with
increasing stretch frequency (Table 1, row 3, frequency of stretch).
We reasoned that one potential explanation for actin bundles
aligning more quickly when stretched at higher frequencies is that
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given time. Plotting the average actin bundle angle as a function of
the number of cycles (Figure 7B) reveals that curves that represent
lower frequencies (0.1-0.33 Hz) largely overlap. Similarly, curves rep-
resenting higher frequencies (>2 Hz) tended to overlap, but they
were clearly distinct from those for lower frequencies. The curve for
an intermediate frequency of 1 Hz fell between the two groups of
curves. Taken together, these results suggest that the number of cy-
cles is an important determinant of the extent of fiber reorientation
but not that other factors impacted by strain rate also play a role.

Substrate stiffness and actin reorientation

While holding all other parameters constant, decreasing substrate
stiffness by one order of magnitude (from 10 to 1 kPa) diminishes
the perpendicular reorientation response to purely uniaxial cyclic
stretch (Figure 6, B and C) and simple elongation cyclic stretch
(Supplemental Figure 3). That is, at a given stretch amplitude, actin
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FIGURE 7: Actin bundle reorientation as a function of cyclic stretch
frequency. Actin bundles are modeled with 10% simple elongation
cyclic stretch for 24 h on a substrate stiffness of 10 kPa. (A) Reorien-
tation over time with variable cyclic stretch frequency (top) and
resultant characteristic time required for reorientation, or time
required for a bundle to reach an orientation that is equal to 98% of
its steady state orientation (bottom). (B) Reorientation as a function of
number of cyclic stretch cycles with variable stretch frequency (top)
and resultant characteristic number of cycles required for
reorientation, or number of cycles required for a bundle to reach 98%
of its steady state orientation (bottom).

bundles aligned closer to the perpendicular direction with the
higher substrate stiffness (Figure 6, B vs. C) and a smaller stretch
amplitude was required to approach maximal alignment with higher
stiffness. However, decreasing substrate stiffness further (from 1 to
0.1 kPa) results in a more complex behavior (Figure 6D). At the low-
est stretch investigated (0.1% stretch), there was negligible reorien-
tation of actin bundles. With increasing levels of stretch, a greater
fraction of the actin bundles aligned parallel to the applied stretch
until the highest stretch where all bundles are aligned nearly parallel
to the stretch. While we used only a single, relatively stiff, substrate
in our in vitro cyclic stretch experiments, others have previously re-
ported the in vitro parallel alignment of cells on soft extracellular
substrates exposed to simple elongation (Tondon and Kaunas,
2014). Thus, our model can reproduce both the perpendicular align-
ment of fibers when cells are stretched on relatively stiff substrates
and the parallel alignment seen on relatively soft substrates (Table 1,
row 4, substrate stiffness).

Myosin motor function is required for actin bundle
reorientation response

Blocking myosin motor function with the myosin Il muscle and non-
muscle myosin ATPase inhibitor blebbistatin significantly reduces or
eliminates the reorientation response to cyclic stretch in vitro
(Goldyn et al., 2010; Greiner et al., 2013). Blebbistatin alters myosin
motor function by binding to the myosin complex at the actin-bind-
ing interface, effectively blocking any actin-myosin interaction
(Kovécs et al., 2004).

We interpret the effects of blebbistatin to be incorporated in the
motor-clutch model through alterations to the myosin motor stall
force parameter, F,,. As blebbistatin decouples actin—-myosin bonds,
the actin bundle is free to move without influence from the myosin
motors. In the model, decreasing F,, decreases the amount of force
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motor-clutch model myosin motor function. (A) Actin bundle final
orientation as a function of cyclic stretch and myosin motor stall force,
Fm- (B) Average final bundle orientation as a function of stretch
amplitude and myosin motor stall force, F,.

required to stall myosin motors and, therefore, allow the actin bun-
dle to move independently. Reducing F,, approximately one order
of magnitude nearly eradicates reorientation response, especially
when analyzing stretch amplitudes comparable to those utilized in
in vitro experiments (Figure 8). Specifically, a stall force of 0.1 pN
results in no changes in actin bundle reorientation on any substrate
stiffness, even with increased levels of stretch amplitude, up to 10%
stretch (Figure 8B). Final average orientation also decreases with
decreasing F, (Figure 8B), suggesting a potential dose response to
myosin motor function. Thus, our model accurately predicts the
effects of blebbistatin and proper myosin motor function on the re-
orientation response to cyclic stretch through alterations to myosin
motor stall force (F,,; Table 1, row 5, myosin motors).

Mechanism by which cyclic stretch causes changes in actin
bundle orientation

Experimental (Figures 4 and 5) and computational (Figure 6) results
show that cells and/or actin bundles within cells alter their orientation
in response to applied cyclic stretch. While most conditions result in
perpendicular reorientation, under certain conditions (Figure 6D)
bundles may align parallel to the direction of applied stretch. Factors
such as initial bundle orientation, type of cyclic stretch, cyclic stretch
frequency, stretch magnitude, and extracellular substrate stiffness all
impact the direction of bundle realignment (Figure 6 and Supplemen-
tal Figure 3). We considered whether these factors work through a
common mechanism. We reasoned that during the relatively rare
times when there were no clutches bound to the substrate, a condi-
tion that we call a cell-substrate detachment event, both the actin
bundle and the extracellular substrate are free to move independent
of one another. Independent movement then allows for large changes
in the relative position between the bundle and the substrate result-
ing in changes in overall fiber orientation. Moreover, as illustrated in
Figure 9, we anticipated that the timing of the detachment event in
relation to the cyclic stretch cycle will influence how the angle of the
bundle will change, where failure during stretching of the substrate
will increase the angle between the bundle and substrate (i.e., toward
perpendicular) and failure during relaxing will decrease the angle be-
tween the bundle and substrate (toward parallel). Thus, we hypothe-
sized that conditions that lead to a greater chance for bond failure to
occur during the stretching phase will favor perpendicular alignment,
while conditions that lead to a greater chance for bond failure to oc-
cur during the relaxing phase will favor parallel alignment.

Modeled cell alignment to cyclic stretch | 9
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To test this hypothesis, we first calculated how often detachment
events (i.e., no bound clutches) occurred during the stretching and
relaxing phases of cyclic stretch of the substrate (Figure 10, top row).
In some stretch conditions, the number of detachment events is
consistently greater during the stretching phase (Figure 10A), while
other stretching conditions tend to have more detachment events
during the relaxing phase (Figure 10B). For some stretching condi-
tions, however, whether more detachment events occur during
stretching or relaxing is dependent on the initial orientation of the
actin bundle (Figure 10C). Because our hypothesis focuses on
whether detachment events were more likely during the stretching
or relaxing phase, we calculated the difference between the two
(Figure 10, middle row). A difference greater than 0 corresponds to
a greater number of detachment events occurring during the
stretching phase, and a difference less than 0 corresponds to a
greater number of detachment events occurring during the relaxing
phase. Therefore, a positive difference would predict perpendicular
reorientation while a negative difference would predict parallel re-
orientation. Consistent with our hypothesis, conditions that caused
more detachment events during stretching of the substrate than
during relaxing (Figure 10D) corresponded to rotation of the actin
toward the perpendicular direction (Figure 10G). Conversely, condi-
tions that caused more detachment events during relaxation (Figure
10E) led to parallel realignment (Figure 10H).

Interestingly, bundles exposed to the same extracellular condi-
tions (stiffness, frequency and amplitude of stretch) can experience
changes in reorientation based solely on their initial orientations.
For example, this behavior is seen in the simulation results for 10%
stretch on a soft substrate (Figure 6). Other conditions lead to more
pronounced changes where bundles align either parallel or perpen-
dicular to that applied stretch, depending on the initial angle of the
bundle (Figure 10C). Again, consistent with our hypothesis, the rela-
tive number of detachment events in the stretching and relaxing
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phase correctly predicts the direction of fiber rotation (Figure 10, F
and |).

While these observations support the hypothesis relating tim-
ing of detachment events to direction of bundle rotation, not all
observations can be explained solely by this hypothesis. For ex-
ample, in Figure 10C, for initial angles from 10° to 25°, the relative
number of detachment events predicts bundle rotation perpen-
dicular to the direction of stretch, when the bundles actually reori-
ent parallel to the direction of stretch (i.e., difference between
detachment events is greater than 0, which would typically corre-
spond to perpendicular realignment). The ability of the relative
number of detachment events to explain the direction of bundle
rotation in most but not all cases suggests that other factors also
play a role. Other potential factors could be related to the stretch
rate during detachment events (which varies through the sinusoi-
dal cyclic stretch) or where within either the stretching- or relaxing-
phase detachment occurs (e.g., detaching at the beginning of a
stretch phase could have an effect different from that of detaching
at the end of the same stretching phase even though stretch rates
are the same).

DISCUSSION

Model capabilities, limitations, and opportunities for
improvements

The motor-clutch model is based on established molecular pro-
cesses and has been shown to describe previously known cell-—sub-
strate interactions and make specific predictions that were subse-
quently observed experimentally (Chan and Odde, 2008; Bangasser
et al., 2013, 2017). Our modifications to the model to account for
exogenously applied substrate stretch predict and give mechanistic
insights into changes in actin bundle orientation as well as cellular
morphology in response to cyclic stretch. Despite these accomplish-
ments, the model has several limitations. As with other computa-
tional models of the motor-clutch, the equations used to describe
specific behaviors are reasonable but simplified descriptions and
not all potentially relevant processes are modeled. For example, in
our model, each bundle is considered independent of others. In
cells, however, one would expect steric interactions between fibers
preventing one to move independent of its neighbors. The ability of
the modeled bundles, but not ones in real cells, to rotate indepen-
dently of one another is likely why the model can predict two differ-
ent preferred orientations of bundles within a given cell (Figure 6D)
while experimental observations reveal that most actin bundles
within a given stretched cell have similar alignment (Figure 4). One
can envision a model of multiple actin bundles that considers steric
interactions between fibrils, but this is beyond the scope of the work
here. As a simpler alternative, we suggest that the probability that
an experimental cell will have most of its bundles in a given direction
after exposure to cyclic stretch is the percentage of bundles in that
direction at the end of a model simulation where the bundles were
originally uniformly distributed.

In addition to predicting bundle orientation, this model can pre-
dict the effects of cyclic stretch on bundle length, another potential
mechanism by which cyclic stretch alters cellular morphology (Figure
1B). Examples of this can be seen in Figure 6, where simulating 5
and 10% stretch for 24 h changed the initially uniform bundle
lengths to different lengths. Notably, bundles oriented more parallel
to applied stretch were shorter than those oriented more perpen-
dicular, which is consistent with cells aligning away from the direc-
tion of applied stretch. The ability of this model to explore how cy-
clic stretch alters bundle lengths merits further investigation but is
beyond the scope of this study.
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FIGURE 10: Proposed mechanism for changes in actin bundle orientation following exposure to cyclic stretch.

(A-C. top row) Detachment events, moments where the actin bundle is completely detached from the substrate (i.e., no
bound clutches), are counted during both the stretching and relaxing phase of the cyclic stretch regime for bundles with
initial orientations over the initial 1000 s. (D-F, middle row) Relative differences in stretching-phase detachment events
and relaxing-phase detachment events are plotted; differences > 0 predict perpendicular reorientation and differences
<0 predict parallel reorientation. (G-I, bottom row) Simultaneously, actin bundle reorientation is tracked over a course of

Final Orientation (deg)

24 h of cyclic stretch. (A, D, G, left column) Perpendicular realignment of all actin bundles on stiff substrates (10 kPa).
Detachment events are significantly increased during the stretching phase compared with the relaxing phase, which
corresponds to rapid perpendicular realignment. (B, E, H, middle column) Parallel realignment of actin bundles on soft
substrates (0.1 kPa). For many bundles, detachment events are increased during the relaxing phase of stretching, which
corresponds to parallel realignment. (C, F, I. right column) Increased detachment events fluctuate between the
stretching and relaxing phase corresponding to both parallel and perpendicular realignment of actin bundles for cases
with decreased frequency and stiffness (0.5 kPa, 0.5 Hz). Bundles with initial orientations <65° align parallel to stretch,
while bundles initially oriented >65° orient perpendicular to stretch. Color bars represent number of bundles at each

data location.

The parameters used in our adapted model are the same as
those selected by Chan and Odde (2008) and Bangasser et al.
(2013, 2017) in their investigation of how substrate stiffness alters
clutch binding and actin bundle motion. The parameters selected
were often chosen from a range of experimental values and could
be considered as useful for a generic cell. As they showed in their
later work, altering model parameters can be used to better
match model predictions for experimental data from specific cell
types (Bangasser et al., 2013, 2017). Similarly, there is an oppor-
tunity in future work to improve the agreement between our
model predictions and experimental results by altering model
parameters.
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Conclusions

Subconfluent endothelial cells subjected to cyclic stretch alter their
cell and actin alignment but not their aspect ratio, which is consis-
tent with a fiber rotation-mediated model of alignment. A compu-
tational simulation of the motor-clutch system that allows for fiber
rotation and accounts for cyclic stretch of the substrate was devel-
oped. The major findings from the computational model are 1) actin
bundles align roughly perpendicular to the direction of the applied
stretch, ~90° for pure uniaxial stretch and ~56° for simple elonga-
tion stretch. In both cases these directions coincide with the direc-
tion of minimal strain. 2) Under specific conditions, such as low sub-
strate stiffness, actin bundles are predicted to align parallel to the
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direction of stretch. 3) Increasing stretch amplitude tends to pro-
mote a greater degree of predicted actin bundle alignments while
increasing the stretch frequency tends to increase the rate at which
fibers reorient. 4) Myosin motor function is critical in the perpen-
dicular reorientation response. All these model predictions are gen-
erally in good agreement with the experimental data (Table 1). The
model suggests that though a number of factors including stretch
amplitude, stretch frequency, substrate stiffness, and initial bundle
orientation can influence the reorientation of bundles, the impact of
all of these factors can largely be understood in light of their impact
on cell-substrate detachments events. Conditions that lead to more
detachment events occurring when the substrate is stretching than
when the substrate is relaxing cause the bundles to orient away
from the direction of applied stretch. Conversely, conditions that
lead to more detachment events when the substrate is relaxing
cause alignment toward the direction of applied stretch.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cyclic stretch of in vitro cell cultures
Lonza (Morristown, NJ) human umbilical vein endothelial cells (HU-
VEC) were cultured with EGM-2 Bullet Kit media (Lonza, Morristown,
NJ) and maintained below passage 8 to ensure constant cellular
proliferation. A PDMS substrate was created with a 10:1 mixture of
Sylgard 184 base and curing agent (Dow Corning, Auburn, M),
which was then degassed, poured into molds, and cured at 56°C for
1.5 h until fully hardened. The stiffness of this substrate is estimated
to be about 1 MPa (Palchesko et al., 2012). The casting was then
removed from the mold and autoclaved. A solution of 10 pg/ml hu-
man fibronectin in phosphate-buffered saline was added to each
well of the sterilized cast and allowed to coat overnight at 4°C and
then aspirated. Cells were trypsinized, counted, and seeded on the
cast at a concentration of 4300 cells per well and incubated for 24 h
at 37°C with 5% CO, to allow for cell adhesion. The casting was
then placed in a customized NSC-AT Single Axis Stepper Motor
Controller + Micro-step Driver (Newmark Systems, Rancho Santa
Margarita, CA). The setup was placed in an incubator at 37°C with
5% CO, with the stepper motor subjecting the casting and cells to
cyclic stretch (Figure 2). The control casting was similarly incubated
with no cyclic stretch. After ~24 h, the castings were removed from
the incubator and the cells were fixed with 4% paraformaldehyde.
Cells were permeabilized and stained for actin with 488 Alexa-
Fluor phalloidin and counterstained for nuclei with 4’,6-diamidine-
2"-phenylindole dihydrochloride (DAPI), after which they were im-
aged for fluorescence and differential interference contrast.
Microscopy images were exported as TIFF images and processed
using ImageJ software for cell size, shape, and orientation. Stained
actin fibers were analyzed using the ImageJ plug-in FibrilTool
(Boudaoud et al., 2014) for average actin fiber orientation and
anisotropy for each cell. For each condition, 50-100 cells were ana-
lyzed, and results are presented as means. Independent simultane-
ous t tests were performed to determine the statistical significance
of each stretch condition compared with the no stretch control con-
dition. To control for multiple comparison-associated Type | error,
the Bonferroni correction (Miller, 1981) was utilized to determine a
new statistical significance level. Specifically, the initial significance
criterion of 0.05 was reduced to 0.0125.

Code availability
MATLAB code is available by contacting the corresponding
authors.
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