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Abstract

The human body is a complex mechanical environment that exposes cells to
variations in both passive and active forces, where forces vary depending on tissue type,
location, and function. Recent work has been done to analyze how the mechanical
environment changes in different disease states and the effects of these changes on organ
and cellular function. As a result, there are several well-known changes in in vitro cellular
behavior in response to perturbations in the mechanical environment including: cell shape,
size, phenotype, and differentiation. While other groups have begun to distinguish key
components related to cell sensing of the mechanical environment, the exact mechanism
remains poorly understood.

The motor-clutch biophysical model describes cytoskeletal dynamics as a balance
between substrate adhesion, myosin contractility, and actin polymerization. Initially, the
model was hypothesized as a mechanism to explain cellular traction force generation and
resultant actin flow. An initial computational formulation of the motor-clutch system
demonstrated that it accurately predicts changes in neuronal cell behavior as a function of
changes in extracellular substrate stiffness.

Here we adapt the computational motor-clutch model to include external substrate
motion as a means of simulating cyclic substrate deformation. We then use this adapted

model to study the combined effect of cyclic substrate deformation and substrate stiffness



on actin cytoskeleton organization and dynamics. The goal of this work was to demonstrate
that the motor-clutch model can be used to predict and explain distinct cellular responses
to applied cyclic strain. Furthermore, the adapted model allows for the study of
experimental parameter spaces that are otherwise difficult to re-create experimentally. We
found that the model predicts that applied cyclic stretch significantly impacts actin traction
force generation and adhesion dynamics. Importantly, adhesion dynamics are finely
controlled by substrate motion and control a cell’s ability to generate traction along its
substrate. We also found that the model precisely re-creates the distinct cellular
reorientation response to cyclic stretch. Therefore, we propose the motor-clutch model as
a mechanism for changes in cell morphology in response to the mechanical environment.
The development of the adapted motor-clutch model not only reveals potentially novel
cellular responses to changes in substrate compliance and deformation but can also be used
to more closely study specific disease states that significantly alter the extracellular

mechanical environment.
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Chapter 1 Introduction

1.1 Components of the Active and Passive Mechanical Environment

The human body is a complex mechanical environment that exposes cells to variations in
both passive and active forces, where forces vary depending on tissue type, location, and
function. Tissue material properties vary both in terms of elastic nature (such as linear
elastic vs. non-linear viscoelastic) and in stiffness, or modulus, magnitude ranging from as
low as less than 1 kPa in brain tissue to as a high as 10 GPa in bone (Figure 1-1) [1], [2].
Similarly, several tissue types are exposed to mechanical loading, either derived within the
tissue itself or applied from external sources. For instance, cells within the heart are
exposed to cyclic contractile and compressive forces as the myocardium contracts and
relaxes with each heartbeat. Similarly, blood vessels experience cyclic force through the
pulsatile nature of blood flow, but also expose cells within vessels to shear derived from
blood flow. Bone and cartilage is also differentially loaded as a function of applied force

and exposes cells to forces that vary in both magnitude and in time.



Figure 1-1: Human Tissue Stiffness
Typical stiffness values of several human tissues, and how fibrosis can alter stiffness.
Reproduced with permission from Hinz 2013 [2].

Recent work has been done to analyze how the mechanical environment changes
in different disease states and the effects of these changes on organ and cellular function.
A common emphasis is the effect of fibrosis on tissue stiffening as it occurs in several
diseases and processes. Often, fibrosis begins as a wound-healing or structural maintenance
process, where deposition of additional matrix proteins stiffens the tissue to maintain
proper organ function (Figure 1-1) [3], [4]. However, continual increases in stiffness result
in changes in cell structure and function associated with diseases such as tumor
development, liver and pulmonary fibrosis, heart failure, and arterial stiffening [5]-[10].
Similarly, alterations in mechanical loading of tissues can contribute to progression of
disease states. For instance, over-loading bone and cartilage can result in changes to overall
structure and organization of the tissue itself [11]-[14]. Often disease progression involves

changes to both the active and passive mechanical environment that have profound impacts
2



on cell function. For instance, others have indicated that initial aortic injury may result in
increased inflammation and stenosis in the valve [15]-[17]. In response to changes in force
and inflammation, valve interstitial cells (VICs) lay down extracellular matrix at a high
rate [18], [19] signaling a fibrosis cascade which stiffens the valve and further alters blood
hemodynamics. Example such as valve stenosis has made it increasingly more clear that
tissue function is finely tuned by changes in cell function in response to alterations in the
mechanical environment.

1.2 Impacts of the Mechanical Environment on Cellular Form and Function

The effects of the mechanical environment on cellular morphology have been studied
extensively for many years. Perhaps the most widely recognized cellular response to the
passive mechanical environment is cell shape as a function of extracellular substrate
stiffness. Using a novel technique for varying polyacrylamide (PA) hydrogel stiffness and
cellular adhesion, Pelham and Wang demonstrated changes in cell shape with varying
substrate stiffness, where both normal rat kidney cells and 3T3 fibroblasts increased their
observed cell area with increases in gel stiffness [20]. Many other cell types including
fibroblasts, endothelial cells, macrophages, stellate cells, and myocytes have since been
shown to exhibit similar behaviors, where cell spread area increases with increasing
substate stiffness (Figure 1-2) [21]. Guo et al. recently found that cell volume decreases
with increasing substrate stiffness [22], providing quantified verification of the observation
that cells spread and flatten on stiff substates such as cell culture plastic and exist in

rounded ball-like shapes on softer, more compliant substrates.



F-actin

-

Substrate Stiffness
Figure 1-2: Cell and actin organization as a function of substrate stiffness.

Cells spread and generate well-defined and organized actin stress fibers with increasing
substrate stiffness. Reproduced with permission from Gupta et al. 2015 [23].

Similar to the study of substrate stiffness as a regulator of cell morphology, the
effects of cyclic stretch on cell cultures have been thoroughly investigated. The initial use
of cell binding proteins such as collagen and fibronectin in substrate stiffness studies
extended to elastic silicone substrates such as polydimethylsiloxane (PDMS) to allow for
culture of cells on silicone deformable substrates. In an early cyclic stretch study, Ives et
al. demonstrated for perhaps the first time that cultured cells alter their orientation in
response to cyclic substrate deformation, where human umbilical vein endothelial cells
(HUVECS) aligned perpendicular to the direction of stretch [24]. Soon thereafter, Dartsch
and Betz demonstrated this same phenomenon in aortic endothelial cells [25]. Both groups

also noted that intracellular actin filaments noticeably reorient perpendicular to the
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direction of stretch. Since the conclusion of these studies, many groups have demonstrated
this same perpendicular reorientation response with various cell types and stretch
apparatuses [26]-[33], suggesting the response is mostly cell type independent. An
interesting development out of more recent work has more specifically noted that cells
typically align along an axis of minimal strain, which develops as a result of the unique
combination of stretch parameters and substrate material properties, in an attempt to
minimize the amount of strain within the cell. For instance, Wang et al. reports that
endothelial cells align in distinct patterns depending on whether they are exposed to purely
uniaxial stretch (i.e., no substrate compression along the axis perpendicular to the
stretching axis) or a simple elongation stretch (i.e., the substrate is free to compress along
the perpendicular axis during stretching) [34]. In the purely uniaxial stretch case, the axis
of minimal strain is perfectly perpendicular to the direction of applied stretch, and cells
align along this axis. In the simple elongation case, the axis of minimal strain exists along
some obligue angle, and cells align around an angle of 60-70 degrees with respect to the
direction of stretch.

Beyond altering shape and orientation, the mechanics of the extracellular substrate
have a profound impact on overall cell function. On a micro-cellular scale, organization
and function of the cytoskeleton is heavily dependent on both substrate stiffness and
stretch. In their stiffness work, Pelnam and Wang reported changes in cell motility and
distributions of focal adhesion sites as a function of stiffness [20], suggesting that there are
cytoskeletal changes associated with changes in substrate stiffness. Since then, numerous

groups have reported increases in actin stress fiber development and organization with



increasing stiffness [23], [35]-[38]. Extension of this analysis to include cyclic stretch
shows a similar effect, where stretching cultured cells results in highly developed and
organized stress fibers [39]-[41]. On the macro-cellular scale, there exists a wealth of
knowledge on the impacts of stiffness and stretch on several cell functions such as
proliferation, migration, differentiation, ECM production and maintenance, and survival
[26], [42]-[47].

There are some interesting contradictions to well-known cell responses to the
mechanical environment that have recently fueled closer analysis. For instance, while
Pelham and Wang report optimal cell motility occurs with decreased substrate stiffness
[20], others have observed decreases in cell migration with further decreases in substrate
stiffness [48], [49]. Similarly, neuronal cells are known to spread and extend processes
most effectively on soft substrates [50], [51], while other cell types both derived from the
central nervous system (such as glial cells, astrocytes, and fibroblasts) and other tissues
increase their spread area on stiff substrates [21], [52], [53]. Recently, in an attempt to
investigate the additive effects of substrate stiffness and cyclic stretch, Quinlan et al. show
that applying cyclic stretch to cells on soft substrates increases their spread area but
stretching cells on already stiff substrates actually decreases their spread area [54]. While
these observations appear contradictory, the differences in cell response to different
extracellular mechanics are likely a result of the existence of an optimal mechanical
environment for proper cell function. This idea will be discussed in detail in subsequent
chapters, as it is becoming more and more apparent that distinct combinations of

mechanical parameters have a profound impact on cell form and function.



1.3 Proposed Mechanisms for how Cells Respond to their Mechanical Environment

Cells sense their mechanical environment by adhering and pulling on their substrate.
Tension is generated within the cytoskeletal framework and is transmitted to the
extracellular substrates through transmembrane binding protein clusters (integrin groups
known as focal adhesions). A popular model of cytoskeletal tension, known as the cellular
tensegrity model, is often invoked as a description of how cells maintain cytoskeletal
structure and integrity as a function of their mechanical environment. Cellular tensegrity
was originally proposed by Ingber in his original commentary on the topic, where he argues
that cells exist as prestressed tensegrity structures [55]. Specifically, he describes the
cytoskeleton as a network of interconnected components under tension that resist
compression. Perhaps most important for the context of cell-substrate sensing, he also
suggests cellular tensegrity is integral in a cell’s ability to alter its motility in response to
perturbations in the mechanical environment. In short, the tensegrity model describes a
constant adhesion tension cycle, where actin polymerizes in cell extensions, adheres to the
substrate, and generates additional tension all as means for maintaining proper stress within
the cytoskeletal framework. Recent experimental evidence supports the idea that tension
generation within a cell is critical to cellular morphological changes in response to the
mechanical environment. For instance, cellular prestress is critically important for
maintenance of cell shape and stability [56], [57] and that cell stiffness is a function of
initial prestress [58].

Others have proposed mechanisms for how cells feel and respond to their

mechanical environment, each typically associated with the cytoskeletal framework and



cell adhesion. Like the idea of cellular tensegrity structure and prestress, the maintenance
of tension generation has been indicated as a key component of cell force sensing. Several
groups have demonstrated the importance of actomyosin contraction in proper cell
response to the mechanical environment by studying the impacts of non-muscle myosin.
In an important study, Engler et al. demonstrated that stem cell differentiation fate is
controlled by substrate stiffness but inhibition of non-muscle myosin 11 (nmll) blocks all
substrate directed differentiation [59]. Similarly, several other groups have demonstrated
that proper nmll function is essential in several substrate sensing processes such as: cell
spreading, formation of actin stress fibers, migration and motility, and re-orientation in
response to cyclic stretch [39], [60]-[62].

Beyond the importance of cell tension maintenance in substrate sensing, other
groups have focused on identifying key pathways for mechanical signal transduction.
Following the action of cells pulling on their substrate through the generation of
cytoskeletal tension, several signaling pathways are postulated to transmit signals for
alterations in overall cell function. In in vitro studies, Sheetz and his group have indicated
several pathways as potential mechanical signal transducers [63]-[66]. Specifically, they
focus on tyrosine phosphorylation resulting from structural changes in cytoskeletal
organization [64]. Interestingly, others have demonstrated the dependence of tyrosine
kinase activity on substrate stiffness [20] and that members of the Src family are involved
with cell processes known to be controlled by substrate mechanics such as survival,
migration, and transformation/differentiation [67]. Similarly, Sheetz’s group has more

recently demonstrated localized phosphorylation of the Src family kinase substrate Cas



(Crk associated substrate) in areas of increased cytoskeletal tension [68]. Studies
demonstrating the importance of certain proteins in mechanical signal transduction have
indicated key players involved in cell substrate sensing and continue to reinforce the idea
that cellular tension generation is key for proper cell function.

1.4 The Motor Clutch Model as a Mechanism for Cellular Tension Generation and
Overall Substrate Sensing

While important specific molecular components have been identified, the overall
mechanism for tension generation and subsequent cellular sensing of the mechanical
environment is less well understood. As discussed in section 1.3 the cellular tensegrity
model portrays the importance of cellular prestress, and how it impacts cell function, but it
does not provide a mechanism for the origin of stress within individual filaments. In an
initial study of how neuronal cells extend processes along their substrates, Mitchison and
Kirschner propose a method for cellular traction generation that is a function of adhesion
and actin flow [69]. In their proposed process, an actin filament first mechanically couples
to its substrate by binding to it through integrin-talin adhesion complexes. Bound adhesion
complexes counteract myosin motor forces that pull on the filament toward the center of
the cell, therefore generating tension within the filament. Polymerization of actin extends
the leading edge of the filament and pushes on the cell membrane. Therefore, tension
generation is a result of a balance between adhesion complex binding, myosin derived
retrograde flow, and actin polymerization derived leading edge extension.

In their now seminal work, Chan and Odde developed a stochastic simulation of
Mitchison and Kirschner’s motor-clutch model to test the effects of substrate stiffness on

the system [70]. Chan and Odde model adhesion complexes as simple Hookean springs
9



which stochastically bind and unbind from the compliant substrate as a function of applied
force. They report that actin flow, traction generation, and adhesion dynamics are all a
function of substrate compliance (Figure 1-3). They define adhesion binding dynamics as
falling into one of two categories, load and fail or frictional slippage. Load and fail occurs
on soft, compliant substrates where retrograde flow is low and force generation is high.
Frictional slippage occurs on stiff substrates, where flow is high, and force is low.
Importantly, their model observations are all reproduced in vitro experiments of neuronal

cell actin dynamics.
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Figure 1-3: Motor-clutch model dynamics as a function of substrate stiffness.
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Actin retrograde velocity and traction force generation as a function of substrate stiffness.
Load and fail dynamics are associated with low flow rates and high traction force, while
frictional slippage dynamics are associated with increased flow rates and low traction
force. Reproduced from Chan and Odde 2008 [70] with permission from AAAS.

1.5 Summary of Dissertation Focus

While recent advances in experimental techniques allow for control of the extracellular
mechanical environment, questions about the combined effects of the active and passive
environment still exist. The focus of this research involves adapting Chan and Odde’s
computational motor-clutch model to study the combined effect of cyclic substrate
deformation and substrate stiffness on actin cytoskeleton organization and dynamics. This
work also provides a means for comparing the impacts of cyclic stretch and substrate
stiffness on cell function, and whether the two alter cell function in similar ways. The work
summarized here concludes that the motor-clutch model is a potential mechanism for
cellular sensing of the mechanical environment. Chapter 3 presents the adapted motor-
clutch model as means for exploring the combined effects of stretch and stiffness on
cytoskeleton derived traction force. Next, chapter 4 utilizes the adapted model as a
mechanism for exploring cell morphological alterations in response to changes in the
mechanical environment. Specifically, the adapted motor-clutch model is used to
accurately predict experimentally observed cell and cytoskeleton reorganization as a
function of applied cyclic stretch. Lastly, chapter 5 discusses future directions and use of
the adapted motor clutch model to study the role of the mechanical environment in the

progression of a heart failure disease model.
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1.6 Summary of Contributions

Much of the work here is the result of collaborative efforts. Major contributions by other
individuals are summarized here and, in some cases, how the work of others interacted
with my own. Dr. Jessica Thomas conducted endothelial cell cyclic stretch experiments
and imaged representative cells. | conducted quantitative image analysis of these images
with the help of Jackie Xuan to assess properties of cell and matrix morphology (Figure 4-
3). Drs. Chuan Xue and Jia Guo implemented in MATLAB the equations for the original
motor-clutch model and extended the model to include 2-D actin fiber movement and
cyclic substrate movement. | expanded upon this model and utilized it for all data collection
associated with Chapter 4. For studies of the effect of cyclic stretch on actin traction force
generation, | modified MATLAB code originally developed by Dr. Seth Weinberg to
account for cyclic substrate movement. Ben DiFranco assisted with ideas and data

collection presented in Chapter 3.
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Chapter 2 Methods

2.1 Biomechanical description of the motor-Clutch model

The motor-clutch model describes the motion of a singular actin bundle within a cell
(Figure 2-1). Myosin motors permanently couple with the actin bundle and pull it away
from the cell membrane (i.e., retrograde motion). Molecular clutches (e.g., individual
integrin complexes) link the intracellular actin bundle to the extracellular substrate.
Multiple clutches can independently form (bind) and dissociate (unbind) to and from the
substrate. The clutches apply a force to the actin bundle resisting myosin motor force
thereby decreasing the speed of the retrograde motion. 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 center of the cell while individual subunits within the
fiber move towards 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.
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Figure 2-1: The motor-clutch model and cyclic stretch.

(A) Schematic of the motor-clutch model, reproduced from Chan and Odde 2008 [70]
with permission from AAAS, with the adaptation to include cyclic stretch of the substrate
anchor. (B) Graphical representation of different types of simulated cyclic stretch that the
adapted motor-clutch model is capable of reproducing. Dashed outline represents the
original substrate dimensions, solid lines represent substrate dimensions during extension
portion of cyclic stretch cycle. Black arrows demonstrate the direction of substrate
deformation.

2.2 Stochastic mathematical formulation of the motor-clutch model

Chan and Odde developed a set of equations that embody the concepts of the motor clutch
model and applied it to a cell on a deformable substrate [70]-[72]. The model consists of
an F-actin bundle, molecular clutches, and a compliant substrate. The actin bundle is
treated as a rigid rod. The velocity of the actin (Vactin) i a linear function of the sum of the

forces applied by all of the clutches (3 Feiuten()). Specifically,
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Vactin = Vu (1 + Y Feluten(y / Fstall) <Equation 1>

where V, is the unloaded velocity of the bundle and Fsai is the force that would prevent
bundle motion. The stall force is the stall force of one motor (Fm) times the number of
motors (Nm). Thus, when Y Feutenc) IS equal and opposite to the stall force, 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 velocity directly. Each individual clutch bond is treated as a single,
Hookean spring with the magnitude of the force it exerts (Fciuch)) proportional to its

deformation. Specifically,

Fetuteh)= Keluteh(i) (Xi — Xsub) <Equation 2>

where xi is the position of the clutch, xsu» is the position of the substrate, and Keuteng) is the

clutch spring constant. The sum of the forces for all the clutches (3 Feiutcn(y) is applied to

and deforms the substrate, which is treated as a single, Hookean spring with a spring

constant Ksu. Specifically,

> Feluteh) = KsubXsub <Equation 3>
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Ksub is related to the modulus of the substrate with 1pN/nm corresponding to 1 kPa [70].
Clutch binding and unbinding are stochastic, with a forward rate constant (kon) and a
reverse rate constant (Kot*). To account for the fact that mechanically loading the clutch
bond can increase the probability that it breaks, the Bell relationship is used. Specifically,

Kot =Kot e(@bs(Felutch / Fb)) <Equation 4>

Where Ko is the unloaded off-rate and Fy is a characteristic rupture force.
Values for the free parameters were obtained by Chan and Odde from the literature

or their own experimental work (Table 2-1, [70]).

Model Description Value
Parameter
Nm Number of myosin motors 50
Fm Single myosin motor stall force -2 pN
Vy Unloaded bundle velocity -120 nm/s
Ne Number of molecular clutches 50
Kon Pseudo first-order on-rate 1s?

constant of clutch binding
Kot Pseudo first-order unloaded off- 0.1s?
rate constant of clutch unbinding

Fo Characteristic bond rupture force -2 pN
Ke Molecular clutch spring constant | 5 pN/nm

Table 2-1: Motor-clutch model parameters.
Values reproduced from Chan and Odde 2008 [70].
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2.3 Modifications to the motor-clutch model

The Chan and Odde computational motor-clutch model was adapted to include cyclic
movement of the substrate anchor to simulate cyclic stretch (Figure 2-1A). Cyclic stretch
of the substrate in the x-direction (the direction parallel to the orientation of the actin fiber)
is modeled through movement of the substrate anchor (Xanchor) according to a sinusoidal

function,

Xanchor = X * 1/2*(1'005(27T*t/P) * Erix <Equati0n 5>

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 ertx is the applied
cyclic stretch ratio in the direction parallel (x-) to applied stretch. 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 applied 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

utilizing an adapted form of the substrate position equation derived by Chan and Odde,

Xsub = (Keluteh * Z?j?y xi + Ksub™Xanchor) / (Ksub + Kelutch * Neng) <equation 6>
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where neng is the number of engaged clutches. The velocity of the actin bundle (Vactin) is

then also updated to include movement of the substrate anchor,

Vactin = Vu (1 — Ksub * (Xsub - Xanchor) / Fstar). <equation 7>

The length of the actin bundle (L) is influenced both by depolymerization on the
nuclear edge, or minus end, and polymerization on the leading edge, or plus end.
Depolymerization of the minus end is assumed to be equal to Vactin. Vp is allowed to increase
as L decreases, which is consistent with the notion that as the bundle shortens there would
be more globular (G-actin), or free, actin, which could increase polymerization rate. We

captured this behavior with the equation,

Vp = Vp*(Lmax— L) / L <Equation 8>

where vp* is the maximum actin polymerization rate and Lmax is the maximum allowable
bundle length.

Catch-bond behavior was then included in the adapted model to re-create true in
vitro cell spreading behavior. The clutch off-rate (Kot*) was altered to include both catch

and slip behavior,

koff* :koff e(abs(FcIutch/Fb)) + koffc e(abs(FcIutch/Fc)) <Equation o>
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where Koffc is the specific catch-bond unloaded off-rate and Fc is the characteristic clutch
catch force.

To compare with in vitro experimental observations of cell spreading as a function
of the mechanical environment, cell spreading speed is calculated as a function of

retrograde velocity and a constant polymerization rate. Specifically,

Vspread = Vpoly = Vactin <equation 10>

where Vspread 1S the initial cell spreading speed and Vpoly is the constant polymerization rate

(for this instance only).

The specific model parameter values used for catch-bond simulations are presented

in Table 2-2.
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Model Description Value
Parameter
Nm Number of myosin motors 75
Fm Single myosin motor stall force -2 pN
Vy Unloaded bundle velocity -120 nm/s
Ne Number of molecular clutches 75
Kon Pseudo first-order on-rate 0.1s?
constant of clutch binding
Kot Pseudo first-order unloaded off- | 0.004 s*
rate constant of clutch unbinding

Fo Characteristic bond rupture force -8 pN
K Molecular clutch spring constant | 5 pN/nm
Fe Clutch catch force 2 pN
Koffc Pseudo first-order unloaded off- 10s?

rate constant of clutch catch
unbinding

Table 2-2: Motor-clutch catch bond model parameters.
Values reproduced from Bangasser et al. 2013. [71]

2.4 Further modifications to the motor-clutch model to study action reorientation

20

The adapted cyclic stretch motor-clutch model was further modified to account for rotation
of the actin fiber to study actin reorientation as a function of cyclic stretch. First the y-
coordinate of the fiber tip is defined as the Lagrangian y-coordinate in relation to the
substrate position, similarly to how the x-coordinate is defined. When the fiber is bound, it

is stretched and compressed with cyclic movement of the substrate, allowing for both the




x- and y-coordinate to change with time. The final orientation of the actin fiber is then
calculated as a function of the x- and y-coordinate of the fiber tip.

To compare with several experimental systems, the adapted motor-clutch model
can recreate three types of cyclic stretch (Figure 2-1B): true uniaxial stretch (stretch in only
the direction parallel to the actin fiber), simple elongation (stretch in the parallel direction
and compression in the perpendicular direction), and equibiaxial stretch (equal stretch in
both directions). True uniaxial stretch utilizes only Equation 5 for all substrate anchor
movement To incorporate strain in the y-direction, which is perpendicular to the direction
of of applied stretch (modeling simple elongation), the y-coordinate of the substrate anchor

(Yanchor) was moved,

Yanchor =Y * 1/2*(1+COS(27[*t/P) * Srty <Equati0n 9>

where Y is the Lagrangian y-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 eny is the applied cyclic
compression ratio in the direction perpendicular (y-) to applied stretch as a result of
elongation in the parallel direction (x-). The compression ratio was calculated as a function
of stretch applied in the parallel (x-) direction 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 PDMS deformable substrate, we determined the Poisson’s
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ratio to be 0.52, similar to that reported for elastomers (specifically silicone rubbers) [73],
which we approximated as 0.5 in simulations of simple elongation.

In simulations of cyclic equibiaxial stretch, stretch was applied equally in both the
parallel (x-) and perpendicular (y-) directions by moving the x- and y-coordinate of the

substrate anchor equally in space and time,

Xanchor = Yanchor = ny * 1/2*(1‘C0S(27T*t/P) * Ertxy <Equati0n 10>

where Lyy is the Lagrangian tip of the actin bundle at time of the first clutch binding in

relation to the stretch cycle, and enxy iS the applied cyclic stretch ratio.
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Chapter 3 The Motor-Clutch Model as a Mechanism for Cellular Traction Force
Generation as a Function of the Mechanical Environment

3.1 Introduction

The generation and maintenance of tension within the actin cytoskeleton is critical for cell
function. Proper tension generation is known to play a role in several cellular processes
such as: cell motility, migration, changes in cell morphology, differentiation, survival, and
extracellular matrix organization in development, wound healing, and tissue maintenance
[38], [61], [74]-[79]. Others have also demonstrated that cytoskeletal tension is likely a
part of cellular mechanobiological responses, where cells alter their form and function in
response to perturbations in the mechanical environment, such as extracellular substrate
stiffness [52], [53], [59], [80]-[86]. In his early cell geometry model, Ingber describes cells
as tensegrity structures, comprised of many prestressed intracellular filaments that are vital
for proper cell structure [55]. He also describes how the cell tensegrity model can be used
to describe cell motility, potentially one of the first proposed mechanisms for how cells
respond to their mechanical environment through cytoskeletal changes.

Evidence now strongly suggests that cytoskeletal tension originates from the interplay
between substrate adhesion and actomyosin contraction. In their initial description of
neuronal cell extension and protrusion, Mitchison and Kirschner propose the motor-clutch

model as a mechanism for traction force generation [69]. In their model, actin reversibly
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binds to the extracellular substrate through molecular clutches, which resist myosin motor
derived retrograde flow. As myosin motors pull on the actin filament, traction is transmitted
through bound molecular clutches to the extracellular substrate. Recent studies further
demonstrate the importance of proper actomyosin contraction in responding to the
mechanical environment. For instance, cellular prestress within the cytoskeleton is crucial
for the maintenance of cell stability and morphology, and overall cell stiffness is a function
of initial cell prestress [57], [58]. Others have demonstrated that cells without properly
functioning non-muscle myosin lost their ability to both control their morphology [60],
[61] and differentiate in response to substrate stiffness [59], further reinforcing the
importance of actomyosin contractile function in cell sensing of the mechanical
environment. To further analyze cytoskeletal tension and cellular mechanobiology, Chan
and Odde developed a computational simulation of Mitchison and Kirschner’s motor-
clutch model [70]. They use their stochastic simulation to initially demonstrate how tension
and traction force is a function of substrate stiffness. In more recent work, they report an
optimal stiffness for traction force generation which is sensitive to changes in clutch and

motor strength [71], [72].

In addition to intracellular forces derived from actomyosin contraction, forces arise
outside a cell from motion of the extracellular substate and are transmitted to the actin
cytoskeleton through substrate adhesions. For example, cells in vivo are exposed to cyclic
stretching of their substrates through beating of the heart, blood pulse wave propagation
through the arterial system, and peristalsis in the digestive system. In vitro studies have

revealed that cyclic stretch impacts cell morphology and several diverse cell functions [26],
24



[30], [31], [39], [42]-[47] similar to those impacted by changes to extracellular substrate
stiffness [21], [38], [53], [81], [81]-[85]. Since cytoskeletal tension is frequently proposed
as a mechanism by which cells respond to their mechanical environment, we adapted the
stochastic motor clutch model originally proposed by Chan and Odde to study the impacts
of cyclic stretch on cytoskeletal tension and traction force generation.

3.2 Methods

Computational simulations utilized the adapted motor-clutch model described in Chapter
2. All simulations were run for a total time of 500 seconds unless otherwise noted.
Simulation data is presented as an average of 10 individual simulations.

3.3 Results
3.3.1 Cyclic stretch differentially alters traction force generation.

The application of cyclic stretch to the motor-clutch model significantly impacts actin
traction force generation and is dependent on the value of ksub. At low values of ksub (0.1
pN/nm), cyclic stretch has no impact on force generation, where force remains constant
over a wide range of stretch amplitudes (Figure 3-1B, Blue). At moderate ksub values (1.0
pN/nm), there is a clear, constituent trend with increasing stretch amplitude leading to
decreasing traction force (Figure 3-1B, Orange). At high values of ksub (10 pN/nm),
however, there is a non-monotonic relationship. Initial increases in stretch amplitude
increase force generation, followed by a decrease in force with further increases in stretch
amplitude (Figure 3-1B, Yellow).

As reported by Chan and Odde and others [70]-[72], original motor-clutch model

(no cyclic stretch) behavior is heavily dependent on the value of ksub. Over a wide range
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of ksub values, traction force initially increases until reaching an optimal stiffness, where
further increases in substrate stiffness decreases traction force generation (Figure 3-1A, No
Stretch case). The application of cyclic stretch results in force generation that follows this
same general trend, with slight shifts in the resultant force vs. ksub curve (Figure 3-1A, all
lines). For most stretch amplitudes (>3%), traction force is decreased for all values of ksub.
However, stretch amplitudes ranging from 1-3% increase force generation above that for
the no stretch condition at certain substrate thresholds (~2 pN/nm for 1%, ~4 pN/nm for
2%, and ~11 pN/nm for 3%).

In addition to impacting the magnitude of traction force generation, cyclic stretch
also changes substrate stiffness value at which traction force is maximized (termed optimal
stiffness) (Figure 3-1C). Specifically, for moderate stretch amplitudes (1-6%) optimal
stiffness decreases steadily with increasing stretch amplitude. Optimal stiffness remains

constant, however, with further increases in stretch amplitude.
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Figure 3-1: Actin traction force generation as a function of cyclic stretch and
substrate stiffness.

Simulated traction force generation as a function of variable cyclic stretch amplitude and
values of ksub. (A) Traction force vs. ksub with different values of cyclic stretch
amplitude. (B) Traction force vs. stretch amplitude with different values of ksub. (C)
Optimal stiffness (ksub for which traction force is maximized) vs. cyclic stretch
amplitude.

3.3.2 Combined effects of amplitude and frequency on traction force generation.

Next, we varied both stretch amplitude and stretch frequency to analyze the effects of cyclic
stretch more closely on motor-clutch dynamics. We expected that altering amplitude or
frequency of stretch would have some impact on traction force as both parameters

contribute to substrate motion, and therefore force application to bound clutches.
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Interestingly, general changes to amplitude and frequency have similar effects where
increasing amplitude or frequency typically decreases traction force generation (Figure 3-
2).

As previously noted, the distinct model response to cyclic stretch is heavily
dependent on the value of ksub. Even over a wide range of stretch amplitudes and
frequencies, there is still little to no change in traction force generation or retrograde
velocity for low ksub values (Figure 3-2, 0.1 pN/nm (top)). For moderate values of ksub,
traction force and retrograde velocity change monotonically with increases in amplitude
and frequency (Figure 3-2 1.0 pN/nm (middle)) and changes to the parameters appear to
have equal effects on both force and velocity. Specifically, force decreases similarly with
equal increases in frequency or amplitude. The amplitude frequency contour plot for high
values of ksub shows a similar response to stretch, where initial increases in both stretch
amplitude and frequency increases traction force generation and decreases retrograde
velocity and subsequent increases in stretch decrease force and increase velocity (Figure
3-1B and 3-2 10 pN/nm (bottom)). The contour plot reveals a window of specific stretch

parameters, typically combinations that include low amplitude or low frequency.
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Figure 3-2: Traction force generation as a function of cyclic stretch amplitude and
frequency.

Contours of simulated traction force generation as a function of both stretch amplitude
and frequency. Combined effects are also heavily dependent on the value of ksub.

29



3.3.3 Clutch engagement dynamics are a function of substrate stiffness and cyclic stretch.

Changes in traction force and actin flow as a function of substrate coincide with changes
in clutch engagement dynamics(i.e., load and fail vs. frictional slippage) (Figure 1-3) [70].
To quantify the differences between load and fail and frictional slippage behavior as a
function of both substrate stiffness and cyclic stretch, we calculate average number of
engaged clutches and average clutch lifespan (Figure 3-3). For cases with no cyclic stretch,
load and fail clutch dynamics (associated with lower values of ksub, 0.1-1.0 pN/nm) are
characterized by long average bond lifespans and high number of engaged clutches (Figure
3-3A,B). As ksub is increased beyond 1.0 pN/nm and clutch dynamics shift toward
frictional slippage like behavior, bond lifespan and number of engaged clutches decrease
(Figure 3-3A,B). Interestingly, maximum clutch lifespan and engaged clutch number is not
correlated with optimal stiffness for traction force generation. This suggests that even
though bond lifespan and number decrease with substrate stiffness, force generation is a
balance between the value of ksub and clutch behavior. Therefore, while clutch
engagement metrics are excellent predictors of bonding profile, they do not singly predict

traction force generation.
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Figure 3-3: Clutch dynamics as a function of substrate stiffness.

(A) Clutch binding profiles for different values of ksub. Binding profiles display the total
number of engaged clutches over time. (B) Average bond life for a single clutch as a
function of ksub.(C) Relative frequency histograms of average bond life for different
values of ksub. (D) Close-up histogram of 10 pN/nm case.

We then applied the characterization of clutch dynamics and quantification of bonding
profile to cyclic stretch cases. The effects of cyclic stretch on model behavior are most
apparent for moderate values of ksub (~1.0 pN/nm) where increases in stretch amplitude
steadily decrease traction force generation. Expectedly, analysis of clutch behavior for
moderate ksub demonstrates that the introduction of stretch shifts the clutch binding profile
from a load and fail like behavior to frictional slippage (Figure 3-4A middle). This
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transformation is characterized by a decrease in average number of engaged clutches and
average bond lifespan (Figure 3-4B orange line). For lower values of ksub (e.g., 0.1 pN/nm)
where cyclic stretch has little to no effect on traction force generation, there are no changes
in clutch engagement behaviors. Specifically, a load and fail binding profile remains load
and fail like after the introduction of stretch and there are no significant changes in average

bond lifespan or number of engaged clutches.
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Figure 3-4: Clutch binding dynamics as a function of cyclic stretch.

(A) Clutch binding profiles (top) and bond life histograms (bottom) for no stretch and 10% stretch conditions for different values of
ksub. (B) Average number of engaged clutches (top) and average bond life (bottom) as a function of cyclic stretch amplitude for
different values of ksub.



Changes in clutch binding dynamics also explain the differential response to cyclic
stretch associated with high values of ksub (e.g.,10 pN/nm). As noted previously, traction
force generation initially increases with low levels of stretch. This increase in force
corresponds with a shift in binding profile from frictional slippage to load and fail like,
characterized by increases in both average number of engaged clutches and average bond
life span (Figure 3-4B yellow line). Further increases in stretch amplitude slowly decrease
number of engaged clutches and bond lifespan, as the binding profile returns to a frictional
slippage like behavior. Further increases in stretch amplitude progressively decrease
engaged clutch numbers and bond lifespan, but not to the same levels as the no stretch case.
This is also apparent in the frequency distribution histogram for the stretch cases for high
substrate stiffnesses. Specifically, for the 10% stretch case, most bond lifespans are short

(<0.1 s) but there are more cases of bonds with longer lifespans (>0.2 s).

3.3.4 Differences between actin flow and substrate motion describe clutch engagement
dynamics.

Next, we set out to determine what dictates changes in clutch engagement dynamics
associated with changes in substrate stiffness and cyclic stretch. Knowing that cyclic
stretch of the substrate will introduce additional substrate motion that directly impacts
clutch engagement behavior, we hypothesized that changes in clutch dynamics can be
described by comparing substrate motion with filament motion. First, examining the no
stretch case demonstrates a strong correlation between the matching of actin retrograde
velocity and substrate velocity and total number of engaged clutches (Figure 3-5 top). For
the case of low substrate stiffness (ksub =0.1 pN/nm), the substate and actin filament move

with equal velocities for an extended period (roughly 20 seconds) during which clutches
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bind and remained engaged. The velocities diverge only during the failure portion of the
load and fail cycle, and quickly converge upon re-engagement of clutches. Similarly, for
the case of moderate substrate stiffness (ksub = 1.0 pN/nm), substrate and actin velocities
are matched for extended periods of time which correspond with clutches binding and
remaining engaged. However, the duration of matched velocities before the two diverge is
significantly shorter than the low stiffness case, explaining the lower maximum number of
engaged clutches and shorter load and fail cycle times. As expected, increasing stiffness
further (ksub = 10 pN/nm) results in permanently mismatched substrate and actin velocity.
For this reason, total engaged clutch numbers remain low, individual clutch lifespan is

short, and distinct load and fail cycles are not apparent.
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Figure 3-5: Substrate motion, actin motion, and total number of engaged clutches over time.

Substrate velocity (black) and actin velocity (blue) plotted vs. time with corresponding clutch binding profile (orange) for no stretch
(top) and 10% stretch (bottom conditions). Substrate velocity is plotted as a solid, black line while substrate velocity and actin velocity
are within 10% of each other. Once the difference between the velocities reaches higher than 10%, substrate velocity is plotted as a
gray line.



As expected, the changes in clutch binding dynamics associated with the
introduction of cyclic stretch are explained by changes in substrate and filament velocity
matching. At low values of ksub (0.1 pN/nm), substrate and filament motion remain in
unison resulting in no changes in clutch binding compared to the no stretch case. (Figure
3-5 bottom, left). At moderate values of ksub (1.0 pN/nm), however, the filament and
substrate no longer move in unison (Figure 3-5 bottom, middle). The difference between
substrate and filament velocity is high, resulting in a transition from load and fail behavior
associated with the no stretch case to frictional slippage. While there are occasional
instantaneous moments of matched velocities (transition from gray line to short black
lines), velocities remain mismatched for the majority of each stretch cycle.

Increasing ksub higher (10 pN/nm) introduces an unexpected behavior. As
mentioned previously, while cyclic stretch on high substrate stiffnesses still results in a
frictional slippage binding profile, number of engaged clutches and clutch lifespan
increases slightly. Analysis of instantaneous filament and substrate velocity reveals periods
of matched velocities that were not apparent for the no stretch condition. Certain stretch
parameter combinations magnetize these observations even further. Specifically, for the
case of 1% stretch at a frequency of 1 Hz, there are extended periods of both load and fail
and frictional slippage behavior (Figure 3-6). Each cycle begins in a frictional slippage
regime with actin retrograde velocity nearing the unloaded actin velocity, vu. As substrate
velocity decreases and nears actin retrograde velocity, the total number of engaged clutches

increases and a load and fail cycle begins. Clutches continue to engage and remain engaged
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as the substrate and filament begin to move in total unison. The velocities near 0
(representing the inflection point of substate motion, where the substrate begins moving in
the opposite direction it was previously moving) and clutches begin disengaging leading
to an eventual catastrophic failure event. The periodic matching of velocities associated
with the load and fail cycles explain the increases in average number of engaged clutches
and average clutch life span (Figure 3-4). These changes for the specific parameter
combination of 1% stretch and 1 Hz also explain the initial increase in traction force

generation for high values of ksub (Figure 3-1).
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Figure 3-6: Comparison of substrate motion and actin motion for special case of
high ksub and low cyclic stretch amplitude.
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Substrate velocity (black) and actin velocity (blue) plotted vs. time with corresponding
clutch binding profile (orange) for case of ksub = 10 pN/nm, and 1% cyclic stretch.
Substrate velocity is plotted as a solid, black line while substrate velocity and actin
velocity are within 10% of each other. Once the difference between the velocities reaches
higher than 10%, substrate velocity is plotted as a gray line.

3.3.5 Inclusion of catch-bond behavior accounts for experimentally observed cell
spreading as a function of substrate stiffness and cyclic stretch.

Because the original computational motor-clutch model was created to study neuronal
cytoskeletal dynamics, it does not predict the experimental observation of increased cell
spreading of many adherent cell types with increasing substrate stiffness (i.e., traction force
decreases and retrograde velocity increases as stiffness increases). To first recreate this
observation, we introduce the concept of catch-bonds (i.e., bonds that strengthen with
increasing force) into our model using a similar approach as Bangasser et al. [71] and by
monitoring cell spreading speed. For no stretch conditions, cell spreading speed begins
near 0 nm/s and increases with increasing substrate stiffness to a maximum of ~50 nm/s
(Figure 3-7, Blue), matching the experimental observation for cell types such as fibroblasts
and endothelial cells of increasing cell spread area with increasing substrate stiffness [21].
We then tested whether the catch-bond model can recreate the experimental observation of
stretch increasing cell spreading on softer substrates. Cyclic stretch amplitudes of both
10% and 20% increased cell spreading velocity nearly two-fold for all ksub values < 0.2
pN/nm (Figure 3-7 red and yellow lines) which is in agreement with the general trends
reported by Cui et al. and Quinlan et al. [47], [54]. Quinlan et al. specifically reports that
cell spread area and cell perimeter are doubled for cells exposed to 10% stretch on 0.3 kPa

substrates, which is in very good agreement with our computational observation of cell
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spreading speed doubling for low values of ksub. Quinlan also observed that cell spread
area and cell perimeter decrease for cells exposed to 10% stretch on 50 kPa substrates,
which agrees with our observation of decreased cell spreading speed for higher values of
ksub for stretch conditions compared to the no stretch condition. Therefore, the preliminary
inclusion of catch-bonds in the adapted motor-clutch model accurately recreates cell
spreading behavior as a function of substrate stiffness for both no stretch and cyclic stretch

conditions.
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Figure 3-7: Actin spreading speed as a function of substrate stiffness and cyclic
stretch amplitude.
Simulated spreading speed (difference between constant polymerization speed and actin
retrograde velocity) as a function of ksub for different cyclic stretch amplitudes.
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3.4 Discussion

Cyclic stretch studies have interestingly found that stretch alters many of the same cellular
processes and functions that substrate stiffness is known to control. Vital processes such
as phenotypic differentiation, migration, ECM maintenance, and proliferation are now
known to all vary with changes to substrate stiffness or applied cyclic stretch [21], [26],
[45], [47], [53], [59], [75], [87], [88]. In their recent study on the role of cyclic stretch and
prestress in cellular traction force generation, Cirka et al. demonstrates that force
generation is a function of both substrate stiffness and cyclic stretch [89]. Knowing this,
we and others have sought to understand whether there is a shared mechanism for sensing
changes in both the active and passive mechanical environment. While there are very few
studies that successfully vary both applied stretch and substrate stiffness, recent in vitro
studies suggest stretching cells on soft substrates generates a response that mimics the
response of cells cultured on static, stiff substrates [47], [54], [80]. Using a micropillar
substrate where varying pillar height alters perceived substrate stiffness, Cui et al.
demonstrate that cells cyclically stretched on “soft” substrates spread to the extent of cells
cultured on unstretched polydimethylsiloxane (PDMS, modulus ~ 2MPa) [47]. Perhaps
more relevant for our context, they also report the formation and organization of distinct
actin stress fibers in cells stretched on “soft” substrates, when cells cultured on soft, static
substrates would not typically form stress fibers. Quinlan et al. found similar results, where
cell area increases for cells cultured on stretched soft substrates compared to no stretch
controls [54]. Interestingly, they also report decreases in cell area for cells stretched on stiff

substrates when compared to cells cultured on static stiff substrates.
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Our model results show similar trends, where stretch mimics the response to static,
more stiff conditions. Traction force generally decreases with increasing ksub over 1
pN/nm for no stretch conditions. For low values of ksub, the introduction of stretch
decreases traction force generation that mimics the high ksub, no stretch condition (Figure
3-1). Further analysis in clutch binding dynamics also shows the ability of cyclic stretch to
change binding profile type. For moderate values of ksub (1.0 pN/nm), clutch engagement
transitions from load and fail like to frictional slippage like with increases in stretch
amplitude, eventually nearing the binding behavior typical of higher values of ksub (Figure
3-4). Including catch-bonds in our model also recreates experimental observations of cyclic
stretch mimicking the impacts of increased substrate stiffness. Specifically, cyclic stretch
increases traction force generation and cell spreading, similar to how increasing substrate
stiffness with no stretch does (Figure 3-7). Our data reinforces the proposed hypothesis that
a shared mechanism is utilized to sense changes in both substrate stiffness and cyclic
stretch. That shared mechanism likely includes key components of the motor-clutch model,
specifically actin adhesion through molecular clutches which generate traction by
counteracting the force derived from non-muscle myosin contraction.

An interesting caveat to using clutch binding dynamics as an underlying predictor
of model behavior is that clutch binding and unbinding does not always match filament
traction force generation and flow. For instance, we and Odde and co-workers demonstrate
that for no stretch conditions there is a moderate ksub value (~1 pN/nm) that is optimal for
traction force generation (Figure 3-1) [70]-[72]. However, average bond lifetime and

number of engaged clutches decreases monotonically with increasing ksub (Figure 3-3)
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(i.e., bond lifetime and number of engaged clutches is maximized for the lowest value of
ksub (0.1 pN/nm)). This observation suggests that clutch binding dynamics are important
for determination of binding profile classification (load and fail vs. frictional slippage) but
do not fully predict force generation. Instead, force generation is clearly a function of clutch
dynamics and distinct substrate compliance, where there must be a certain level of substrate
resistance to deformation for bound clutches to build force.

3.5 Conclusion

While the distinct responses to altering substrate stiffness and cyclic stretch are well
documented, the effects of altering both are more difficult to study and understand. Here
we present an adapted motor-clutch model that allows us to finely control both stiffness
and cyclic stretch parameters to measure actin dynamics and traction force generation.
Typically, the introduction of stretch weakens engaged clutches, decreases traction force
generation, and decreases the optimal stiffness for traction force generation. However,
there also cases of where clutches are strengthened with the introduction of cyclic stretch,
resulting in increased traction force generation compared to the no stretch case. We find
that comparing motion of the actin filament with the motion of the substrate describes
changes in clutch binding dynamics, explaining how cyclic stretch can alter clutch
engagement. Lastly, we introduce catch bond behavior into the adapted motor-clutch model
to accurately recreate the experimental observations of increased cell spreading on stiff
substrates and cyclically stretched soft substrates. The adapted motor-clutch model
demonstrates that it is likely a key part of the shared mechanism that cells utilize to sense

and respond to their external mechanical environment.
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Chapter 4 The Motor Clutch Model as a Mechanism for the Cellular Morphological
Response to Cyclic Force

The contents of this chapter are currently undergoing revisions for re-submission.
Scandling BW, Gou J, Thomas J, Xuan J, Xue C, Gooch KJ. A Motor Clutch Model
Predicts and Suggests Mechanisms of Cellular Morphological Response to Cyclic Force.
Molecular Biology of the Cell. (Under Revision)

4.1 Introduction

4.1.1 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 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 [87], [90]-[93]. In
vitro studies have shown that stretch plays a role in cellular proliferation [26], [42], [43]
apoptosis [44], migration [45], [46], extracellular matrix (ECM) maintenance and
production [26], [42], [43], and phenotype alteration [47]. Similarly, there is a large amount
of experimental evidence detailing the morphological response of cells to cyclic stretch,
including spreading, elongation, and alignment [30], [31], [39], [47]. While some cellular
and molecular responses to cyclic loading are highly dependent on cell type and alterations

in stretch type, many cells tend to alter their orientation similarly in response to cyclic
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stretch. Specifically, cells cultured on deformable substrates with initially random
orientations align nearly perpendicular to the direction of principal strain, or along an axis
of minimal strain, after exposure to cyclic substrate deformation [25]-[33].

4.1.2 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
(i.e., cellular contraction) [94] or external loads form highly organized actin fiber bundles
terminating at substrate linking focal adhesions known as actin stress fibers. [95], [96].
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 [25], [97], [98]. When stress fiber formation is inhibited, cells lose the
ability to reorient when exposed to cyclic stretching [40]. Similarly, disruption of actin
cytoskeletal organization with various pharmacological agents also inhibits cellular
reorientation [99]. 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 has begun to emerge on
potential molecular players, the specific mechanisms behind cellular sensing of cyclic
stretch and reorientation of cells remain unknown. On a broad level, one can consider three
general processes by which changes in the actin cytoskeleton can result in reorganization
of cells in response to cyclic stretch (Figure 4-1) A) Actin bundles can preferentially

lengthen and/or shorten depending on their orientation. B) Actin bundles can preferentially
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depolymerize or form, again depending on their orientation. C) Intact bundles can change

their orientation or rotate within the cells.

A No Stretch Control B

Figure 4-1: Cellular morphological response to applied mechanical stretch.

(A) In vitro HUVEC cells 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
reorganization of cells in response to cyclic stretch. Fibers may lengthen or shorten based
on their orientation in 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.
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4.1.3 Existing mathematical models of fiber and cell alignment

Several mathematical 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 applied cyclic stretch.
Models such as the one developed by Wang [100] include pre-existing 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 and change orientation until
they reorient in a direction where perceived stress is below the strain threshold. In a similar
model, Civelekoglu [101] introduces stress fiber binding with the extracellular substrate as
a determinate of final fiber orientation. Fibers initially oriented perpendicular to the
direction of stretch are less likely to unbind with the substrate as it is stretched, while fibers
oriented parallel to the direction of stretch break their bonds with the substrate and are free
to pivot. A separate model developed by De [102] also utilizes fiber pivoting and rotation
phenomena, but further describes how cells adjust a force dipole within the cell to maintain
constant levels of cellular and matrix stress.

Another commonly modeled phenomena as a means of describing cellular
reorientation in response to cyclic stretch is the assembly, disassembly, and subsequent
reassembly of actin fibers under stress. Hsu et al. [103], [104] developed a model where
stress fibers have a defined rate of turnover dependent on applied stretch, where fibers tend
to disassemble in directions with greater amounts of stretch and reassemble in directions

where strain is decreased. Similar models, developed by Obbink-Huizer et al. [105], Qian
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etal. [106], and Wang et al. [107] 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 rotate without giving an insight into why this might be. Other models do
not consider processes likely important for cellular reorientation, the impact of force on the
binding and unbinding of the actin fibers via integrins to the substrate, structural alterations
to fibers, and the impact of myosin motors on the motion of actin fibers. Therefore, we
developed a mechanistic, mathematical model that utilizes specific cell-substrate
interactions to examine how cells are linked with their substrate, 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 Odde and coworkers [70]-[72], who
developed a computational model of the myosin-actin-integrin motor clutch system
hypothesized by Mitchison and Kirschner [69].

4.2 Methods

4.2.1 Cyclic stretch of in vitro cell cultures

Lonza (Lonza, Morristown, NJ) human umbilical vein endothelial cells (HUVEC) 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 by
mixing 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 hours until

fully hardened. The stiffness of this substrate is estimated to be about 1 MPa [108]. The
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casting was the removed from the mold and autoclaved. A solution of 10pug/mL of human
fibronectin in PBS 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 to the
cast at a concentration of 4300 cells per well, and incubated for 24h at 37°C with 5% CO-
to allow for cell adhesion. The casting was then placed in a customized NSC-A1 Single
Axis Stepper Motor Controller + Micro-step Driver (Newmark Systems, Inc., 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 4-2A). The control
casting was similarly incubated with no cyclic stretch. After ~24h, the castings were

removed from the incubator and the cells were fixed with 4% paraformaldehyde.
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Figure 4-2: Experimental application of mechanical cyclic stretch to culture cells.
(A) Schematic of custom mechanical stretch device capable of applying cyclic strain to
cell cultures. Device consist 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 Lo to final length L. according to a sine function with period
t.

Cells were permeabilized and stained for actin with 488 AlexaFluor phalloidin, and
counterstained for nuclei with DAPI, after which they were imaged for fluorescence and
Differential Interference Contrast (DIC). 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 [109] for average actin fiber
orientation and anisotropy for each cell. 50 — 100 cells were analyzed for each condition
and results are presented as means. Independent simultaneous t-tests were performed to
determine statistical significance of each stretch condition compared to the no stretch
control condition. To control for multiple comparison associated Type | error, the
Bonferroni correction [110] was utilized to determine a new statistical significance level.
Specifically, the initial significance level of 0.05 was reduced to 0.0125.

4.2.2 Motor-clutch model of cell substrate interactions
Computational simulations utilized the adapted motor-clutch model described in Chapter
2. All simulations were run for a total time of 24 hours unless otherwise noted. Simulation

data is presented as an average of 10 individual simulations.

50



4.3 Results and Discussion

4.3.11n 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 [25]-
[30], [30]-[33]. The large majority of these studies, however, analyze either cell or actin
fiber orientation without quantifying other metrics of cellular morphology such as shape
(e.g., aspect ratio) and elongation. Since our computational model can make predictions
related to both changes in actin bundle orientation and length, which in turn influence cell
shape, it is useful to have experimental data for each of these metrics. Due 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-
consistent set of experimental data that explored how these metrics changed as amplitude

of stretch was varied (Figure 4-3).
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Figure 4-3: In vitro cellular morphology changes as a function of applied cyclic
stretch.

(A) Representative images of HUVEC cells 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.

Stretch Amplitude (%)

In our experiments, exposing cultured cells to simple uniaxial cyclic elongation,
cells reoriented their major axis away from the direction of applied stretch (Figure 4-3B-D
row 1). Similar to that reported by others [97], increasing the magnitude of stretch
increased the angle (from 49.94 degrees with 1% stretch to 73.88 degrees with 10% stretch)
(Figure 4-3B-D row 1). Similarly, actin fibers within the cell tend to realign to a similar

angle when exposed to cyclic stretch (Figure 4-3B-D row 2). With increasing stretch
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amplitude, cells also tend to be longer along the axis perpendicular to the direction of
stretch compared to their length along the axis parallel to stretch (Figure 4-3B-D row 3).
However, data suggest that cell shape is not altered by cyclic stretch as cellular aspect ratio
(ratio of major axis length to minor axis length) is unchanged, with the exception of the

4% amplitude case (Figure 4-3B-D row4).

4.3.2 Experimental data informs biophysical processes that could potentially lead to
actin reorientation.

As noted in section 4.1.2 and Figure 4-1B, there are at least three non-exclusive
mechanisms that could lead to changes cellular alignment in response to cyclic stretch. By
measuring only changes in cell shape or orientation, it is not possible to exclude any of
these three mechanisms. Experimental measurements, however, reveal a change in actin
orientation, which can only be accounted for by cyclic stretch preferentially altering fiber
rotation (Figure 4-1B) or actin assembly/disassembly (Figure 4-1B). Thus, we explored the
case where actin bundles can rotate as a potential mechanism of cellular reorientation in
response to applied cyclic stretch.

4.3.3 Type of cyclic stretch and actin reorientation.

To directly compare our model results with our experimental observations of cellular and
actin fiber reorientation, we analyzed the effect of cyclic stretch on simulated actin bundle
orientation. Under simulation conditions most comparable to our experimental conditions
(simple elongation, high substrate stiffness (10 kPa), cyclic stretch frequency of 1 Hz, and
24 hours of stretching), bundles align to an angle of 55.44 +0.12° relative to the direction
of applied stretch (Figures 4-4A and 4-5A). Notably, this angle is similar to the angle

calculated for the axis of minimal strain for simple elongation of an incompressible
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material (54.74°) [111], (Figure 4-4A, 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 4-4A and Table 4-1 Row 1, Type of Stretch) [31], [33],

[97].
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Figure 4-4: Simulated and in vitro maximum reported actin fiber and/or cell
orientation.

Relative to the direction of applied stretch, following exposure to cyclic stretch. (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.

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
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angle of 89.74+0.38° relative to the direction of applied stretch (Figures 4-4B and 4-5B).
Again, the direction the actin bundles orient in the simulation is similar to the direction of
minimal strain (90 degrees for purely uniaxial strain). This simulation finding is consistent
with the experimental results of others that used systems that generated purely uniaxial
stretch (Figure 4-4B, Table 4-1 Row 2, Magnitude of Stretch) [26], [27], [29]. Thus, for
both simple elongation and purely uniaxial cyclic stretch, the simulations predict that actins
bundle reorient to the direction on minimal strain, which is generally consistent with
experimental observations (Figure 4-4).

Others have reported that both cells and actin fibers do not align with a preferred
orientation following exposure to cyclic equibiaxial stretch [34], [112]. For example,
initially randomly oriented cell populations remain randomly oriented following
equibiaxial stretch. Following 24 hours of equibiaxial cyclic stretch, simulated actin
bundles do not alter their orientation (e.g., a bundle with an initial orientation of 15 degrees
remains at 15 degrees following stretching) (Figure 4-5E). Therefore, our adapted model
accurately predicts the experimental observation of no preferential realignment of cells or

actin fibers following equibiaxial cyclic stretch.
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Type of stretch

Simple Elongation: Actin bundles typically (with many
parameters sets) align ~55-60 degrees 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 6B).

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 perpendicular) 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 noticeable
with stretch amplitudes as low as 0.1% (Figure 6).

Frequency of stretch

For high substrate stiffness, frequency of cyclic stretch affects
rate of actin bundle realignment, where increasing frequency
increases rate of realignment exponentially (Figure 7A).

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 magnitude
completely eradicates actin bundle reorientation in response to
cyclic stretch (Figure 8).

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

Others report actin realignment ~90° relative to direction of applied
cyclic strain (Figures 4 and 5B) (Wang et al., 2001; Standley et al.,
2002).

Randomly oriented cell populations remain randomly oriented
follow exposure to equibiaxial cyclic stretch (Wang et al., 2001;
Kaunas et al., 20086).

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
reorientation 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-1l 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 4-1: Comparison of simulation predictions and in vitro experimental

observations.
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Figure 4-5: Simulated actin bundle reorientation.

Bundles with initial orientations ranging from 0-90 degrees are grouped into cells to
create a single figure representing a whole cell. Single bundles in each cell represent the
average final orientation and length of ten simulated bundles (n = 10). Individual bundles
were modeled using the adapted motor-clutch model with an initial length of 5000 nm,
orientation ranging 0-90 degrees, and on substrate stiffnesses ranging 0.1-10 kPa.
Modeled actin bundles were then exposed to simulated simple substrate elongation (A),
purely uniaxial cyclic stretch (B-D), or equibiaxial cyclic stretch (E) with frequency of 1
Hz and variable amplitude following which, bundle length and final orientation was
collected. Red circles around bundles represent average size of bundles under no stretch
control condition for each substrate stiffness.
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4.3.4 Amplitude of stretch and actin reorientation.

In general, simulated actin bundle reorientation increases (towards perpendicular to
direction of applied stretch) with increasing stretch amplitude for moderate and high
substrate stiffness and towards parallel for low substrate stiffness (Figure 4-5). To compare
simulation results to experimental observations, we first focused on the high substrate
stiffness case since we and most others used this condition in experiments. For simulations
of high substrate stiffness, bundle reorientation begins for stretch amplitudes as small as
0.1% and reaches maximum reorientation at 1% stretch. Interestingly, there is very little
difference in final orientation with amplitude increasing from 1 to 20%. Our in vitro studies
(Figure 4-3) and the work of others [97] report significant realignment of fibers with stretch
amplitudes as small as 1% with further realignment with increasing amplitude. Some have
reported no significant realignment with amplitudes lower than 5%, but significant
realignment following exposure to 40% stretch [113]. Thus, across various in vitro studies,
there is a range of stretch amplitudes required for significant cell and actin alignment, but
the amplitude required by our simulations is less than this range (Table 4-1 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 since we did not attempt to optimize our model parameters to better
fit the experimental data. 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 response by several orders of magnitude [71],
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[72]. Though beyond the scope of this current study, model parameters likely could be
optimized to provide better quantitative agreement.

Jungbauer et al. reported that increasing stretch amplitude decreased characteristic
time of reorientation [32]. 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 (Figure 4-6, Table 4-1 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.
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Figure 4-6: Actin bundle reorientation as a function of cyclic stretch amplitude.
Actin bundles are modeled with simple elongation cyclic stretch with a frequency of 1 Hz
and variable amplitude for 24 hours on a substrate stiffness of 10 kPa. (A) Reorientation
over time with variable cyclic stretch amplitude. (B) Characteristic time required for
reorientation as a function of cyclic stretch amplitude.
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4.3.5 Frequency of stretch and actin reorientation.

Relative to studies of the effect of stretch amplitude, there have been far fewer experiments
studying the impacts of stretch frequency on cell and actin reorientation. Jungbauer et al.
reported that increasing the frequency of cyclic stretch of a PDMS substrate decreased the
characteristic time required for 2 different types of fibroblasts to reorient [32]. Under
simulation conditions most comparable to their experimental conditions (simple
elongation, 10% stretch, and high substrate stiffness (10 kPa), 24 hours of stretching), we
observed that increasing stretch frequency decreased the characteristic time required for
reorientation (Figure 4-7A). However, stretch frequency has no impact on final bundle
orientation in simulations, which is in contrast with Jungbauer’s observation of increasing

final orientation with increasing stretch frequency (Table 4-1 row 3, Frequency of Stretch).
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Figure 4-7: Actin bundle reorientation as a function of cyclic stretch frequency.
Actin bundles are modeled with 10% simple elongation cyclic stretch for 24 hours on a
substrate stiffness of 10 kPa. (A) Reorientation 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).

We reasoned that one potential explanation for actin bundles aligning more quickly
when stretched at higher frequencies is that they simply experience a greater number of

stretch cycles over a given time. Plotting the average actin bundle angle as a function of
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the number of cycles (Figure 4-7B) reveals that curves that represent lower frequencies
(0.1 to 0.33 Hz) largely overlap. Similarly, curves representing 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 cycles is an important but not the only
determinant in the extern of fiber reorientation.

4.3.6 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 simple
elongation (Figure 4-5) and purely uniaxial cyclic stretch (Figure 4-8). That is, at a given
stretch amplitude, actin bundles aligned closer to the perpendicular direction with the
higher substrate stiffness (Figure 4-5B vs. 4-5C) 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
4-5D). At the lowest stretch investigated (0.1% stretch), there was negligible reorientation
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 reported the in vitro parallel
alignment of cells on soft extracellular substrates exposed to simple elongation [114]. Thus,

our model can reproduce both the perpendicular alignment of fibers when cells are
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stretched on relatively stiff substrates and the parallel alignment seen on relatively soft

substrates (Table 4-1 row 4, Substrate Stiffness).
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Figure 4-8: Actin bundle reorientation as a function of both substrate stiffness and
cyclic stretch type.
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4.3.7 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 [39], [99]. Blebbistatin alters myosin motor function by binding to
the myosin complex at the actin binding interface, effectively blocking any myosin-actin
interaction [115].

We interpret the effects of blebbistatin to be incorporated in the motor clutch model
through alterations to the myosin motor stall force parameter, Fm. As blebbistatin
decouples actin-myosin bonds, the actin bundle is free to move without influence from the
myosin motors. In the model, decreasing Fm decreases the amount of force required to stall
myosin motors and, therefore, allow the actin bundle to move independently. Reducing Fm
on level of a single order of magnitude nearly eradicates reorientation response, especially
when analyzing stretch amplitudes comparable to those utilized in in vitro experiments
(Figure 4-9). 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 4-9B). Final average orientation also decreases with decreasing Fm
(Figure 4-9B), 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 reorientation response to cyclic stretch through alterations to myosin motor stall force

(Fm).
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Figure 4-9: Simulated actin bundle reorientation as a function of 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, Fm.

4.3.8 Mechanism by which cyclic stretch causes changes in actin bundle orientation.

Experimental (Figure 4-3) and computational results (Figure 4-5) 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 4-
5D) 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 direction of bundle realignment (Figures 4-5 and
4-7). We considered whether these factors work through a common mechanism. We

reasoned that during the relative rare times when there were no clutched bound to the
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substrate, a condition we called 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 resulting in changes in overall fiber orientation. Moreover, as illustrated in
Figure 4-10, we anticipated that 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 (i.e., toward
perpendicular) and substrate and failure during relaxing will decrease the angle between
the bundle and substrate (toward parallel). Thus, we hypothesized 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

occur during the relaxing phase will favor parallel alignment.
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Figure 4-10: Clutch bond failure timing.

Timing of clutch bond failure influences direction of fiber alignment. A clutch unbinds as
the substrate is stretching (A) allowing the substrate to move relative to the fiber (B). The
clutch bond reforms (C), allowing the fiber and substrate to move together where (D) the
final position of the fiber has rotated relative to its initial position (dotted line).

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 4-11, top row). In some stretch conditions, the number of detachment
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events is consistently greater during the stretching phase (Figure 4-11A) while other
stretching conditions tend to have more detachment events during the relaxing phase
(Figure 4-11, middle row). For some stretching conditions, however (Figure 4-11C),
whether more detachment events occur during stretching or relaxing is dependent on the
initial orientation of the actin bundle. Since our hypothesis focuses on whether detachment
events were more likely during the stretching or relaxing phase, we calculated the
difference between the two (Figure 4-11, middle row). A difference greater than 0
corresponds with a greater number of detachment events occurring during the stretching
phase, and a difference less than 0 corresponds with 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
reorientation. An analysis of bundle reorientation over time shows that, consistent with our
hypothesis, conditions that caused more detachment events during stretching of the
substrate (blue line, Figure 4-11A) than during relaxing of the substrate (red line, Figure
4-11A) occur as the bundles rotated toward perpendicular to the direction of applied stretch
(Figure 4-11A, bottom). Conversely, conditions that caused more detachment events

during relaxation lead to parallel realignment (Figure 4-11B).

69



A Perpendicular Reorientation B Parallel Reorientation C Perpendicular and Parallel
Reorientation

900 120 900
—e—Stretching Phase
£ 750 100 —e—Relaxing Phase 750 —+—Stretching Phase
S ~e—Relaxing Phase
2 600 —e—Stretching Phase 80 600 !
€ —+—Relaxing Phase -~
aE: 450 60 450
g 300 40 300
®
0 150 20 150
0 0 0
0 15 30 45 60 75 90 0 15 30 45 60 75 90 0 15 30 45 60 75 90
Initial Orientation (deg) Initial Orientation (deg) Initial Orientation (deg)
1 1 1
8 T d | Toward
o { lowart 5 Perpendicular
@ 05 Toward A 0.5 | Perpendicular 05 H
() Perpendicular ! !
E ! p
e o 1 '
[} i 1
2 i i
% 0.5 -0.5 Toward Parallel i 0.5 !
' H Toward Parallel '
-1 -1 -
0 15 30 45 60 75 90 15 30 45 60 75 90 0 15 30 45 60 75 90
Initial Orientation (deg) Initial Orientation (deg) Initial Orientation (deg)

T|me (hr

o

40 10
135 135
{30 8 30
25 6 425
20 20
15 4 15
10 10
2
5
0
15 0 15 0 45

Flnal Onentatnon deg) Fmal Onentatlon deg) Fmal Onentatlon deg

Figure 4-11: Proposed mechanism for changes in actin bundle orientation.
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 (Top). Differences
in stretching phase events and relaxing phase events are plotted, where differences > 0
predict perpendicular reorientation and differences < 0 predict parallel reorientation
(middle). Simultaneously, actin bundle reorientation is tracked over a course of 24 hours
of cyclic stretch (Bottom). (A) Perpendicular realignment of all actin bundles on stiff
substrates (10 kPa). Detachment events are significantly increased during the stretching
phase compared to relaxing phase, which corresponds with rapid perpendicular
realignment. (B) 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) Increased detachment events fluctuate
between the stretching and relaxing phase corresponding with 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 degrees align parallel to
stretch while bundles initially oriented >65 degrees orient perpendicular to stretch. Color
bars represent number of bundles at each data location.
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Interestingly, bundles exposed to the same extracellular conditions (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 soft substrate (Figure 4-5). Other conditions lead to more pronounced
changes where bundles align either parallel or perpendicular to that applied stretch,
depending on the initial angle of the bundle (Figure 4-11C). Again, consistent with our
hypothesis, relative number of detachment events in the stretching and relaxing phase
correctly predicts the direction of fiber rotation.

While these observations support the hypothesis relating timing of detachment
events to direction of bundle rotation, not all observations can be explained solely by this
hypothesis. For example, in Figure 4-11C, for initial angles from 10° to 25°, the relative
number of detachment events predicts bundle rotation perpendicular to the direction of
stretch, when the bundles actually reorient parallel to the direction of stretch (i.e.,
difference between detachment events is greater than 0 which would typically correspond
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 sinusoidal 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 a different effect than detaching at the end of the same

stretching phase even though stretch rates are the same).
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4.3.9 Model capabilities, limitations, and opportunities for improvements.

The motor clutch model is based on established molecular processes and has been shown
to describe previously known cell-substrate interactions, and make specific predictions,
which were subsequently observed experimentally [70]-[72]. Our modifications to the
model to account for exogenously applied substrate stretch predicts and gives mechanistic
insights into changes in actin bundle orientation as well as cellular morphology in response
to cyclic stretch. Despite these accomplishments, the model has several limitations. As with
other computational 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 independently of one another is likely why the model can predict two
different preferred orientations of bundles within a given cell (Figure 4-5D) while
experimental observations reveal that most actin bundles within a given stretched cell have
similar alignment (Figure 4-3). 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 of 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.
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In addition to predicting bundle orientation, this model also can predict the effects
of cyclic stretch on bundle length, another potential mechanism by which cyclic stretch
alters cellular morphology (Figure 4-1). Examples of this can be seen in Figure 6, where
simulating 5 and 10% stretch for 24 hours changed the initially uniform bundle lengths to
different lengths. Notably, bundles oriented more parallel to applied stretch were shorter
than those oriented more perpendicular, which is consistent with cells aligning away from
the direction of applied stretch. The ability of this model to explore how cyclic stretch alters
bundle lengths merits further investigation but is beyond the scope of this study.

The parameters used in our adapted model are the same selected by Odde and
coworkers in their investigation of how substrate stiffness alters clutch binding and actin
bundle motion [70]-[72]. 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 [71], [72]. Similarly, there is an opportunity
in future work to improve the agreement between our model predictions and experimental
results by altering model parameters.

4.4 Conclusions

A computational simulation of the motor clutch system that accounts for cyclic stretch of
the substrate was developed. 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 elongation stretch. In both cases these directions

coincide with the direction of minimal strain. 2) Under specific conditions, such as low
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substrate stiffness, actin bundles are predicted to align parallel to the direction of stretch.
3) Increasing stretch amplitude tends to promote 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 perpendicular reorientation response.
All these model predictions are generally in good agreement with the experimental data
(Table 4-1). 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.
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Chapter 5 Discussion and Future Directions

5.1 Volume overload heart failure mechanics and impacts on cell function

Heart failure is a progressive disease resulting from initial changes in hemodynamic load.
Our group has spent time studying a specific altered hemodynamic load referred to as
volume overload (VO) which if pathophysiologic, can result in heart failure. VO is defined
as an increase in cardiac pre-load (end-diastolic volume), or filling of the heart, which can
be physiologic (e.g., during exercise) [116] or pathophysiologic often as a result of septal
defects or mitral valve regurgitation. As pre-load increases to VO levels, the heart dilates,
stretching the myocardium and cells embedded within. While this initial structural change
increases contractility due to the Frank-Starling mechanism, eventually the chambers are
stretched beyond optimal amounts for increased contractility. Beyond this optimum strain
level, the chambers distend and progressively weaken, eventually leading to HF. In both
initial and compensatory stages of VO HF, ECM maintenance and production is decreased
[117]. Our group has also shown that myocardial tissue from VO hearts is less stiff (i.e.,

decreased modulus) than normal myocardial tissue (Figure 5-1) [118], [119].
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Figure 5-1: Myocardial stiffness in various HF disease states.

Left ventricular end-diastolic pressure-volume relationship for normal, pressure overload,
and volume overload hearts. The shift to the right of the VO curve demonstrates
decreases myocardial stiffness associated with VO. Recreated from Childers et al. 2021
[119] with permission.

Cardiac fibroblasts (CFs) are responsible for ECM maintenance through production
of matrix proteins and matrix metalloproteinases (MMPS). In a healthy environment CFs
maintain a constant balance of matrix deposition through production of additional proteins
and matrix degradation through secretion of MMPs. There are several external cellular cues
that alter CF ECM maintenance such as inflammation, hormonal regulation, mechanical
stress, and cellular crosstalk [120]. CFs are also known to be dynamic plastic cells, meaning
they can activate between phenotypes characterized by their fibrotic function. For instance,

fibroblasts are known to be phenotypically responsive to their mechanical environments.

Specifically, fibroblasts (and CFs) are known to activate to a profibrotic myofibroblast
76



state as a result of increases in substrate stiffness or mechanical strain characterized by
increased production of ECM proteins [121] (Figure 5-2). Interestingly, our group has
recently demonstrated that decreased substrate stiffness associated with VO HF drives CFs
to a hypofibrotic phenotype, where ECM production is decreased and MMP secretion is
increased [118], [119], [122] (Figure 5-3). Therefore, we suggested that changes in the

cardiac mechanical environment are related to changes in CF phenotype.
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Figure 5-2: Fibroblast classification.
Fibroblast activation to a myofibroblast phenotype as a function of the mechanical and
chemical environment. Figure reproduced from Tomasek et al. 2002 [121] with permission.
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Figure 5-3: Hypofibrotic CF phenotype associated with VO HF.

MRNA expression and relative fluorescent expression of several proteins associated with
an activated myofibroblast phenotype in two animal models (sham = control, ACF =
aortocaval fistula (VO HF model)). Proteins such as collagen (A) and aSMA (B) are
noticeably decreased in VO HF, while MMP expression (D) is increased. Recreated from
Childers 2019 [122] with permission.
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5.2 Utilizing the adapted motor-clutch model to further study CF function in the VO HF
environment.

5.2.1 Why the adapted motor-clutch model is useful to study the VO HF environment.

As discussed in section 5.1, VO HF is the result of a complex hemodynamic environment
exposing myocardial cells to increased strain and decreased substrate stiffness. Although
there have been recent advances in experimental techniques, combining the effects of
altered substrate stiffness and mechanical substrate deformation is very challenging.
Quinlan et al. and Herum et al. both successfully adhered PA gels to PDMS deformable
substrates prior applying cyclic substrate stretch [54], [80], but there have been very few
experiments that have been able to alter both components of the mechanical environment.
The adapted motor-clutch model includes parameters for controlling both substrate
stiffness and cyclic stretch amplitude and frequency. Therefore, the adapted model presents
a simulation tool that can accurately recreate an in vivo environment which experimental
tools cannot.

VO HF also consists of a dynamic mechanical environment, where substrate
stiffness and stretch are constantly changing with time and disease progression. Following
an initial insult, increased myocardial stretch contributes to a compensatory remodeling
stage where the heart undergoes structural changes to maintain wall stress. At the same
time, hypofibrotic CFs remodel the ECM to decrease tissue modulus, further contributing
to maintenance of normal wall stress. While initial changes maintain proper cardiac

mechanics, changes in tissue modulus contribute to a CF vicious cycle, where changes in
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stiffness result in a hypofibrotic phenotype that further decreases tissue modulus. While
compensatory remodeling is critical for maintaining proper heart mechanics, it introduces
a mechanical environment of constantly changing forces. As it is already very difficult to
experimentally alter both substrate stiffness and substrate stretch, altering both parameters
with time during an ongoing experiment only increases the difficulty of simulating the true
in vivo environment. The adapted motor-clutch model allows for fine tuning of all
mechanical properties as a function of time, eliminating difficult challenges associated with
accurately simulating an in vivo mechanical environment.

The complex mechanical environment associated with VO HF discussed previously
brings about several questions regarding how the mechanical environment alters CF form
and function. Specifically, | propose addressing questions about the initial alterations in
cardiac mechanics that begin VO HF related structural changes, how cyclic stretch impacts
CF function, the combined effects of stretch and altered stiffness on CF function, and how
alterations in heartrate associated with common cardiac diseases affect CF function.

The most important question to first address is how motor-clutch model outputs
(mainly traction force generation and actin flow) can be used to inform and predict CF
phenotype and function. Fibroblast activation to a myofibroblast phenotype is triggered by
increased tension within the cytoskeletal framework and activation of the transforming
growth factor beta (TGF-B) pathway. Myofibroblasts are typically identified by the
presence of defined a-smooth muscle actin (aSMA) fibers that generate high levels of
contractile force within the cell [2]. Increases in contraction also play a role in releasing

and activating latent TGF-B1 from cell-generated stores [123], which is a key regulator of
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myofibroblast activation [2], [6], [121], [124]. These known phenotype characterizations
point to traction force generation and retrograde velocity as good predictors of CF
phenotype. Therefore, increased traction force generation and decreased retrograde
velocity within the motor-clutch model would coincide with increased likelihood of
myofibroblast activation. By monitoring the two main model outputs as a function of

substrate stiffness and cyclic stretch, one can confidently predict CF behavior.

5.2.3 How does cyclic stretch impact CF behavior, and can the adapted motor-clutch
model provide insight into the initial insult that fuels the cascade into VO HF?

While the specific hemodynamic and mechanical alterations associated with VO HF are
now known and understood, there is some uncertainty about the initial insult and initial
mechanical alteration that begins disease progression. Logically, the hemodynamic change
resulting in increased myocardial stretch would precede any changes to CF phenotype and
myocardial ECM content. However, many groups have demonstrated that CFs typically
respond to increased stretch by activating to a myofibroblast phenotype and by increasing
production of ECM proteins such as collagen and alpha smooth muscle actin [88], [125]-
[127]. Therefore, if increased stretch were acting on CFs alone initially, according to
experimental evidence presented in the literature, ECM synthesis would be increased
instead of decreased as we typically see in VO HF progression. This data suggests that
either increased stretch is not the sole initial driver of changes in CF phenotype, or that
experimental data is not accurately recreating the VO environment.

One issue with current experimental data is that studies that report CF behavior in
response to cyclic stretch utilize cell culture substrates such as plastic and PDMS that are

several orders of magnitude stiffer than typical myocardial tissue. In an attempt to bypass
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this issue, Herum et al. utilized a PA gel and cyclic stretch system to alter both stretch and
substrate stiffness to more accurately recreate the myocardial mechanical environment
[80]. They report that collagen production is increased with stretch at lower substrate
stiffness values (3 and 8 kPa) suggesting stretch activates fibroblasts to a myofibroblast
phenotype at any stiffness, but they utilize relatively small stretch amplitudes (maximum
stretch amplitude of 6%). Typical healthy myocardial longitudinal strain calculated by
echocardiography is reported to be somewhere between 18-25% [128], suggesting strains
lower than this range may not recreate pathological or even physiological conditions. While
this new data improves upon a previously poorly studied experimental parameter space,
the question of effects of initial mechanical changes in VO still exists.

Although it is difficult to equate in vivo myocardial longitudinal strain with in vitro
applied uniaxial or equibiaxial stretch amplitude, comparing the two gives insight into the
importance of choosing experimental conditions. For instance, in vitro stretch amplitudes
lower than 10% may be recreating an environment where CF response will not be typical
of those in normal conditions. The adapted motor-clutch model allows for systematic
studies of a wide range of stretch amplitudes that would more accurately represent both
physiological and pathological stretch. Therefore, it is possible to alter stretch to
pathophysiological levels associated with VO to examine impacts on cell form and
function. This new insight would be valuable in determining whether increased stretch
begins the transition of CFs to a hypofibrotic state, or if there is some interplay between
stiffness and stretch that is responsible. As discussed in Chapter 3, there are specific

combinations of stretch and stiffness that exceed optimal conditions for proper cell
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function, perhaps suggesting that increased levels of stretch associated with VO may inhibit
CF ECM production and maintenance. Similarly, the adapted motor-clutch model
demonstrates that cellular response is a function of the distinct combination of stiffness and
stretch where certain combinations may mimic other combinations (i.e., soft and high
stretch can mimic stiff and low stretch). Therefore, the model can give new insight into the
effects of changing either component of the mechanical environment that can help to

answer the question of how VO HF disease progression initiates.

5.2.4 Why does cyclic stretch not revert fibroblasts back quiescent phenotype following
initial structural changes?

Following the initial insult that leads to VO, CFs remain in a hypofibrotic state further
contributing to disease progression. According to previous experimental studies, cyclic
stretch would be predicted to activate myofibroblasts and increase ECM production [80].
Therefore, an important question to ask is why do CFs maintain a hypofibrotic phenotype
throughout progression of VO HF? The unique ability to finely control both substrate
stiffness and cyclic stretch as a function of time (i.e., disease progression) makes the
adapted motor-clutch model an effective tool for monitoring CF phenotype during different
disease states. For instance, it is known that healthy myocardial tissue typically has a
stiffness of roughly 10-25 kPa and will increase or decrease significantly during HF [121],
[124], [129]-[132]. Similarly, cyclic strain in the myocardial wall will change as a function
of compensatory stage. Following initial VO insult, strain will be high, and the heart will
structurally compensate to reduce strain to physiological levels. Further progression in VO
will again increase stretch until compensation can no longer maintain physiological strains.

These constant changes in strain as a function of compensation presents an interesting and
83



difficult to recreate mechanical environment for experimental analysis. | propose that the
maintenance of the CF hypofibrotic phenotype is a function of constantly decreasing
substrate stiffness, and fluctuations between physiologic and increased pathophysiologic
amounts of myocardial stretch.

Recent experimental evidence has shed light on possible CF response to
pathological levels of cyclic strain. Waxman et al. and Gould et al. demonstrated that valve
interstitial cells (VICs) exposed to cyclic stretch amplitudes of 15-20% favor a quiescent
phenotype without expressing profibrotic markers [133], [134]. Typically, VICs maintain
the ECM of the valve leaflets and express myofibroblast like a-SMA stress fibers [19].
Therefore, the VIC fibrotic response to stretch may likely be similar to that of CFs. Using
the adapted motor-clutch model to simultaneously decrease substrate stiffness and increase
cyclic stretch amplitude may also provide critical information to help determine what

drives and maintains a hypofibrotic CF phenotype.

5.2.5 What are the effects of changes in heart rate and contractility waveform on CF
function?

Heart rate is a common metric for determining overall cardiac health as it is strongly
correlated with cardiac related mortality [135], [136]. Specifically, heart rate is typically
elevated in HF patients [137], which may contribute to further disease progression.
Although heart rate is an increasingly popular metric of study, the specific effects of heart
rate variability on CF function is poorly studied. In fact, effects of changes in cyclic stretch
frequency are rarely studied in any cell type. The fact that heart rate is strongly correlated
with cardiac related death, any study of the effects of heart rate on CF function may be

very important. Data presented in Chapters 3 and 4 demonstrate that altering cyclic stretch
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frequency has significant impacts on actin traction force generation and overall cytoskeletal
organization. Others have demonstrated similar impacts experimentally, where stretch
frequency plays a role in final cell orientation [32], [97], [103]. Based on the simulated and
experimental effects of stretch frequency on overall cell form and function, one may
assume that heart rate-based changes in myocardial stretch frequency likely impact CF
function.

Perhaps the most apparent fluctuation in heart rate and stretch frequency results
from non-uniform heart beats (i.e., arrhythmias). Typically, HF related compensatory
remodeling is thought of as a pre-cursor to ventricular arrhythmias, where changes in the
myocardial structure creates an ideal environment for the generation of ventricular
arrhythmias. However, recent evidence points to ventricular arrhythmias accelerating
disease progression, typically as a function of changes in metabolic function [138], [139].
Knowing what we know about stretch and organization and function of cytoskeletal
elements, it is possible that non-uniform asynchronous contraction may be altering CF
function. Whatever the timeline of altered myocardial strain frequency and disease
progression, arrhythmias are known to be very common and fatal in patients with HF and
at least deserve further study.

A second interesting application for changes in stretch frequency is related to the
specific stretch waveform associated with cardiac contraction. Cardiac myograms report
force development within the myocardial tissue as a function of time and can be used to
determine the general stretch waveform experienced by cells within the tissue. Typical

myocardial force development curves have similarities with the cosine waveform used in
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the first version of the adapted motor-clutch model but developing a waveform that exactly
mimics a cardiac myogram would be the first step in recreating the true cyclic stretch
environment. Next, the waveform can be altered to match contraction-relaxation kinetics
associated with different disease conditions. Others have shown that while force
development curves remain similar in shape during different disease states, there are
significant alterations in contraction force generation and Kinetics in failing hearts (Figure
5-4) [140]. On an individual cell level, Tondon et al. previously demonstrated the profound
impacts altering stretch waveform has on cytoskeletal organization and stress fiber
formation [141]. Specifically, they found that stress fiber formation and tension generation
is strictly a function of the rate of substrate lengthening. This observation suggests that the
altered muscle contraction Kinetics associated with HF may play a role in altering CF
phenotype as a function of cytoskeletal organization and function. Experimental
observations such as these further demonstrate the potential importance of changes in
cyclic stretch frequency associated with HF and their potential impacts on overall disease

progression.
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Figure 5-4: Force generation and kinetics in normal and failing hearts.
Unmodified (left) and relative (right) twitch contractions from ex vivo human myocardial
tissue. Reproduced from Chung et al. 2018 [140].

5.3 Future Directions

Several significant updates to the adapted motor-clutch model are required to accurately
utilize the model to study the complex mechanical environment associated with VO HF.
As discussed in previous chapters, the motor clutch hypothesis was initially intended to
describe neuronal cell extension as a function of adhesion and actin dynamics. In their
initial presentation of the computational motor-clutch model, Chan and Odde demonstrate
that their solution to the model accurately captures true in vitro neuronal cell behavior [72],
[142]. However, fibroblasts are known to exhibit a very different behavior than the model
predicted for neuronal cells, where fibroblasts generate high levels of tension and increase
their spread area as substrate stiffness increases (Figure 5-5) [53], [80], [123], [124], [143],
[144]. Chapter 3 introduces the concept of catch bonds into the adapted motor-clutch model

that generally begin to recreate the true in vitro observation for adhesive cell types such as
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fibroblasts. Specifically, Figure 3-7 shows that spreading velocity (the inverse of actin
retrograde velocity) increases with increasing substrate stiffness. Extension of the adapted
motor-clutch model to study VO HF would require further development of model
characteristics that mimic the results presented in Figure 3-7. A second alteration to the
model that may assist in re-creating proper cell behavior is the inclusion of focal adhesion
maturation and reinforcement. Shenoy et al. initially include the concept of clutch
reinforcement in the motor-clutch model [145] where the rate of clutch binding increases
as a function of force within bound clutches. This simple, but important, update to the
motor-clutch model replicates experimental observations of increasing cell binding site
density with increases in traction force generation. Focal adhesion maturation and the
ability for CFs to form focal adhesions is known to play an important role in typical
fibroblast sensing of the mechanical environment [146]-[149], pointing to the importance
of including this type of behavior in any model that attempts to study fibroblast like cell

behavior.
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Figure 5-5: CF morphology as a function of substrate stiffness.

In vitro CF cultured on PA gels of variable stiffnesses. Smooth muscle actin (SMA) is
stained in green, F-actin in red, and nuclei in blue. CFs increase spread area and
expression of SMA with increasing substrate stiffness. Figure reproduced from Herum et
al. 2017 [80].

Future usage of the adapted motor-clutch model will focus on the VO HF problem
discussed in Chapter 5. Following the addition of proper cell adhesion and spreading into
the model, the specific effects of varying cyclic stretch and substrate stiffness on CF
behavior will be studied. These simulations will prove critical in determining the role of
the mechanical environment in cardiac disease progression, as it has been very difficult to

experimentally re-create the dynamic cardiac mechanical environment.
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Chapter 6 Summary and Concluding Remarks

In summary, the work presented here describes a computational model that can be used to
study complex mechanical environments and their effects on cell behavior. While specific
functional responses to cyclic stretch are well-studied at this point, the mechanism by
which cells sense changes in the mechanical environment is not known. The motor-clutch
biophysical model has been used to predict neuronal cell adhesion behavior in response to
changes in substrate stiffness in the past, which suggests the model can be used to further
study cell behavior as a function of a more complex mechanical environment. Here, the
motor-clutch model is adapted to include cyclic motion of the substrate to study the effects
of cyclic stretch on cell behavior.

Chapter 3 discusses use of the adapted motor-clutch model to study the impacts of
cyclic stretch on actin traction force generation. Model results provide novel insight into a
poorly studied experimental space (changing both substrate stiffness and cyclic stretch)
and provide predictions for how cells will respond to alterations in the external mechanical
environment. Next, Chapter 4 presents a further modified version of the adapted model to
study the impacts of stretch and stiffness on actin organization. Model results match
experimentally observed cell reorientation in response to applied cyclic stretch and detail

the mechanisms for how cells alter their morphology in response to changes in stiffness
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and stretch. Importantly, the adapted motor-clutch model strongly suggests that
components of the model (cytoskeletal related adhesion proteins and force generating
myosin) play a critical role in cell sensing of the mechanical environment.

Perhaps most importantly, the adapted motor-clutch model allows for fine tuning of
mechanical environment components that are difficult to alter experimentally. Most cyclic
stretch experiments utilize silicone deformable substrates that must be a certain stiffness to
withstand applied strain. This allows for future use of the model to study disease
environments that also include complex substrate mechanics, such as heart failure. Volume
overload heart failure is known to include significant changes in myocardial stiffness and

strain that alter cell behavior that further contributes to disease progression.
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Appendix A: Adapted motor-clutch model MATLAB function

Function used to simulate cyclic stretch in adapted motor-clutch model.

for i = l:length(t)-1

o)

% update clutch binding

clutch state(:,1) = clutch state(:,2);

xi(:,1) = xi(:,2);

r on = kon* (l-clutch state(:,1));

ion = find(rand(nc,1l)<r_on*dt); % Find unbound clutches that have a

randomly associated tag less than 0.01

r off = koff star.*clutch state(:,1);
ioff = find(rand(nc,1)<r off*dt);

clutch state(ion,2) = 1; % update states
clutch state(ioff,2) = 0;

[

% calculaute filament length

vpoly = vpmax* ((lmax-L)/lmax); % Variable polymerization rate
L =L +((vflmt+tvpoly) * dt);

L all(i) = L;

% Set anchor position and calculate substrate postion
if non == 0 && any(clutch state(:,2)) ==
X = L/(0.5*%(1-cos (2*pi*t(i)/pd)) * (rt-1)
vfilament= vu;
koff star(l,:) = koff;
Fclutch total = 0;
elseif non ==
vfilament= vu;
Fclutch total = 0;
elseif non > 0
$xanc (i) = X*((l-cos (2*pi*t(i)/pd))/2* (rt-1)+1);
xanc = X*((l-cos(2*pi*t(i)/pd))/2* (rt-1)+1);
% calculate xsub
xeng = xi(clutch state(:,1)==1,1);
$xsub (i+1) = (kclutch*sum(xeng)+ksub*xanc(i))/ (ksub +
kclutch*length (xenqg)) ;
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xsub = (kclutch*sum(xeng)+ksub*xanc)/ (ksub +
kclutch*length (xenqg)) ;

Fclutch = kclutch*(xi(:,1)-xsub);

Fclutch total = sum(Fclutch); % for plotting, analysis

koff star = koff*exp (abs(Fclutch/Fb)); % Bound clutch off-rate
including only slip bond behavior

o)

% calculate velocity
vfilament = vu* (1l - ksub* (xsub-xanc)/Fstall);
end

o)

% update clutch position

xi(clutch state(:,1)==1,2) = xi(clutch state(:,1)==1,1) +
viilament*dt;

$x1(clutch state(:,1)==0,1i+1) = xsub(i);

x1i(clutch state(:,1)==0,2) = xsub;

end
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