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An Energetic Approach to
Modeling Cytoskeletal
Architecture in Maturing
Cardiomyocytes

Through a variety of mechanisms, a healthy heart is able to regulate its structure and
dynamics across multiple length scales. Disruption of these mechanisms can have a cas-
cading effect, resulting in severe structural and/or functional changes that permeate
across different length scales. Due to this hierarchical structure, there is interest in
understanding how the components at the various scales coordinate and influence each
other. However, much is unknown regarding how myofibril bundles are organized within
a densely packed cell and the influence of the subcellular components on the architecture
that is formed. To elucidate potential factors influencing cytoskeletal development, we
proposed a computational model that integrated interactions at both the cellular and sub-
cellular scale to predict the location of individual myofibril bundles that contributed to
the formation of an energetically favorable cytoskeletal network. Our model was tested
and validated using experimental metrics derived from analyzing single-cell cardiomyo-
cytes. We demonstrated that our model-generated networks were capable of reproducing
the variation observed in experimental cells at different length scales as a result of the
stochasticity inherent in the different interactions between the various cellular compo-
nents. Additionally, we showed that incorporating length-scale parameters resulted in
physical constraints that directed cytoskeletal architecture toward a structurally consist-
ent motif. Understanding the mechanisms guiding the formation and organization of the
cytoskeleton in individual cardiomyocytes can aid tissue engineers toward developing
functional cardiac tissue. [DOIL: 10.1115/1.4052112]

1 Introduction

A healthy heart is able to regulate its complex dynamics due to
its organized, hierarchical structure [1,2]. In diseased hearts, this
high degree of organization is inhibited with many physiological
and structural properties appearing compromised [3-5]. For
instance, cardiomyocytes from diseased hearts exhibit changes in
cell size and shape [6]. In isolated cardiomyocytes, cell shape
changes have been associated with inhibited cell contractility and
reduced sarcomeric registration [7]. To study whether there is a
link between the altered cellular structure and the inhibited func-
tion of cardiomyocytes, engineered tissue capable of recapitulat-
ing the phenomenological properties found in maladaptive cardiac
tissue must be developed. One such property is the organization
of the cytoskeleton at different length scales. For example, cardiac
tissue may be globally isotopic while being locally anisotropic
[8]. Controlling this balance in organization at the global and local
scales is an ongoing challenge. Spatial constraints further compli-
cate matters as myofibrils are multidimensional constructs and
need to compete for space in a densely packed environment [9].
As a result, individual cells may contain myofibrils with vastly
different lengths, curvatures, and locations, in some cases even
having their placement impacted by the presence of the nucleus
[10]. Each of these factors contributes to the challenge of mimick-
ing cytoskeletal organization in engineered tissue. The develop-
ment of computational models capable of recapitulating these
observed behaviors may serve as an invaluable tool. Modeling
provides a means for efficiently exploring these characteristics
and may lead to better control of the cytoskeletal architecture
in vitro.
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Numerous theoretical models have been employed to address
how cytoskeletal organization might be obtained, as has been
recently reviewed [11]. Kassianidoua et al. explored how the
cytoskeletal architecture was related to stress fiber mechanics
using a minimalistic active cable network model [12]. They con-
sidered how stress fiber connections could influence individual
stress fiber mechanics. However, the model did not address the
influence of cell geometry on fiber shape and only considered a
small, simplified portion of the cytoskeletal network. Yuan et al.
Produced a model that allowed for the geometry of the cell to be
included and predicted the mechanical stress in the cytoskeleton
[13]. By including the dynamics of focal adhesions, the collection
of proteins that anchor the cell to the substrate, they were able to
predict the myofibril-associated principle stress direction in both
regular and irregularly shaped cells. This model did not consider
spatial constraints that would cause a myofibril to interact with
neighboring myofibrils or other internal organelles like the
nucleus. It also did not provide a prediction of where the myofi-
brils would be located within the cell. Several other models have
followed suit, considering the interaction between focal adhesion
dynamics and resulting traction stress measurements but not
addressing myofibril placement [14-16]. Consequently, previous
models have been unable to recapitulate the internal architecture
observed experimentally [17,18].

In this work, we utilized the myofibril force-focal adhesion
relation [19] to simulate the interplay between focal adhesion
dynamics and cytoskeleton construction simultaneously, allowing
the development of a dynamically changing cytoskeletal network.
Our model considered how a cell attached to a flat ECM island of
a particular geometry might lead to alterations in the cytoskeleton,
allowing us to explore the impact of cellular boundary cues on
intracellular architecture. By controlling cell size and shape as
well as nucleus size and location, we were able to generate myofi-
bril networks that could vary depending on several stochastic
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factors. While these factors may influence the cell’s cytoskeletal
architecture, our approach provides useful information regarding
the formation of any given cytoskeleton by linking myofibril mat-
uration, the number of myofibril bundles present in the network,
and the ability to adapt to a changing focal adhesion distribution.

2 Materials and Methods

2.1 Integrin Based Focal Adhesion Model. The focal adhe-
sion model was based on a simplified classification of the density
of integrin proteins into either a bound or unbound state, denoted
p, and p*, respectively. Following kinematic modeling
approaches, it was assumed that there was a competition between
the integrin-binding and unbinding rates. Since there have been
many experimental observations regarding the binding and growth
rate of focal adhesion proteins increasing with force magnitude
[19,20], the binding rate of unbound integrins was assumed to
increase linearly with force magnitude, ko + ki |F|. Here, |F|
denotes the net force applied to the focal adhesion at x. As more
integrins begin to bind within a region, the developing focal adhe-
sion was expected to become stabilized and less likely to disas-
semble [21]. As such, the unbinding rate was expected to be
smaller than the binding rate for large force magnitude values. On
the other hand, to allow for rapid disassembly of initial focal
adhesion complexes that may form sporadically due to random-
ized initial density distribution, the unbinding rate was assumed to
be larger than the binding rate for smaller force magnitude values.
This behavior was captured using an unbinding rate of the form
k_1 exp(|F|/Fy). This gave the kinetic equation for the density of
bound integrins:

0 .
B = (ko + ki Fl)p" = kaeop, Q)

The density of free integrins was derived by assuming that
unbound integrins can diffuse throughout the 2-D cell at a much
faster rate than all other processes in the cell [13,14]. Under this
simplifying assumption, the density of free integrins was derived
by considering the difference in the average integrin density in the
cell, p, and the density of bound integrins. This yielded
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where ¥ defines the cell geometry having area A.

2.2 Integrin-Cytoskeleton Based Force Model. It has been
shown that the net force exerted on a focal adhesion developing at
spatial coordinate x varies depending on the growth/maturation
stage of the developing focal adhesion [22]. As integrins bind and
congregate in different cellular regions, they begin to accumulate
more force. But a spatial coordinate may contain multiple devel-
oping stress fibers that each attach at different points within the
cell. Hence, there may be multiple force components contributing
to the net force being exerted at the given point. To account for
this, the force equation incorporated several stages of focal adhe-
sion development.

The earliest stage corresponds to the initiation of the cytoskele-
ton where force accumulation is dominated by integrin clustering,
strengthening the adhesion and reinforcing the developing focal
adhesion complex [23,24]. These components are only expected
to significantly contribute to the net force at the early stage of
focal adhesion development where building a sufficiently strong
adhesion is necessary in order to construct stable myofibrils.
Consequently, the adhesion strengthening mechanism was mod-
eled as a bounded increasing function of the bound integrin den-
sity with a tunable parameter p, and direction &

021002-2 / Vol. 144, FEBRUARY 2022

P
Foun(X) = kesdApa. e 3)
an(X) = kesdArpa o+ e

Here, ks denotes the equilibrium adhesion force and dApy ), is the
minimum focal adhesion area required for a stress fiber to begin to
form, typically of the order of nanometers [24,25] . The direction of
the adhesive force vector, ¢, was determined by leveraging that early
on in myofibrillogenesis the cell is densely packed and intercon-
nected [26]. As such, the force associated with the early-stage focal
adhesion complexes may be approximated by assuming that all
bound integrins contribute to initial force accumulation [14,16]. This
approximation was incorporated by defining the average direction of
the adhesive force using the vector sum of all contributions from all
other integrins in the cell, R(x)R(x') [x' — x].

Once an adhesive area has been created, molecular interactions
drive the recruitment of integrins to the growing focal complex
[20]. To simplity, we assumed any integrin within the cell island
may connect to any other integrin so long as both connectors have
a sufficient adhesion force. This allowed the focal adhesion com-
plexes to interact with each other and develop an initial dense
cytoskeletal web [26] to aid in integrin recruitment and clustering.
In this way, more bound integrins within a region are likened to
an increase in focal adhesion area, a property that is known to be
linked with increased force [19,20].

The description for the bound integrin recruitment force prior
to the formation of myofibrils was developed based on the fraction
of integrins contributing to force production at any appropriate
point and the distance between the points under consideration [14]

F,(x,7) =f ,R(X)H(R(x) — Rt)JWR(X,)H(R(X/) —R)Xd’X (4

where X = x' —x, H(-) is the Heaviside function, R, represents
the fraction of bound integrins that must contribute to force in
order to support a cytoskeletal connection, and R(x) is the fraction
of bound integrins that contribute to force production modeled
using a Langmuir Isotherm

_ Pp(X, 1)
R = 0 + o ©

The inclusion of H and R restricted this force component to only
affect spatial coordinates with a sufficiently large density of bound
integrins. In practice, this term aids to bias early force accumula-
tion toward regions of the cell with a high density of bound integ-
rins. As more integrins accumulated within the various cellular
regions, focal adhesions quickly began to assemble or disassemble
as needed. A point within the simulated cell was classified as part
of a focal adhesion if the force magnitude at that point was larger
than a minimum threshold value. Based on the experimental liter-
ature, the amount of force generated is dependent on the size of
the focal adhesion and maturation stage, increasing at a constant
rate of 5.5+2 nN/ym2 [19,20,27]. With smaller focal adhesions
having an area of the order of 1-2 ymz and larger focal adhesions
having an area at least 5-8 um?, we estimated the amount of force
needed in order for a premyofibril to begin forming to be approxi-
mately 3nN. Any point with force magnitude meeting this thresh-
old was termed an anchoring point.

Once the cytoskeletal force at two anchoring points met the
minimum magnitude described above, the construction of a myo-
fibril curve could begin. The adhesive region containing points
capable of sustaining the construction of a myofibril was desig-
nated Wy, the set of all anchoring points. Depending on the likely
stage of maturation of the myofibrils anchored at x, the force con-
tribution could be separated for the premyofibril stage (F,) and
the nascent stage (F,)

Bt =F, ] M) L )i x)aY 6)
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As constructed, the two myofibril force contributions are depend-
ent on the structure of the cytoskeletal network being constructed.
In particular, Ng(x, x") denotes the number of myofibrils connect-
ing X' and x so that Np/N,y identifies the fractional contribution
of the connectors. This term allowed network density to play a
role in force accumulation. The total length of the connections
spanning x’ and x was denoted by L, which worked in concert
with f, and f, to explore the relationship between net force and
myofibril length (Sec. 2.6), and the direction of the force is speci-
fied by v. Since it is difficult to identify the myofibril maturation
stage without exploring the sarcomeric structure that makes up the
myofibril, both stages were considered in this formulation with
I1, and IT, denoting the probability that a myofibril connecting x
and X’ is classified as a premyofibril or nascent myofibril, respec-
tively (Sec. 2.5). The net force associated with the focal adhesion
at x was then described by the sum of the individual force
components

F(x,1) =Faan(x,1) + F,(x,1) + F,(x,1) + F,(x,1) 8)

In practice, the force equation is dominated early on by the first
two terms in Eq. (8) since the focal adhesion complexes need time
to grow. This corresponds to Np(x,x') =0 in F, and F,. As the
integrin density increases in different regions of the cell and the
developing focal adhesions become reinforced, the force magni-
tude may begin to increase until reaching the minimum 3nN
threshold required in order to support the formation of a myofibril
bundle. The collection of anchoring points Wrs then becomes
nonempty and myofibril bundles can be constructed by consider-
ing any two distinct anchoring points x and x’. The following sec-
tions outline how the myofibril network is constructed once Wy,
becomes nonempty. Section 2.3 provides an overview of how an
individual myofibril curve can be constructed in an energetically
favorable way given any two anchoring points. This construction
utilizes the location of the various anchoring points as well as the
associated force vectors obtained through Eq. (8). However, not
all possible individual curves are necessarily admitted into the
overall network. An overview of how the network is populated
using the individually constructed curves outlined in Sec. 2.3 is
provided in Sec. 2.4.

2.3 Optimization Driven Construction for Individual
Myofibrils. As outlined in Sec. 2.2, individual myofibril curves
were constructed using designated anchoring points once a suffi-
cient force magnitude was reached. Each myofibril was con-
structed as a fourth-order parametric Bézier curve whose bending
energy could be described using a reparameterization of the stand-
ard bending energy equation [28]

l,ksT
Ep =1
s

1
J | (s)|ds 9)
0

where r(s) refers to the standard Bézier curve representation, L, is
the length of the curve, [, denotes the persistence length of the
curve, kg is the Boltzmann constant and 7 is the absolute tempera-
ture in Kelvin [28,29]. The standard curve r was then described
by designating control points Py, ..., Ps where Py and P4 denote
the starting and ending points for the curve. If the tangent vectors
at Py and P, were written as v and v, , respectively, the control
points P; and P3 would satisfy

Py —P

P, = o+ P Poly, (10)
O(P1|V1|
P, — Pyl .

p, = b, P Pol g (11)
OCP3|V2|
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where ap, and op, are stochastic constants which help define the
control polygon through which each curve can be constructed. For
our purposes, requiring op, ,ap, > 4 yielded curves with bending
motifs that were similar to those seen in experimental images.

By utilizing the Bézier curve equation, the bending energy was
rewritten in terms of the curve control points [30] as

 T2UkT

By =5

5 2 1
(5 Qo +3 Qi+ |Q2|2> (12)

where

|
Q=5 (=v3Pg +2V3P, — 2V3P3 +V3P,)  (13)

1
Q, = —— (2Py — 3P, + 2P, — 3P5 4 2P,) (14)

g

1
Q= (v/5Py — 2v/5P, + V/5P,) (15)

The proposed myofibril was constructed by determining the con-
trol point P, that optimized Eq. (12), depending on whether the
constructed curve interacted with the nucleus.

There are several ways in which to optimize Eq. (12) depending
on the constraints that are to be enforced on the unknown control
point P,. In the simplest case where we optimize in a length-
independent manner with P, = (P,,P»,) having no additional
constraints, the critical points of the bending energy equation can
be computed by solving Vp,Ep = 0 for P, over the entire real
plane. Doing so yields a closed-form solution that is at least
locally optimal.

However, in general, the state of the network may influence
whether an individual curve should try to avoid the nucleus. In
this case, we may impose constraints on P, by requiring that the
curve passes through a specified point P, on the outer edge of the
nucleus. Doing so allows for P, to be written in terms of P, and
some s* between 0 and 1 where r(s*) = P.. The optimization
problem can then be rephrased in terms of finding the s* that
yields the best bending energy value [30,31]. It can be shown by
rewriting Ep(P,) as Eg(s*) that such a solution is guaranteed to
exist, thus allowing for a definition of P, that is locally optimal
with respect to the optimization problem posed.

In particular, whenever a myofibril was proposed, it was first
determined whether the associated Bézier curve crossed the 2-D
circular region occupied by the nucleus. If it did not, then the
curve was immediately considered for placement within the myo-
fibril network, as in the first optimization problem described
above. However, if the curve intersected with the nuclear region,
an additional energetic cost was added due to supplemental height
levels that were assigned to all points within the nuclear region
(Eq. (17)) as designated by the level of nuclear influence (moder-
ate or major). Rather than force the consideration of this myofibril
curve, the network was allowed to decide which type of individual
curve optimization problem was best suited for minimizing the
total energy of the network. To determine whether the accumu-
lated energetic cost resulting from the initial curve optimization
problem was acceptable, two additional curves were proposed
(one on either side of the nucleus) using the same curve input
information but with the added condition that the Bézier curve
must attempt to avoid the nucleus, as in the second optimization
problem described above. This amounted to two different optimi-
zation problems being posed and resulted in a total of three viable
curve options for placement. The optimization problem that
yielded a curve whose inclusion was the most beneficial to the
network at large was accepted for network placement.

2.4 Extending Optimization to a Myofibril Network. The
myofibril network was built at each time-step by populating an
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initially empty geometry with individual curves. This was accom-
plished in the following manner:

(1) Identity Wpa;

(2) Determine a collection of viable endpoint pairings from
Wras

(3) Rank the endpoint pairings, defining the order in which the
network would be built;

(4) Build individual myofibril curves for each endpoint
pairing;

(5) Attempt to place each curve into the network according to
the prescribed ordering from point 3.

The first point above consists of identifying the set of anchoring
points as described in Sec. 2.2. The second and third points allow
for the construction of a template network (or network motif)
which identifies the collection of myofibril endpoint pairings and
the order in which the network will be built. The template network
can be interpreted as the theoretically idealized form of the myofi-
bril network where specific endpoints have been identified and are
connected using straight myofibrils, the most energetically effi-
cient individual curve from our construction since it has zero
bending energy. Point four constructs the individual myofibril
curves given endpoints x and x’ as outlined in Sec. 2.3 and the
final point uses the individual curves to build the full network fol-
lowing the ordering dictated by the template network.

To build the template network, the collection of all possible
myofibril endpoints {(x,x’)} was created using the pairwise com-
bination of all anchoring points from Wr,4. This set was then fil-
tered to create a collection of viable endpoint pairings such that
F(x) and F(x') did not point in the same direction and the end-
points were not too close together, since such cases would result
in myofibril curves that are biologically impossible. This template
network construction and filtering process is visualized schemati-
cally in Fig. 1 by the first box under “Network assembly.” To
determine the order in which the network would be constructed,
the remaining pairings were then ranked according to the angular
similarity of their force vectors: |0(x,x") — 0(x’,x)| where 0(x,x’)
is the angle between the vectors F(x) and x' — x. The remainder
of this section will focus on point five concerning the

incorporation of individual myofibril curves into a fully realized
network.

To build the myofibril network, the energetic cost of construct-
ing an individual myofibril (Eq. (12)) and the energetic cost of
placing the constructed myofibril in the cell were utilized to deter-
mine the total energy within the network

ELo =Y [(Ex(f) — E§™(fi) + Eger (fo)] (16)

Ji

where f; denotes the kth myofibril constructed. A constructed
curve was accepted into the network if its inclusion contributed to
reducing the total energy of the system. The energetic cost of con-
structing a myofibril was described by the first summation quan-
tity in Eq. (16), which utilized the normalized form of the
simplified bending energy equation (Eq. (12)), E = Eg/(kgT).
The second summation term, Ejj(f¢), accounts for the ener-
getic change in placing a myofibril within an existing network. By
likening the network of myofibril curves to a deformed planar sur-
face with ridges defined by the spatial coordinates of the various
curves, the inclusion of a newly constructed myofibril would con-
stitute a deformation to the current surface. This was modeled
using the equation for planar deformations as applied to a mem-
brane with prescribed bending modulus x;, and tension 7 [32]

Enen(81) = 5 (V)" + 5 (VA ()

In our formulation, the membrane height / at a given spatial coor-
dinate x, as determined by the presence of the kth myofibril f;,
was approximated as the cumulative height of stacked myofibrils
within the lattice discretization area dA around x. That is to say, if
myofibril f; was constructed and passed near the lattice point X,
then A(x|f;) was approximated as the product of the total number
of myofibrils that pass near x in the current myofibril network
(including f;) and the diameter of an individual myofibril. To
make our energy model more robust to changes in discretization
area (Sec. 2.7), the total energetic change is scaled relative to the
cell area of interest. The total energetic change that amounts from

Define cell shape and discretize spatial dimension
Initialize distribution of bound and free integrins

-

Network assembly

>

i Determine L I Construct network via | I Identify maturation R
| network motif | | energy minimization | | stage |
>
— £3 —> = fPremyofibril
- GLJ ©
| | c%' 5 | | § Nascent I
J L Cuvenumber j L

Integrin dynamics

Compute network-influenced force on developing FA
Calculate new bound and free integrin distributions

¢ Save outputs to visualize:
Y N | 1) Number of curves created
= t<T__? 2) Traction stress
3) Final network structure

Fig. 1 Schematic overview of major modeling components. Basic model implementation
consists of an initialize stage where the cell geometry is predetermined and required param-
eters are set. The initial distributions of bound and free integrins are determined and the dif-
ferent model components are carried out as outlined in Sec. 3.1.
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incorporating a new myofibril into an existing network, normal-
ized to the initial cell area, is defined as

1
E;ef(ﬁ) - Z le [E:;em (X/ lfkplaced) - E:;:em (X/lfkn()tplaced)] dzx,
(18)

2.5 Myofibril Maturation Designation. Once the cytos-
keletal network was determined, each constructed curve was clas-
sified as either a premyofibril or nascent myofibril. The
maturation process was assumed to be force-induced since there
are suggested correlations between myofibril type, focal adhesion
size, and the force generated by a myofibril [19,27]. As outlined
in Sec. 2.2, we required both anchoring points to generate a suffi-
cient force, denoted here by F*. While all myofibrils were initially
designated premyofibrils, they could be reclassified as nascent
myofibrils once enough force was generated. To ensure a transi-
tion between these two stages, a secondary force threshold F, was
incorporated whereby the probability of being classified as a pre-
myofibril would begin to decrease once the secondary force
threshold was passed.

To this end, we set Fp, = min(|F(x)|, [F(x')|) and modeled
maturation as a second-order phase transition [33] where the ener-
getic cost of maintaining the constructed curve in the premyofibril
or nascent myofibril stage was described as

E, if By > F*
D S (19)
; 0 if Foy < F*
(a*)? 1 1\* .
. _ —— ) if Fauw>F
p_) 4 \Fpm-F F) © TmnE
E, if F*<Fyn <F,
0 if Fon < F°
(20)

where Ejj, a*, and b* are tunable parameters designed to make it
more energetically beneficial to start as a premyofibril and mature
to a nascent myofibril once the myofibril can maintain a desired
amount of force. For consistency, £ and E;, were written in terms
of the force magnitude being continuous on [0, oo). However, dur-
ing model implementation, these terms only contributed once a
myofibril was able to form and be designated as a premyofibril or
a nascent myofibril. The maturation energies were then used to
determine the probability that a curve was in a given state of
maturation:

1

M =T rear @D
1
= .

where AE™ = E} — E7. In practice, the probability equations dic-
tated that newly created myofibrils were designated as premyofi-
brils exclusively (IT, ~ 1 and II, ~ 0), resulting in only a
premyofibril force contribution in Eq. (8). As the simulation pro-
gressed and net forces began to accumulate, the secondary force
threshold was passed and there was a transition that occurred
where II, began to decrease and II, began to increase, resulting
in a total increase in net force. This continued until late in the sim-
ulation, by which time all developed myofibrils were classified as
nascent myofibrils (IT, ~ 0 and I, ~ 1) and it became energeti-
cally unfavorable to incorporate new myofibrils into a well-
developed network.

2.6 Incorporating Fiber-Length Dependence. Since there
were three force constants within the force equation (Eq. (8)), we
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expect them to all have the same units as each integral term was
meant to have a similar meaning. This implied that f has units
Pa/m, which we interpreted as the stress exerted on developing/
maturing focal adhesion relative to an effective length. Previous
studies have shown that there is constant stress exerted on focal
adhesions of Tey =5.5+2 nN/,um2 [19]. This prescribes traction
stress values (and hence, force magnitudes) at the ends of the
myofibril bundles. These forces propagate from one end of the
myofibril bundle to the other but how exactly that happens, i.e.,
how much stress each sarcomeric segment endures and how it’s
handled from segment to segment, has not been entirely explored.
However, previous models have demonstrated that the organiza-
tion of the myofibril network may be more qualitatively similar to
experimental results when the force term is fiber-length dependent
[14]. We incorporated this length-dependent behavior into our f
parameter

{Stress exerted on a FA}

§ = {Effective myofibril length}

(23)

where the effective myofibril length was determined by the geom-
etry of the cell. Specifically, the equation was formed by consider-
ing the number of sarcomeric segments that make up the longest
possible myofibril and the average sarcomeric segment length.
With this, we considered two specific dependency types: absolute-
length dependence and relative-length dependence. In absolute-
length dependence, the stress exerted on a focal adhesion was
transmitted without loss along every sarcomeric segment inde-
pendent of cell shape. On the other hand, in relative-length
dependence, the stress was not transmitted between segments with
perfect efficiency and would degrade based on the number of seg-
ments comprising the length of the longest myofibril. Specifically,
this length term, if applicable, was set to be the maximum length
of a straight myofibril within the prescribed cell geometry, Lyx.
With this inclusion, the force term varied based on the type of
length dependence

f o~ Text — Test
- N& Lseg L [l-o

seg ‘max’seg

(24)

In this formulation, o is the dependency parameter with value 0
or 1, Ny, refers to the maximum number of sarcomeric segments
that make up the myofibril having length Ly.x and Lgg denotes
the average segment length (approximately 2 um [34,35]). The
three-length-related quantities satisty the equation
Nyeg & Linax /Lseg. Setting o = 0 would create an absolute-length
dependence where f is constant regardless of cell geometry, and

o = 1 would create a relative-length dependence where f varies
depending on cell shape changes.

2.7 Model Discretization. Following designation of the cell
geometry, initial integrin density distribution, and nuclear proper-
ties, the model was discretized in space and time. For the given
cell geometry, spatial points along and within the cell boundary
were determined by uniformly discretizing the cell region using a
minimum of 120 spatial points. Each point was then assigned a
lattice discretization area, dA, defined as the ratio of the specified
cell area and the total number of discretization points created. The
distribution and number of spatial points were chosen to suffi-
ciently cover the cell area geometry. A total of 72h of simulated
time was considered for each run of the model with time steps of
the order of minutes, consistent with the timeframe needed for
cytoskeletal structures to form [26].

2.8 Fibronectin Patterning. Large, rectangular cover glass
(Brain Research Laboratories, Newton, MA) was sonicated, then
spin-coated with 10:1 Polydimethylsiloxane (PDMS; Ellsworth
Adhesives, Germantown, WI). The coated glass was placed in a
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60°C oven to cure overnight and then cut into, approximately,
I13mm x 15mm rectangular coverslips to fit in a 12-well plate.
Fibronectin (FN; Fischer Scientific Company, Hanover Park, IL)
was patterned onto the coverslips to have islands of a variety of
shapes with areas of 1250 ,umz or 2500 ,umz using microcontact
printing, as previously described [8,36]. The FN-patterned cover-
slips were placed in a solution of 5 g Pluronics F-127 dissolved in
0.5 L sterile water for 5 min and rinsed three times with room tem-
perature phosphate-buffered saline 97 (PBS; Life Technologies,
Carlsbad, CA) in order to block the cells from attaching outside of
FN lines.

2.9 Neonatal Rat Ventricular Myocyte Cell Culture. As
previously described [8,36,37], neonatal rat ventricular myocar-
dium was extracted from two-day-old Sprague Dawley rats
(Charles River Laboratories, Wilmington, MA) in agreement with
the guidelines of the Institutional Animal Care and Use Commit-
tee of University of California, Irvine (Protocol No. 2013-3093).
The cardiomyocytes were then isolated from the ventricular myo-
cardium as previously described [8,36,37]. Cells were counted
and seeded onto FN coated coverslips at a density of 1 M cells per
well in a 6-well plate and 400 K per well in a 12-well plate. After
24h, dead cells were washed away with PBS and the remaining
cells are fed with 10% FBS M199 culture media. Another 24 h
later, the 10% M199 was replaced with warm 2% FBS M199 cul-
ture media.

2.10 Fixing, Immunostaining, and Imaging. Cells were
fixed with warm 4% paraformaldehyde (Fisher Scientific, Hano-
ver Park, IL) supplemented with 0.001% Triton X-100 (Sigma-
Aldrich, Inc., St. Louis, MO) in PBS for 10 min, as previously
described [8,36,37]. Cultures were then immunostained for actin
(Alex Fluor 488 Phalloidin; Life Technologies, Carlsbad, CA),
sarcomeric o-actinin (Monoclonal Anti-x-actinin; Sigma Aldrich,
Inc., St. Louis, MO), nuclei (4',6’-diaminodino-2-phenlyinodol
(DAPIL; Life Technologies, Carlsbad, CA), and FN (polyclonal
rabbit antihuman fibronectin; Sigma Aldrich, Inc., St. Louis, MO),
as previously described [8,36,37]. Secondary staining was applied
using tetramethylrhodamine-conjugated goat antimouse IgG anti-
bodies (Alexa Fluor 633 Goat antimouse or Alexa Fluor 750 Goat
antimouse; Life Technologies, Carlsbad, CA) and goat antirabbit
IgG antibodies (Alexa Fluor 750 goat antirabbit or Alexa Fluor
633 Goat antirabbit; Life Technologies, Carlsbad, CA). The
images were collected using an IX-83 inverted motorized micro-
scope (Olympus America, Center Valley, PA) with an UPLFLN
40x oil immersion objective (Olympus America, Center Valley,
PA) and a digital CCD camera ORCA-R2 C10600-10B (Hama-
matsu Photonics, Shizuoka Prefecture, Japan).

2.11 Image Analysis. Image analysis of experimental data
and model simulations was performed using previously created
custom MATLAB codes [8,36]. Structural comparisons were made
by computing the co-orientational order parameter (COOP) for
each cell pair. Because the COOP allows for comparisons at mul-
tiple spatial scales, the model-generated networks, and experimen-
tal cells were compared using several different spatial scales. This
was done so that both global and local structural behavior could
be compared. Images were segmented into grids and the length of
each grid square could vary from 1 um to approximately 50 pm.
The COOP ranges from O to 1 and is determined by computing
the maximum eigenvalue of the structural tensor, as previously
described [36].

All experimental data utilized for computational analysis and
model comparisons were previously published [8,38]. In each
case, the single cells were analyzed for key cellular properties
including, but not limited to, having single nuclei (to ensure a sin-
gle cell was considered), being fully attached and spread on the
ECM island, demonstrating good actin and «-actinin staining, and
showing fully realized cytoskeletal structures like sarcomeres. We
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refer the reader to these individual publications for sample experi-
mental images.

2.12 Statistical Analysis. Results are expressed using the
mean with error bars representing the standard deviation. One-
way analysis of variance (ANOVA) with the Tukey-Kramer test
for pairwise comparisons was used to determine statistical signifi-
cance. A p-value less than 0.05 was considered statistically
significant.

3 Results

3.1 Model Overview. While the cytoskeleton consists of sev-
eral different components, we focused on specific contraction-
related portions of the cytoskeletal network. In particular, to
explore the development and maturation of the myofibrillar com-
ponent of the sarcomere-based cytoskeletal network, our model
consisted of two interacting components, which allowed for the
visualization of myofibril curves within a simulated 2-D cell
geometry (Fig. 1. A focal adhesion refers to a collection of pro-
teins that interact to form a linkage between the actin stress fibers
and extracellular matrix [21,39]. Focal adhesions assemble due to
the interactions between cell surface integrins and an assortment
of proteins and they grow via integrin accumulation through actin
polymerization and increased tension force [21]. These adhesive
structures can disassemble during cell migration and spreading
[21,39] due to alterations in talin density or actin reorganization.
Of the numerous focal adhesion-associated proteins, integrins are
particularly dominant and are present in several different cellular
processes due to the many different types of integrin subunits
[40]. As such, we modeled the focal adhesion dynamics by con-
sidering the density of integrin proteins. Specifically, we focused
our attention on dynamics relating focal adhesion proteins to
mechanotransduction. This approach allowed the model to capture
the critical properties associated with focal adhesion dynamics:
assembly, disassembly, and maturation.

Focal adhesions were modeled using kinetic equations by
considering the density of bound and unbound integrins, p, and
p*, respectively (Egs. (1)—(2)). At each point in the cell contain-
ing some density of bound integrins, a net force F (Eq. (8))
was exerted, which accounted for adhesion reinforcement via
integrin clustering and the influence of the forming or maturing
cytoskeleton. Once a minimum density of bound integrins was
present and contributing a force magnitude sufficient enough to
sustain a cytoskeletal connection, a premyofibril could be
created.

To assemble the cytoskeletal network, the collection of viable
anchoring points were identified and a template network was
determined based on the net force vectors associated with each
point. This template network defined the order in which the indi-
vidual curves would be created. The probability of a constructed
curve being at a particular stage of maturation was assumed
dependent on the amount of force generated at the endpoints of
the curve, with premyofibrils having smaller forces while larger
forces indicated maturation into the nascent myofibril stage (Egs.
(21)—(22)). The densities of free and bound integrins at each time-
step would respond to the cytoskeletal network that was con-
structed through a force-induced integrin recruitment term. In this
way, developing focal adhesions would be reinforced allowing for
more myofibrils to be constructed. This would influence the net
force exerted on the focal adhesions resulting in more integrins
being recruited to the focal adhesion sites where the cycle would
repeat.

While individual myofibrils may be anchored to the extracellu-
lar matrix through focal adhesions, this consideration alone is not
sufficient to build a complete cytoskeleton since the eventual net-
work structure that is formed interacts with various internal cellu-
lar components. Most prominent of which is the nucleus. Indeed,
it has been shown that the nucleus plays a role in cell migration
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due to its physical interaction with the dynamic cytoskeleton [41].
There is even evidence that the nucleus can elastically deform
when cell geometry is altered due to the compressive force being
exerted on the nucleus by the cytoskeleton [42]. This remodeling
in nuclear shape is accompanied by alteration in other nuclear
properties such as changes in nuclear volume and elastic modulus.
While the presence of the nucleus has been linked to cytoskeletal
dynamics, its overall influence in the initial construction of the
cytoskeleton has been less clear. To explore this, the model

(a) Moderate influence

incorporated the physical location and amount of nuclear interfer-
ence in cytoskeletal construction by considering the nucleus as a
fixed obstacle for the network to interact with.

Individual myofibrils were modeled as fourth-order Bézier
curves [43] with minimal bending energy. This was accomplished
by identifying the starting and ending points for each curve
according to the criteria described above. A net force vector F
was associated with each point and used to determine the tangent
vector to the curve at the designated point. The remaining control

(b) Major influence
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Fig. 2 Influence of the nucleus on cytoskeletal properties. The nucleus was provided a level of influence on
the cytoskeleton corresponding to the energetic cost of creating a curve that passes over the nucleus. This
level of influence varied from moderate (a) to major (b) with levels likened to a more elastic or more stiff nucleus,
, respectively. The location of the nucleus was altered to mimic the cases where there was no nucleus present
(i, @), placed in the geometric center position (ii, CP), placed using a horizontal shift of 7 um left of center (iii,
HS) or placed using a vertical shift 7 um above the center point (iv, VS). The exact placement of the nucleus was
fixed at the start of each simulation. The COOP was applied at two different length scales to the networks
obtained (v). After performing 6 simulations of each nucleus location in (a) and (b), the average number of
curves created over all simulations was recorded (c) as well as the maximum traction stress (d), estimated using
the magnitude of the net force at every point in the cell divided by unit cell area. Scale bar: 10 um.
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points defining the parametric curve were determined based on
the endpoint tangent vectors and how to most effectively mini-
mize the bending energy equation (Eq. (12)). To determine
whether the constructed curve was viable, an energetic cost asso-
ciated with placing a proposed curve within a developing network
was included (Eq. (18)). By taking into account the energetic cost
of constructing a myofibril coupled with the potential energetic
cost of placing the constructed myofibril in the cell, only curves
that contributed to the minimization of the system energy (Eq.
(16)) were utilized to construct the cytoskeletal network.

3.2 Impact of the Nucleus on the Cytoskeleton. Since the
model allowed for the nucleus to influence the development of the
cytoskeleton, we explored how the final network might be
impacted by changes in the location and relative influence of the
nucleus. To match available experimental data, the simulated cell
was given a square geometry with 2116 ymz cell area. While not
naturally occurring, this shape can be made in vitro [8,38] and
provides a good baseline for parameter fitting and demonstrated a
critical component of cytoskeletal formation: the overall motif of
having curves that predominately span the direction of elongation
(horizontally, for our setup) can be broken if the right shape is
chosen. The symmetries of a square (horizontal, vertical, and
diagonal) provided a way to test that the model is able to adapt to
different geometries through the force-mediated mechanisms
rather than modeling the cell shape explicitly. At the start of each
simulation, the nucleus was placed at a specified location and
assigned a level of influence (moderate or major). Depending on
the influence level, the energetic cost of constructing individual
myofibrils that would have to interact with the nucleus was
altered. These levels are analogous to different elastic moduli for
the nucleus with, for example, moderate influence being likened
to a lower elastic modulus leading to a more compressible nucleus
that can interact with many curves before substantially adding to
the system energy.

As a baseline for comparison of nuclear influence levels, the
nucleus was removed entirely from one set of simulations (Figs.
2(a), 2(b)()). Figures 2(a), 2(b)(i)—(iv) depict representative
examples for each case, which consisted of six simulations where
the nucleus location and level of influence were prescribed. In
each simulation, the initial distribution of integrins was random-
ized. The nucleus was then placed in three different locations
within the cell geometry and the resulting cytoskeletal networks
were evaluated. This was done in the cases where the nucleus was
allowed a moderate level of influence on the cytoskeleton
(Fig. 2(a)(ii)—(iv)) and when the nucleus was allowed a major
level of influence on the cytoskeleton (Fig. 2(b)(ii)—(iv)). From
the results of the simulations, it can be qualitatively observed that
the presence of the nucleus impacts the behavior of the network
near the nucleus location. When no nucleus was present, there
was an increase in straight diagonal curves passing near the geo-
metrical center of the cell. However, when the nucleus was taken
into account, it became more energetically favorable to create
curves that bended around the nucleus rather than go across it. As
might be expected, the level of nuclear influence impacted the
total energetic cost of creating the network. This could be seen
qualitatively by the apparent decrease in the number of curves cre-
ated for each nucleus location.

The change in cytoskeletal structure for each level of nuclear
influence was quantified using the Co-Orientational Order Param-
eter (COOP) [36], where all cell pairs were considered (Figs. 2(a),
2(b)(v)). This metric ranges from zero to unity and quantifies the
level of consistency between pairs of structures. A COOP of one
indicates the structures perfectly mimic each other while a value
of zero means there is no consistency between the two structures.
The metric can be calculated for different length scales, allowing
for structural comparisons at a local level when a small length
scale is designated while more global comparisons could be cap-
tured by using a large scale. Calculating the COOP at a large
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(~15 pm) length scale revealed high levels of global consistency
regardless of nucleus placement. At a small (~1 um) length scale,
structural differences became more apparent. This could suggest
that the mechanisms underlying the interaction between the cyto-
skeleton and the nucleus may be central to producing local varia-
tions in cytoskeletal networks experimentally. However, this may
not hold true for elongated cells where there is less space for the
myofibril bundles to occupy, resulting in more locally consistent
structures. This could indicate that the level of influence of the
nucleus might vary from cell to cell due to other intracellular
factors.

The impact associated with changing the amount of nuclear
influence on the cytoskeleton was further quantified by perform-
ing multiple simulations where the nucleus location was changed.
Due to the difference in resulting cytoskeletons for each scenario,
the average number of curves created in each case was considered
(Fig. 2(c)) as well as the average maximum traction stress gener-
ated (Fig. 2(d)). Consistent with qualitative observations, there
was a general decrease in the average number of curves created
when nucleus placement was fixed and level of influence was
increased. Similarly for the average maximum traction stress,
which was computed at the end of each simulation by evaluating
|T(x)| = |F(x)|/dA, where dA represents the lattice discretization
area (see Sec. 2.7), at every spatial coordinate x of the discretized
cell and determining the maximum value, |T|,,, = maxy|T(x)|.
Under all scenarios, the model consistently produced maximum
traction stress values within the typical range reported experimen-
tally [17]. However, these differences were not statistically signif-
icant. Since there were no statistically significant differences in
these cases and the nucleus is expected to play a larger role in
elongated cells, a moderate level of nuclear influence was
assumed for the remaining simulations. This allowed cytoskeletal
networks to be created in rectangular geometries with variable
aspect ratios.

3.3 Exploring Force-Length Dependence. There has been
evidence suggesting that the force exerted on developing focal
adhesions may be tied to the cell geometry via a force-length rela-
tionship [15,19]. Previous modeling has shown that in cells with
geometries defined by several different lengths, a force-length
relationship is likely to produce cytoskeletal networks more con-
sistent with experimental findings compared to no force-length
dependence [14]. However, identifying potential types of depend-
ence requires the inclusion of length scales. Since our model is
dimensionalized, it was used to explore two potential force-length
relationships that may be applicable. The force equation consists
of terms that scale with fiber length, designated f (Eq. (23)).
While this value is fixed for each geometry, the parameter o can
be tuned to either O or 1, each representing a different type of
force-length dependence. When o = 0 (OFF), the force parame-
ters maintain a consistent value for all shapes. This causes the
force to be dependent on an absolute-length value. When o = 1
(ON), the force parameters are allowed to vary based on the maxi-
mum end-to-end fiber length within a cell geometry. Under this
formulation, the force parameter values are scaled as a result of
the changing cell geometry, which was classified as a relative-
length dependence.

Multiple simulations were run on geometries with fixed cell
area but different aspect ratios. To remain consistent with the
experimental data, the simulated cells were given the same cell
area as in the experiments (2116 um?), and the aspect ratios varied
from 1:1 (square) to 13:1 (highly elongated rectangle), in line
with the ratios used for the experimental cells. In each simulation,
the nucleus was randomly placed near the center of the geometry
and allowed to have a moderate level of influence. For each aspect
ratio, the number of curves and corresponding curve lengths were
recorded along with the final maximum traction stress predicted
by the model. There was a decrease in the average number of
curves present in the final network for both force-length
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Fig. 3 Testing length-dependence relationships. Model was implemented on rectangular geometries with
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a=0 OFF: absolute-length dependence) or « =1 (ON: relative-length dependence). The average number of
curves created (a), the average curve length (b), and the average maximum traction stress (c) were computed
for each aspect ratio. The shaded region identifies the range of average maximum traction stress values

reported from the literature.

relationships explored (Fig. 3(a)). Increasing aspect ratio also
resulted in longer curves being generated on average, with more
consistent curve lengths observed in the relative length-
dependence scenario (Fig. 3(b)). Overall, these results are consist-
ent with what can be qualitatively observed in experimental cells
[17,44,45]. However, there is a behavioral shift that occurs when
considering the average maximum traction stress that is produced
(Fig. 3(c)). Simulations utilizing the relative-length dependence
produced traction stress values between ~1 and 2 kPa, within the
1 and 3kPa range reported for cells having these aspect ratios
[17]. In contrast, simulations with the absolute-length dependence
produced traction stress values that increased almost linearly with
aspect ratio. This scenario almost universally produced traction
stress values that were outside the physiological range. When
coupled with the wide variability in curve lengths produced, a
mechanism causing the force exerted on a focal adhesion to vary
in this type of length-dependent manner seems unlikely. There-
fore, for all other comparisons presented, a relative-length
dependence (¢ = 1) is assumed.

3.4 Structural Consistency in Experimental and Simulated
Networks. Previous studies have reported that increasing cell
aspect ratio results in an increase in intracellular alignment
[44,45]. The increase in alignment correlates with cytoskeletal
networks having similar internal architecture and has been previ-
ously quantified using the COOP metric [8]. To test the viability
of the model, this metric was applied to model-generated net-
works for different cell geometry aspect ratios. The model is able
to capture important qualities present in some experimental cells.
Comparing a sample model simulated cell with an experimental
cell (Figs. 4(a), 4(b)), overall architecture is qualitatively similar.
Of particular interest is the presence of myofibrils that do not align
with the overall direction of the network. Due to the spatial discre-
tization used in the model implementation, this feature is more
noticeable in the model simulation (Fig. 4(b), left boundary in
simulated cell). However, this is not a modeling artifact as similar
behavior can be found in some experimental cells (Fig. 4(a), left
boundary of experimental cell). Furthermore, there are clear end-
points visible in the model-generated networks because of the spa-
tial discretization used which allows for myofibrils that do not
terminate on the cell boundary. This phenomenon of myofibrils
beginning or ending at points within the interior of the cell is also
present in some experimental cells although it is much less pro-
nounced due to the large density of myofibrils and potential imag-
ing restrictions. Additionally, the influence of the nucleus can be
seen in both the model-generated network and the experimental
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cell. Both images depict some myofibrils passing directly over the
cell center while others avoid the region entirely. This is represen-
tative of the cell’s desire to avoid overcrowding around the
nucleus.

In experimental cells, the COOP was seen to monotonically
increase as the cell was elongated (Fig. 4(a)), demonstrating that
aspect ratio influences the structural consistency of the cytoskele-
ton at both the small and large scales. When applied to model-
generated networks, a similar trend was observed (Fig. 4(b)). At
both length scales, the simulations demonstrate an increase in
structural consistency as the cell geometry elongates.

Experimental cells were then grouped alongside the model-
generated networks for each aspect ratio. Computing the COOP
using the grouped data revealed a similar trend as the experimen-
tal data alone (Fig. 4(c)). This was further analyzed to determine
whether the simulated networks could be distinguished from the
experimental data. Accordingly, the group consisting of only
experimental cells was used as a baseline. Previous results have
demonstrated that in individual cells, the COOP varies depending
on the length scale chosen with an inflection point around the
3—4 um scale [8]. To test whether length scale might influence the
viability of the model results, a 3 um scale was included in the
analysis. The fitted Hill functions for all data sets were plotted
along with the 95% confidence band of the baseline group
(Fig. 4(d)). When viewed together, the fitted functions for most
data sets fell within the confidence region across the length scales
analyzed. Notably, the group model/experiment dataset fell within
the confidence region for nearly all aspect ratios. These results
demonstrate that the model-generated networks are structurally
consistent with the experimental data for a variety of aspect ratios
at different length scales.

4 Discussion

The cytoskeleton interacts and coordinates with numerous
intracellular structures across several length scales [1,8,10]. As
the cytoskeleton develops, the dense packing induces a physical
competition for space between neighboring myofibril bundles.
This also causes the cytoskeletal network to interact with other
subcellular structures that occupy space within the cell such as the
nucleus [41]. Until now, no technique had been developed that
took into account spatial constraints to predict the exact placement
of myofibril bundles within a cell. We addressed this by develop-
ing a theoretical model that used basic structural components to
build a dynamically changing cytoskeletal network. We simulated
the maturation pathway experimentally using immature NRVMs
capable of attaching and spreading on ECM islands with

FEBRUARY 2022, Vol. 144 / 021002-9

d'Z00L20 20 ¥l 014/5L€09.9/200120/2/vy L Apd-ajoile/|ediueyoawolq/Bi0 swse uonos|j0dje)bipawse//:djpy woy papeo)jus

USY0) BSBI P!

Z UoIBI\| ZZ UO Jasn suiAl| BlUIOji[ED JO Aysioniun Aq SOOAABSONWLPZIENGZN LOIAIAZNEXSNSSZHUDXXARANADHANS-IIANI-MOLZOHHZAZNASS VYV VVIMLIZ LXISHI



designated geometries. By using NRVMs that had yet to reach
full maturation and have not lost their plasticity, we were able to
compare individual cardiomyocytes containing identifiable inter-
nal structures [8,38] with model-generated structures constructed
using an equation-driven representation of the maturation process.

The model presented successfully accounts for the orientation
and bending of myofibrils and produces explicit traction forces
measurement predictions. This allowed for both qualitative and,
more importantly, quantitative comparisons between model pre-
dictions and experimental measurements. Since the model explic-
itly utilizes the relative scale and dimensionality of various
parameters and variables when describing cytoskeletal interac-
tions, we are able to produce numerical predictions in a way that
nondimensional models have not been setup to address. Funda-
mental to the model is a focus on the force equation as a means
for recreating experimentally observed behavior. In fact, past
experiments have demonstrated a relation between a cell’s

elongated length and the change in force [19,46]. Being able to
capture this relation with units intact in a way that allows for
direct comparison between differently shaped cells is an important
first step to exploring potential mechanisms that may be at play.
Our approach differs from previous attempts in several crucial
aspects. Typically, cytoskeletal components are studied in isola-
tion [47—49] and when multiple components are combined, the
emphasis is often placed on how contractility might influence the
normalized traction stress magnitudes in different cellular regions
[13,50]. Our model links several structural components allowing
for direct exploration of network properties including the impact
of nucleus location on a developing cytoskeleton (Fig. 2). Addi-
tionally, since most models take a nondimensional approach
[13,14], the nature of the myofibril force-length dependence had
not been fully explored. The force equation (Eq. (4)) was devel-
oped with parameters that incorporated length scales, making it
possible to investigate whether dimension-dependent force-length
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relationships influenced cytoskeletal construction (Figs. 3(a),
3(b)). Previous studies have demonstrated that cell contractility
varies within 1-3 kPa [15,17], which our model is able to capture
using only the feedback between the distribution of focal adhe-
sions and the developing cytoskeleton (Fig. 3(c)).

Within this range, however, the model is currently unable to
recreate the precise dependence of traction stress on aspect ratio
that has been observed in past experiments [17,44]. This is likely
due to the absence in the model of sarcomeric influence on cytos-
keletal formation. Sarcomeres are the central contractile unit that
make up the myofibrils [1,34] and their alignment and registration
correlate with cell aspect ratio in the same way that traction stress
changes with cell aspect ratio [38,51]. However, theoretical stud-
ies exploring force modulation via the sarcomeres have been diffi-
cult to produce because the alignment of sarcomeres depends on
the location of the myofibril bundles. Future work in advancing
this model will include incorporating sarcomeric registration into
the developing network since it is now possible to visualize realis-
tic cytoskeletal networks theoretically, allowing for the
increasing-decreasing traction stress behavior to be captured.

Another possible reason for the difference between theoretical and
experimental traction stress values may concern the way in which
the cytoskeleton interacts with the nucleus. For our purposes, the
nuclear cytoskeletal coupling was not explicitly explored and
changes in nuclear shape during cytoskeletal network construction
were not implemented. We proposed a simplistic interaction model
where the nucleus was incorporated as an obstruction that the myofi-
bril bundles tried to avoid during construction. However, the reality
is much more complex as there is evidence that nuclear shape and
cytoskeletal architecture are mechanically linked, likely via compres-
sive loading [10,42]. Recent work has shed light on several nuclear
envelope proteins such as nesprin that transmit forces from the cyto-
skeleton across the nuclear envelope [52]. A more granular nucleus-
cytoskeleton interaction model may help remedy the traction stress
discrepancy by physically linking the F-actin of the cytoskeleton to
the nucleus through outer nuclear membrane proteins. Not only
would this entanglement result in changes to the nuclear shape and
predicted cytoskeletal architecture, but it could allow for force regu-
lation throughout the cytoskeleton. Such regulation may influence
the traction stress changes that occur during cell elongation. It would
be beneficial to have time-lapse experimental data focusing on the
feedback mechanism between the nucleus and cytoskeleton so that
more granular interactions can be utilized in our model. Our baseline
framework is setup to allow for these types of extensions theoreti-
cally and incorporating this information into the model is possible in
the future once the experimental data is readily available.

In experimental cells subjected to the same environmental con-
ditions, the overall cytoskeletal structure is largely consistent yet
each cell exhibits variations in internal architecture [18]. While
this phenomenon has been studied in individual cells using multi-
scale quantitative analysis [8], previous modeling attempts have
been unable to reproduce networks that are structurally similar to
experimental cells while also capturing cell-to-cell variability.
Our approach produced individual myofibril bundles within the
cell geometry, allowing for direct structural comparisons between
model-generated networks and experiments. In all cases, a diverse
array of meshworks were produced, due to the stochasticity built
into the model equations, but the process of minimizing the cost
associated with the developing mesh resulted in recurring struc-
tural properties. Of particular note is the presence of seemingly
anomalous qualities in both model-generated and experimental
cells (Figs. 4(a), 4(b)). By creating behavior consistent with
global properties observed in the experimental cells as well as
seemingly unique irregularities that may otherwise go un-noticed,
the model brings the question of formation order and timing asso-
ciated with internal structural components into the forefront.

In addition to being qualitatively similar to experimental
cells, the simulations quantitatively recreated the multiscale
relationship between structural consistency and cell aspect ratio
(Figs. 4(a), 4(b)). When the model-generated networks were

Journal of Biomechanical Engineering

compared with the experimental cells, the results were consis-
tently within the 95% confidence region produced by comparing
experimental cells to each other (Figs. 4(c), 4(d)). Whereas previ-
ous models consistently yielded the same steady-state outcomes
[13,14], our approach produced unique networks with each simu-
lation, as is seen in the experimental cells.

5 Conclusion

The modeling framework outlined in this work provides a plat-
form for future studies concerning the development of the cytos-
keletal network and how it may be connected to cell contractility.
A key achievement of our approach is the ability to recreate net-
works that demonstrate cell-to-cell variability using only basic
cellular components. By modeling the feedback between focal
adhesion maturation and cytoskeletal formation, it is possible to
establish the exact placement of myofibril bundles for a specific
cell. The ability to create and visualize individual myofibril curves
within a two-dimensional geometry is an essential first step
toward elucidating the influence of intracellular structures such as
the nucleus on cellular organization and contractility. Since only a
few processes were emphasized, there is potential for future
model development by incorporating additional cellular compo-
nents into the modeling framework. For instance, now that the
location of a myofibril bundle can be determined, the sarcomeres
that make up the bundle can be modeled and the influence of their
registration can be analyzed. Thus, the model may be extended
and used to explore how subcellular components like sarcomeres
regulate cellular phenomena such as contractility. Our approach
demonstrates that the cytoskeleton may form based on the unique
subcellular interactions occurring within the specific cell. These
interactions give rise to physical constraints that dictate which
connections need to be established in order to create the most
energetically beneficial and efficient cytoskeletal network.

The experimental data used here [8,38] avoided the possibility
of multiple cells on a single ECM island by eliminating any island
with more than two nuclei, which necessitated the exclusion of bi-
nucleated scenarios in our model considerations. As such, to com-
pare model results with the data available, the scope of the current
exploration was limited to cells with a single nucleus. Under our
single-cell setup, we demonstrated that it’s possible to build real-
istic cytoskeletal networks for various cell shapes. Now that the
baseline modeling framework has been constructed where we can
prescribe cell shape, size, and nucleus location, further explora-
tions are possible. These could include more generalized setups
such as single cells that are bi-nucleated, if bi-nucleated data
becomes available. Our approach provides a foundation for these
types of cases to be considered in the future by incorporating
piecewise Bézier curves into the current modeling framework.

As recreated in our model, the relationship between the length
of the myofibril and the resultant force generated at the adhesion
site is more complicated than a simple force-length dependency.
Not only should the number of myofibrils created to be consid-
ered, but the resulting sarcomeric structure may also play a crucial
role. Indeed, it is possible to estimate the contractile forces at the
adhesion sites for a given myofibril but how those forces propa-
gate along the myofibril and what role they play in the eventual
sarcomeric pattern that is formed has yet to be fully realized.
While it may be possible to recreate the observed sarcomeric pat-
tern using force estimates at the endpoints for a single myofibril,
generalizing the sarcomeric pattern-creation to multiple interact-
ing myofibrils with curvature in a multidimensional space where
the adhesion sites are not necessarily in line with each other is
more challenging. We believe our model provides a critical step
toward addressing this future problem by being able to reliably
recreate the two important factors needed to tackle the sarcomeric
pattern-formation problem: a realistic internal architecture that
varies with cell geometry and explicit traction force values that
allow for direct comparison with both experimental and model-
generated data.
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