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ABSTRACT OF THE DISSERTATION

Understanding the effects of the myocardial environment on the organization and cellular
viability in hearts with and without pathology

By
Richard D.H. Tran
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2021

Associate Professor Anna Grosberg, Chair

The heart is a vital organ that pumps blood throughout the body by constantly, cyclically
contracting. Unfortunately, the heart can be vulnerable a wide range of diseases and injuries. In
order to truly predict, prevent, or treat diseases in the heart, the myocardial environment and how
it affects myocardial repair and pathways that lead to cardiac diseases should be thoroughly
investigated. However, the complex structure, genetic and environmental factors, and
inaccessibility in vivo make it difficult to fully elucidate the mechanisms behind cardiac
remodeling and repair. Thus, to truly study the heart, it is necessary to develop in vitro models that
can closely recapitulate the myocardial environment to methodically investigate the isolated
mechanisms.

The heart has a unique dynamic mechanical environment that is closely linked to its highly
organized structure and specialized cells. This mechanical environment is contributed to the unique
composition of cell types and the resultant structure of the tissue. Interestingly, in some heart

diseases, this organization and cellular composition is disrupted, which results in loss of efficient



heart function. Additionally, as the heart contracts, all the resident cells are also exposed to unique
mechanical strains which can affect their function and organization. To create an accurate in vitro
model of the myocardium, the mechanical strains and cellular composition of the heart should be
considered. However, it is not fully known what cells contribute to the highly organized structure
of the heart and how the cells are affected by mechanical strain.

To address these problems, we recapitulated in vitro both the dynamic mechanical
environment of the heart and its cellular composition to demonstrate how these factors can affect
the organization, morphology, and viability of cardiac cells. In order to understand how cardiac
cells organize in healthy or pathological heart tissue, we applied cyclic strain to co-cultures of the
two most dominant cell types within the heart, cardiomyocytes and fibroblasts. Our results
illustrates that cardiomyocytes and fibroblasts do influence the organization of one another.
Additionally, to recreate in vitro the organization or lack thereof observed in healthy and fibrotic
heart tissue respectively, we examined tissue exposed to cyclic strain with various densities of
cardiomyocytes and fibroblasts. Furthermore, when we investigated if intercellular junctions could
affect organization, there were no changes in the overall orientation of the two cell types when
junction formation was inhibited with drugs. Thus, either these intercellular junctions are more
important in the myocardium or they play a secondary role in organization relative to the amount
of cells present.

Additionally, in this dissertation we examined how mechanics mimicking the myocardial
environment affects cells with and without a LMNA mutation. To investigate this, we used patient
specific cells and subjected them to cyclic strains before quantifying the cell viability/proliferation,
cytoskeleton and extracellular matrix organization, proportion of dysmorphic nuclei, and nuclear

shape. Though our results indicated that cyclic strain alone was insufficient to cause any significant



differences that could explain the mechanisms that lead to heart diseases in these patients with
LMNA mutations, we were able to observe these differences in cells with a severe type of the
LMNA mutation.

Overall, our results highlight the influence that different cell types have on heart tissue
organization. Additionally, we emphasize the importance of the unique mechanical environment
of the heart when examining cardiac tissue organization and cells with genetic mutations. The
work done in this dissertation will serve as a foundation for future models of the heart that study

cardiac remodeling, repair, and diseases.
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CHAPTER 1

INTRODUCTION

The heart has a unique dynamic mechanical environment that is closely linked to its highly
organized structure and specialized cells. This mechanical environment is contributed to the unique
composition of cell types and the resultant structure of the tissue. Within the heart, there are many
different cell types that assemble together in order to generate the cyclical forces that allow the
heart to pump blood. As the heart contracts, all the resident cells are also exposed to unique
mechanical strains?. Since exposure to mechanical strain can affect cellular function and
organization this emphasizes the importance of the mechanical environment of the heart>2, Still,
how the mechanisms of the myocardial environment contributes to heart injury development or
disease progression is not fully understood.

One mechanism not fully understood is how the cellular composition of the heart affects
cardiac remodeling and repair. Of the multitude of cells residing within the heart, the two dominant
cell types are cardiomyocytes and fibroblasts®°. While cardiomyocytes are the primary functional
cell type, fibroblasts also play many important roles in the heart such as extracellular matrix
maintenance, secreting cytokines and growth factors, and more!* 3, In healthy heart tissue, where
organization is a vital factor in determining the forces produced during contraction, both of these
cells are observed to be well-organized along the direction of strain'®. However, in post infarction
and heart diseases, this organization and cellular composition is disrupted resulting in loss of
efficient heart function®®. There are many in vivo models that study cardiovascular diseases, but

the complexity, genetic factors, and environmental factors make it difficult to create a perfect



experimental model®®. In order to truly study cardiac remodeling and repair, the mechanisms
responsible must be isolated and studied methodically in cardiac tissue created in vitro. Current in
vitro studies involving cardiac cells use methods such as micropatterning, microgroving, or
mechanical strains to guide cells to organize in a specified manner®. By establishing methods to
organize cells in a dish, it is possible to create highly organized cardiac tissue that resemble the
heart. Though there are multiple methods to organize cells, with the heart having a dynamic
mechanical environment, utilizing strain as a method of promoting reorganization is particularly
intriguing. Furthermore, to closely recapitulate the myocardial environment, the cellular
composition should also be considered in conjunction with organization since the heart is
composed of many different cell types. The combination of organization and co-cultures to create
in vitro heart tissue could prove to be a useful tool that has not been studied yet. In creating a
reliable method to capture the myocardial environment in vitro, it could further the understanding
of how the heart responds to infarction or disease and advance tissue engineer therapeutics in the
future.

In vitro models are also an important tool used to study genetic mutations that can affect
the heart in patient specific cells. Though, as in vivo studies are inaccessible, to study the genetic
mutations in these patients, it is necessary to recapitulate the myocardial environment in vitro. The
in vitro models should not only consider the organization of the cells, but also the strains the cells
experience as the hearts of the affect patients have altered force generation'”!8, Furthermore, to
investigate diseases in patients, there needs to be a source of cells that is easily accessible in all
patient groups. By carefully utilizing in vitro methods and an easily accessible patient specific cell
source to capture the myocardial environment, it will be possible to understand how genetic

mutations lead to heart diseases in patients.



In this thesis, we present work that utilizes the dynamic mechanical environment of the
heart to elucidate the development of both healthy and pathological hearts in vitro. In Chapter 2,
we investigate how different cardiac cellular compositions and intercellular junctions effect heart
tissue organization. This was accomplished by identifying specific physiological relevant densities
of cardiomyocytes and fibroblasts and exposing them to cyclic stains resembling the myocardial
environment and/or intercellular junction inhibitory drugs. Following, in Chapter 3, we examine
how the application of similar cyclic strains can affect cells with and without the LMNA mutation
by looking at morphological nuclear and extracellular matrix differences. Future work, Chapter 4,
will outline the next steps in continuing these studies and plans to explore using cells shed in urine
as an alternative and easily accessible source of cells to study heart disease in a large population.
The work done in this thesis emphasizes the importance of incorporating mechanics in models
involving the heart as well as creating experimental platforms that more closely recapitulates the

myocardial environment biologically and mechanically.
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CHAPTER 2

Quantitative Evaluation of Cardiac Cell Interactions and Responses to
Cyclic Strain*

ABSTRACT

The heart has a dynamic mechanical environment contributed by its unique cellular
composition and the resultant complex tissue structure. In pathological heart tissue, both the
mechanics and cell composition can change and influence each other. As a result, the interplay
between the cell phenotype and mechanical stimulation needs to be considered to understand the
biophysical cell interactions and organization in healthy and diseased myocardium. In this work,
we hypothesized that the overall tissue organization is controlled by varying densities of
cardiomyocytes and fibroblasts in the heart. In order to test this hypothesis, we utilized a
combination of mechanical strain, co-cultures of different cell types, and inhibitory drugs that
block intercellular junction formation. To accomplish this, an image analysis pipeline was
developed to automatically measure cell type specific organization relative to the stretch direction.
The results indicated that cardiac cell type specific densities influence the overall organization of
heart tissue such that it is possible to model healthy and fibrotic heart tissue in vitro. This study
provides insight on how to mimic the dynamic mechanical environment of the heart in engineered
tissue, as well as provide valuable information about the process of cardiac remodeling and repair

in diseased hearts.

! Tran, Richard D.H.*, Morris, Tessa Altari* et al. (2021) Submitted to Cells
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INTRODUCTION

The two dominant cell types in the myocardium are cardiomyocytes and cardiac
fibroblasts; cardiomyocytes generate contractile force', while fibroblasts play vital roles in
maintaining functions within the heart such as extracellular matrix production, cardiac remodeling,
cell-cell signaling, promoting blood vessel formation, and secretion of growth factors and
cytokines*®. In a healthy heart, cardiomyocytes and fibroblasts are organized along the direction
of contraction’~®. However, in the event of myocardial infarction or other cardiac diseases, there
is increased migration of fibroblasts into the regions of damaged tissue as well as changes to the
morphology and viability of the myocytes!®®. The alterations in cellular composition and

structure result in disorganization and loss of efficient heart function®-18,

Although cellular disorganization, as well as a shift in the dominant cell type as a result of
injury or remodeling such as fibrosis has been observed, the mechanisms that drive the
organization of cardiomyocytes and fibroblasts and how they influence each other are not fully
understood. Investigating the mechanisms responsible for organization in the heart is imperative
to create accurate in vitro models of infarcted or diseased hearts, propose new pathways for
treatment, and improve tissue engineering approaches such as cardiac patches!®2*. To elucidate
these mechanisms, cardiac cellular organization has been examined using a plethora of in vitro
approaches??2. In particular, one factor that is commonly implicated as a driving force for cellular
organization is the application of strain to the cells?*28. Though several studies have shown that
cells respond and organize when exposed to static/cyclic strains/stresses, the response is not
consistent for all cardiac cell types?”223, Counter to what is observed in healthy myocardium,
where both cell types are present and co-oriented parallel to contraction, in isolated in vitro cultures

that are exposed to uniaxial cyclic strain, fibroblasts orient approximately perpendicular to the



strain direction?®3%  while cardiomyocytes orient approximately along the direction of
mechanical stimulation®. A full understanding of the factors that may contribute to how cells

organize in healthy heart tissue is essential for a slew of applications.

An unexplored factor that may be responsible for how cells organize in the heart is the
interaction between the different cell types. In highly organized cardiac tissue, cardiomyocytes and
fibroblasts are indirect contact with each other. To communicate, the cardiac cells are electrically
and mechanically coupled via gap and adherens junctions, both heterogeneously (i.e.
cardiomyocyte-fibroblast) and homogeneously (i.e. cardiomyocyte-cardiomyocyte and fibroblast-
fibroblast)®. The most abundant gap and adherens junctions in the heart are Connexin 40 (Cx40),
Connexin 43 (Cx43), and Connexin 45 (Cx45), and N-cadherin (N-cad), respectively'6:26:36-40,
Interestingly, by inhibiting or blocking a subset of these junctions, studies have shown inhibited
cell-cell contact, adhesion, and signaling between cells!:2636:3941-44 = Therefore, observing
interactions between distinct cardiac cell types in confluent co-cultures through intercellular
junctions or physical contact may be necessary to understand the guiding mechanisms for cardiac

tissue reorganization in its native dynamic mechanical environment.

In this work, we created a system to study if different cardiac cellular compositions and
intercellular junctions have an effect on heart tissue organization. To study this, we identified
specific densities that are relevant to physiological states to examine how heart tissue organizes in
response to cyclic strain. In addition, we investigated certain intercellular junctions that are
abundant in the heart to elucidate their role in the tissue organization. To quantify the differences
in cellular organization under each experimental condition, we developed a classifier that is able
to distinguish between cardiac cell types and quantified the orientational organization of the cell

types separately*. These experiments allowed us to elucidate the interaction between multiple



cardiac cell types and several intercellular junctions to explain the organization behavior in healthy

and diseased heart tissue.
RESULTS

Studying how cardiomyocytes and fibroblasts organize in response to mechanical
stimulation required the ability to reliably separate them in images and measure their individual
orientation. A classifier was developed to distinguish between the different cardiac cell types®.
With the successful classification, the principal direction (director) and the spread in the
distribution of the orientation vectors, orientational order parameter (OOP), was quantified. Then
with the cell type specific director and the OOP, we were able to quantify the alignment and

orientation of the different cell types.

In order to understand the guiding mechanisms for cardiac tissue reorganization in a
dynamic mechanical environment, cardiomyocytes and fibroblasts were co-cultured at different
densities (Table 2.1 & Figure 2.1A-D) in a stretcher device and were exposed to 15% cyclic
uniaxial strain at 1 Hz for 48 hr. To prevent any bias, all of the data was preserved even though in
some cases the seeding densities did not match the actual densities measured by the cell type actin
fraction (Figure 2.1E-H). As a consequence, a few of the cultures were sparser than expected and
resulted with the cells orienting to their preferential direction (i.e. Figure 2.1E-F, arrows). For
confluent monocultures of cardiomyocytes, cells organized as previously observed in vitro®3¢,
approximately parallel to the direction of stretch (Figure 2.1A, E at 40k:~0). Similarly, fibroblasts
seeded as a monoculture also organized as expected, approximately perpendicular to the direction
of stretch (Figure 2.1D, G at ~0:40k) 2303435 However, for co-cultures, the principal direction of
both cardiomyocyte and fibroblast actin relative to stretch changed depending on the dominant cell

type (Figure 2.1E-H). At the 4:1, 2:1, and 1:2 cardiomyocyte to fibroblast seeding densities,
9



cardiomyocytes gradually transitioned from the parallel direction to a direction perpendicular with
respect to stretch (Figure 2.1E 40k:10k, 30k:15k, 15k:30k respectively). The OOP of the
cardiomyocyte actin was also lower at the intermediate ratios, indicating that there was high
variability in the alignment of the cardiomyocytes with respect to stretch (Figure 2.11,J between
0.2-0.8). This is particularly evident at the 2:1 and 1:2 ratios where neighboring cardiomyocytes
can be oriented in different directions when examined qualitatively (Figure 2.1E 30k:15k and
15k:30k respectively). It was also observed that for cardiomyocytes and fibroblasts at the
intermediate ratios, 4:1 and 2:1,where the influence exerted by the prevalent cell type was not
dominant enough to dictate organization fully, the two cell types have different average direction
with respect to stretch, (i.e. directors) (Figure 2.1E,G 40k:10k and 30k:15k respectively). This
suggest that how the cells are orienting is part of a stochastic process where which cells adhere to
the culture first can influence the spread and amount of cell-cell contact with one another. As seen
in the intermediate densities with both cell types, the randomness can easily be distinguished from

the highly organized edges (Figure 2.1F,H-J fractions <0.2 and >0.8).
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Figure 2.1 Cell type specific actin orientation with respect to the direction of applied cyclic
strain for different co-culture densities. Representative images of different experimental co-
culture densities (A) 40k:~0 (B)30k:15k (C) 15k:30k (D) ~0:40k labeled with a-actinin (red), actin
(green), and DAPI (blue). (E) The average and standard deviation of the angle between the
cardiomyocyte actin director and stretch director for each experimental seeding density. (F) The
angle between the cardiomyocyte actin director and stretch director for the measured cell type actin
fraction i.e., the total number of cardiomyocyte actin vectors divided by the total number actin
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vectors. (G) The average and standard deviation of the angle between the fibroblast actin director
and stretch director for each experimental seeding density. (H) The angle between the fibroblast
actin director and stretch director for the measured cell type actin fraction i.e., the total number of
fibroblast actin vectors divided by the total number actin vectors. (I) Cardiomyocyte OOP as a
function of actin fraction; Fitted with a log normal equation (p<0.05); Regression line (solid), 95%
confidence interval (dashed), and 95% prediction band (dotted). (J) Fibroblast OOP as a function
of actin fraction. In A and B, the arrows indicate a well with sparser than expected density. In E-
J, each point represents a single well, which is colored by the actin OOP for cardiomyocytes (E,F,I)
or fibroblasts (G,H,J). In E and G, horizontal bars indicate groups with significantly different
means (p<0.05). All scale bars: 25um.

Table 1.1 Co-Culture Cell Type Ratios

CM:FB Seeding Ratio  Description Relevance
~0:1 Fibroblast Dominant Recapitulate published results
1:2 Fibroblast Dominant Intermediate; Beginning of injury/inflammation
2:1 Cardiomyocyte Dominant  Physiologically Relevant
4:1 Cardiomyocyte Dominant  Rare Fibroblast
1:~20 Cardiomyocyte Dominant  Recapitulate published results

The fibroblast orientation was also a function of the seeding densities. At seeding densities
with higher amounts of fibroblasts, 1:2 and ~0:1, the principal direction of cardiomyocytes
generally follow the fibroblast preferred orientation (close to perpendicular to stretch) and thus
had a relatively high OOP (Figure 2.1G,H 15k:30k and ~0:40k respectively). The principal
direction between fibroblasts and the stretch direction gradually decreased as there were relatively
more cardiomyocytes (Figure 2.1G,H). However, unlike the cardiomyocytes, the fibroblast actin
OOP decreased with the relative number of fibroblasts (Figure 2.1J). From these results, for both
cardiomyocytes and fibroblasts, the presence of the other cell type caused a deviation from their

observed orientation in monocultures when exposed to cyclic strain.

o m(Z)\°
Yy =Yo+_exp -0.5 — 1)
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Table 2.2 Log Normal Fit Details

Variable Description or Coefficient Significance

X Cardiomyocyte Actin Fraction  N/A

y Cardiomyocyte OOP N/A

a -0.1605 <0.0001

b 0.3504 0.0006

X0 0.4334 <0.0001

Yo 0.7437 <0.0001

R? 0.5554

Cardiomyocyte organization as a function of cardiomyocyte actin fraction is well described
by a lognormal equation (Equation 1 & Figure 2.11). The data is well fitted as seen with the strong
p-values (Table 2.2) and the 95% confidence and prediction bands. When cardiomyocytes
occupied approximately a 35% of the culture, this corresponded to an area with low organization
indicated by the minimum of the regression line (Figure 2.11). The tail ends of organization on the
left and right of the fit represented areas with high organization where cardiomyocytes were guided
by fibroblasts or by each other, respectively (Figure 2.1l <0.2 and >0.8). In contrast, fibroblast
OOP did not have an obvious minimum and could not be fitted similarly (Figure 2.1J). From
previous experiments with cardiomyocytes, it is known that fibroblasts are more dynamic and
often spread into areas with no cells. As a result, fibroblasts can orient in the direction they move
or spread even without guidance. In consequence, fibroblasts have more randomness to their
organization, which is seen when examining fibroblast organization as a function of fibroblast
actin fraction especially at densities where there is low amounts of fibroblasts (Figure 2.1J
fractions <0.2). Thus, to understand organization of heart tissue, it is important to look at the OOP

of cardiomyocytes and fibroblasts separately.
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Cx 40 Cx 45

Cx 43 N-cad

Figure 2.2 Intercellular junction presence. Cells stained for the presence of Connexin 43. (A)
Example image of a sampled stained for Connexin 43; Arrows indicate areas with noticeable
Connexin 43 junctions; Scale bar: 25 pm. (B) Western blot of Connexins 40, 43, and 45 and N-
cadherin.

To test whether inhibiting the formation of gap and adherens junctions between cells is
sufficient to impact the organizational interaction between cardiomyocytes and fibroblasts, we first
confirmed their presence in our cultures (Figure 2.2A). Due to difficulty quantifying the amounts
of protein in the images, western blotting was used to confirm the presence of each protein (Figure
2.2B). From the blots, only Cx40 and Cx43 were found to be present in these cells (Figure 2.2B &
Figure 2.4). Even though some proteins, Cx45 and N-cad, were not expressed, the cells were still
treated with peptides 40Gap27, 37/43Gap27, 45Gap27 (P-Cx) or Anti-N-Cadherin antibody (AN-
C), which targeted Cx40, Cx43, and Cx45 or N-cad junctions, respectively, to completely inhibit
the interaction between cardiomyocytes and fibroblasts (Figure 2.3). When the cells were treated
with the drugs, their organizational response to cyclic strain was not significantly different from
those observed in the cultures with no drugs (Figure 2.1E-J & Figure 2.3A-F). However, there

were subtle differences observed at densities with low amounts of cardiomyocytes where the OOP
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was slightly lower compared to the controls (Figure 2.3E, fractions <0.2). Overall, we were not
able to see any significant differences in response to the drugs in the OOP of cardiomyocytes and

fibroblasts in any of the densities (Figure 2.3E-F).
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Figure 2.3 Co-cultures treated with drugs. (A) The average and standard deviation of the
angle between the cardiomyocyte actin director and stretch director for each experimental
seeding density. (B) The angle between the cardiomyocyte actin director and stretch director for
the measured cell type actin fraction i.e., the total number of cardiomyocyte actin vectors divided
by the total number actin vectors. (C) The average and standard deviation of the angle between
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the fibroblast actin director and stretch director for each experimental seeding density. (D) The
angle between the fibroblast actin director and stretch director for the measured cell type actin
fraction i.e., the total number of fibroblast actin vectors divided by the total number actin
vectors. (E) Cardiomyocyte OOP as a function of actin fraction. (F) Fibroblast OOP as a function
of actin fraction. In A-F, each point represents a single well, which is colored by the actin OOP
for cardiomyocytes (A,B,E) or fibroblasts (C,D,F). In A and C, horizontal bars indicate groups
with significantly different means (p<0.05).

DISCUSSION

In this work, we investigated cardiac tissue reorganization by examining co-cultures of the
two dominant cell types in the myocardium, fibroblasts and cardiomyocytes, under the influence
of cyclic strain to model both the cellular composition of the heart in health and pathology as well
as the cardiac mechanical environment (Table 2.1)*=. In order to measure the cell type specific
organization, we developed an image processing pipeline to automatically classify images of
tissues stained with a-actinin and to use the classification labels to separate the actin belonging to
fibroblasts and striated myocytes®®. With the novel ability to automatically quantify the
organization of actin for each individual cell types, we then evaluated cell type specific structure

using organizational metrics such as the OOP and the director (Figure 2.1E-J & Figure 2.3A-F).

The heart is a complex organ that consists of many different cell types and structures, which
makes it difficult to fully replicate in vitro'346-%0, Thus, separating and simplifying the components
that contribute to heart function would facilitate the investigation of vital processes such as cardiac
remodeling and repair. In this spirit, our work utilized two of the most abundant cell types in the
heart, fibroblasts andcardiomyocytes* >4, to procure a general understanding of how organization
in the heart is determined and transformed with and without pathology. Together, with the
application of mechanical cyclic strain to these co-cultures, a simplified yet representative model

of the myocardial environment was developed. In order to create a robust model, the experiments
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incorporated various densities to capture physiological relevant events in the heart (Table

2.1)6,11,51-53.

With a range of different seeding densities, we were able to replicate organization that
mimics healthy heart tissue and organization with low OOP that mimics what happens during
fibrosis (Figure 2.1E-J). However, the densities at which the organization of healthy heart tissue
occur differs between our system and the in vivo environment. In the ventricles of the human heart,
there is approximately twice the amount of cardiomyocytes when compared to fibroblasts*=>46,
Yet, the familiar organization found in healthy heart tissue did not appear until cardiomyocytes
occupied approximately 80% of the culture in vitro (Figure 2.11 fractions >0.8)"-°. One of the
possible reasons for the difference observed in the cellular composition in vitro is that the heart
has a laminar hierarchy, which consists of layers or “sheets” of muscle a few myocytes thick
connected by collagen fibers*°. As a result, the cells within the heart are surrounded by
extracellular matrix proteins and others cells in all directions, increasing both extracellular matrix
and cell-cell contact, respectively*”%°. Even though monolayer cultures of cardiomyocytes and
fibroblasts incorporated physiologically relevant densities and are representative of a single sheet
within the laminar hierarchy (Table 2.1), the reduction of cell-cell or extracellular matrix contact
could potentially explain the shift in the organizational order observed (Figure 2.1E-J). On the
other hand, though the density at which organization of healthy heart tissue occurred was shifted
in vitro, organization correlating to fibrotic tissue appeared at the expected density where
fibroblasts occupied 65% of the culture (Figure 2.11-J). Based on our results, in order to model
healthy or fibrotic heart tissue in vitro, approximate cell ratios of 5:1 and 1:2, respectively, should

be utilized as these densities mimic the organization found in vivo (Figure 2.11).
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As cardiac cells are known to respond to mechanical strain?303454 intercellular junctions
that mechanically and electrically couple cells to one another were potentially a factor that could
play an influential role in controlling fibroblast and cardiomyocyte alignment in the heart. Within
the heart, the predominant gap and adherens junctions are N-cad, Cx40, Cx43, and Cx45
depending on the area of the heart being examined!®2636-40_ Qur experiments with cardiac cells
originating from the ventricles of the heart confirmed the expression of Connexin 40 and 43 with
immunofluorescence imaging and western blotting (Figure 2.2), which is consistent with previous
studies®>. Interestingly, studies have shown that disrupting or blocking these junctions can
inhibit cell-cell contact, adhesion, and signaling between cells:26:363%4142 et in our experiments,
using drugs to inhibit intercellular junctions of N-cad, Cx40, Cx43, and Cx45 resulted in no
differences in the organization when compared to controls (Figure 2.1 & Figure 2.3). Our results
indicate that Cx40, Cx43, Cx45, and N-cad did not have a dominant effect on the reorganization
of cardiomyocytes and fibroblasts in monolayer co-cultures exposed to cyclic strain. However,
there are a few limitations that should be considered when interpreting these results such as the
effectiveness of Gap27 in comparison to knockdown studies and the differences in the abundance

of intercellular junctions between monocultures and the laminar hierarchy of the heart*/-49:57:58,

With the novel image processing pipeline created for this work®, it is now possible to
classify and quantify the organization of different cell types found in the heart. The cardiomyocytes
and fibroblasts exhibited influences on the organization of one another when exposed to cyclic
strain, especially in cases where the presence of one of the cell types was particularly dominant.
However, in the intermediate densities, the influence exerted by the prevalent cell type was not
dominant enough to dictate organization fully with each cell type trying to organize based on its

preference. Furthermore, our data indicated that cell-cell contact via intercellular junctions was not
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a dominant mechanism that contributes to the organization of monolayered co-cultures of
cardiomyocytes and fibroblasts. In this work, we were able to replicate the organization or lack
thereof observed in healthy and fibrotic heart tissue, respectively, through the utilization of
different cardiac cell types and mechanical strain. By establishing the cell ratios that would
generate tissue resembling healthy or fibrotic cardiac tissue, we provide future models with

working densities that could be used to further study cardiac repair and reorganization in vitro.
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MATERIALS & METHODS

Cardiomyocyte and fibroblast harvest
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All animals for the study were treated according to the Institutional Animal Care and Use
Committee of University of California, Irvine guidelines (IACUC Protocol No. 2013-3093). The
recommendations of the NIH Guide for the Care and Use of Laboratory Animals were followed
and the experiments were also in accordance with existing federal (9 CFR Parts 1, 2, & 3), state,
and city laws and regulations governing the use of animals in research and teaching. Harvest was
done with a previously established protocol®®. Briefly, 2 day old neonatal Sprague Dawly rat pups
(Charles River Laboratories Wilmington, MA) were euthanized by decapitation and the ventricular
myocardium were extracted. Cardiomyocytes were then isolated from the ventricular tissue as
described previously®®-%3, Ventricular tissue were then washed with Hanks’ balanced salt solution
buffer (HBSS; Life Technologies, Carlsbad, CA) and then incubated overnight (12 hr) at 4°C in a
1 mg/mL trypsin solution (Sigma Aldrich, Inc., Saint Louis, MO) dissolved in HBSS. After
incubation, the trypsin solution was neutralized with warm M199 culture media (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; ThermoFisher, Grand Island,
NY). The tissue was then washed four times with 1 mg/mL collagenase (Worthington Biochemical
Corporation, Lakewood, NJ) dissolved in HBSS. The isolated cell solutions were centrifuged at
1200 rpm for 10 min and resuspended in chilled HBSS, before being centrifuged again at 1200
rpm for 10 min. The cells were then resuspended in warm 10% FBS M199 culture media and
purified through three consecutive preplates. The final solution of cardiomyocytes were collected
and then seeded at the required densities with or without fibroblasts (Table 2.1). Cardiac fibroblasts
remaining within the preplates are kept and passaged once for experiments. The cardiac fibroblasts
were cultured in the same 10% FBS M199 culture media. The preplates were then passaged at 80-

100% confluency, using 0.05% Trypsin (Fisher Scientific, Hanover Park, IL). Once confluent, the
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cardiac fibroblasts were trypsinized, collected, counted, and seeded at the specified densities

(Table 2.1).
Stretcher Experiments

MechanoCulture FX-2 (CellScale, CDN), stretcher device, was used to apply cyclic stretch
to the cells. The actuator was programmed to execute manufacturer specified 15% uniaxial cyclic
stretch at 1 Hz for 48 hr. Seeding the stretcher followed a previously established protocol?*. Briefly,
the wells were initially washed and primed with Phosphate Buffered Saline (PBS, ThermoFisher,
Grand Island, NY). A 0.05mg/mL fibronectin solution was then added to each well (Fisher
Scientific, Hanover Park, IL) and incubated overnight at 4°C. The wells were washed once more
with PBS to remove excess fibronectin before adding a 300 pL solution of cells, culturing media,
and drug depending on the experimental condition. The cells were placed inside an incubator with
5% CO2 at 37°C for the duration of the experiment. After 30 min post seeding, the stretching
protocol was initiated at the specified 15% uniaxial cyclic stretch at 1 Hz for 48hr. At the 24 hr
time point, the media was changed with culture media with or without drugs depending on the
experimental condition. Once the whole 48 hr cycle was completed, the cells were then fixed and

immunostained.
Inhibiting intercellular junctions

To inhibit Connexin 40, Connexin 43, Connexin 45, and N-Cadherin intercellular
formations, 40Gap27 (sequence SPRTEKNVFIV), 37/43Gap27 (sequence SRPTEKTIFII),
45Gap27 (sequence SPRTEKTIFLL), and Anti-N-Cadherin antibody (Millipore Sigma, St. Louis,
MO) were used, respectively. Each of the peptides and the antibody were used at the concentrations

of 300 uM. The peptides and antibody where dissolved in 10% FBS M199 media. A solution with
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similar concentrations respective to each condition was used for the media change after the first

24 hr of stretch.

Fixing and Immunostaining

The cells were fixed with a solution of 4% paraformaldehyde (VWR, Radnow, PA) and
0.05% Triton X-100 (Sigma-Aldrich, Saint Louis, MO) for 15 min. Each well was washed three
times with PBS for 5 min after fixing. The cultures were then stained for nuclei (4,6-Diamidino-
2-Phenylindole Dihydrochloride, DAPI, ThermoFisher, Grand Island, NY), actin (Alexa Fluor 488
Phalloidin, ThermoFisher, Grand Island, NY), and sarcomeric a-actinin (Mouse Monoclonal Anti-
a—actinin; Sigma Aldrich, Inc., St. Louis, MO). The wells were then washed with PBS three times
to remove excess stain. Secondary staining was completed with goat anti-rabbit 1gG secondary
antibodies (Alexa Fluor 633, ThermoFisher, Grand Island, NY). The wells were once more washed
3 times with PBS to remove excess staining. Afterwards, the wells were punched out with a square
hole puncher and mounted onto glass microscope slides. ProLong Gold Antifade Mountant
(ThermoFisher, Grand Island, NY) was applied and a rectangular microglass coverslip was placed
on top to cover and seal the sample. Connexin 43 staining followed a similar protocol with just the
addition of primary Connexin 43 Antibody (Cell Signaling, Danvers, MA) and goat anti-Mouse

IgG secondary antibody (Cyanine5, ThermoFisher, Grand Island, NY).

Imaging and Data Acquisition

The samples were mounted at 90° and imaged with an I1X-83 inverted motorized
microscope (Olympus America, Center Valley, PA). Images were taken using an UPLFLN 40x oil
immersion objective (Olympus America, Center Valley, PA) and a digital CCD camera ORCA-

R2 C10600-10B (Hamamatsu Photonics, Shizuoka Prefecture, Japan). Ten fields of views
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randomly selected for each sample and imaged at 40x magnification (6.22 um/pixel). Connexin
43 images were obtained with the Olympus Fluoview FV3000 microscope (Olympus America,
Center Valley, PA) also using a UPLSAPO 40x silicone oil immersion objective (Olympus

America, Center Valley, PA).

Western Blotting

The western blot was done with a previously established protocol®*®°. Briefly, the cells
were washed with PBS once before they were exposed to a solution of RIPA lysis buffer and 1%
protease inhibitor (ThermoFisher, Grand Island, NY). Twenty micrograms of the collected lysis
solution was added to equal amounts of Laemmli buffer supplemented with 5% 2-mercaptoethanol
and boiled at 95°C for 10 min before loading into a well of 4-15% mini-PROTEANTM precast
gels (Bio-Rad, Hercules, California). When gel electrophoresis was completed, the proteins were
blotted onto nitrocellulose membranes using the iBlot dry blotting system (ThermoFisher, Grand
Island, NY). After electroblotting, the blots were blocked overnight at 4°C using 5% nonfat milk.
The blot was then stained for 1 hr at RT with Connexin 40 polyclonal antibody (ThermoFisher),
Connexin 43 antibody (Cell Signaling), 45 Polyclonal Antibody (ThermoFisher), and Monoclonal
Anti-N-Cadherin antibody (Sigma Aldrich) as primaries. After the first incubation with primaries,
TBST was used to wash the blots for 15 minutes before further incubation with horseradish
peroxidase—conjugated secondary for 1 hr at RT. The blots were washed once more with TBST
for 15 min after secondaries. For imaging, the blots were incubated in SuperSignal West Femto
Maximum Sensitivity Substrate (ThermoFisher, Grand Island, NY) for 5 min before imaging the

blot using Bio-Rad ChemiDoc XRS+ with Image Lab software.

Statistical Analysis
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To determine statistical significance, one-way analysis of variance (ANOVA) with
Tukey’s Test was performed in Python 3.7.7 using the module, statsmodels. A p-value less than

0.05 was considered significant.

Cell Type Classifier

Development of the image classification pipeline, nuclei segmentation and cell type
classification, and cell type orientation analysis was done by Tessa Altair Morris*, while in the

laboratory of Anna Grosberg, Ph.D. at the University of California, Irvine.
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Figure 2.4 Intercellular junction western blots. (A) Western blot of three different
experimental runs (Sample 1, 2, and 3) showing expression of each protein with (Drug) and
without drugs (Ctrl).
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CHAPTER 3

The Effect of Cyclic Strain on Human Fibroblasts with Lamin A/C
Mutations and Its Relation to Heart Disease?

ABSTRACT

Although mutations in the Lamin A/C gene (LMNA) cause a variety of devastating diseases,
the pathological mechanism is often unknown. Lamin A/C proteins play a crucial role in forming
a meshwork under the nuclear membrane, providing the nucleus with mechanical integrity and
interacting with other proteins for gene regulation. Most LMNA mutations result in heart diseases,
including some types that primarily have heart disease as the main pathology. In this study, we
used cells from patients with different LMNA mutations that primarily lead to heart disease.
Indeed, it is a mystery why a mutation to the protein in every nucleus of the body manifests as a
disease of primarily the heart in these patients. Here, we aimed to investigate if strains mimicking
those within the myocardial environment are sufficient to cause differences in cells with and
without the LMNA mutation. To test this, a stretcher device was used to induce cyclic strain upon
cells, and viability/proliferation, cytoskeleton and extracellular matrix organization, and nuclear
morphology were quantified. The properties of cells with Hutchinson-Gilford progeria syndrome
were found to be significantly different from all other cell lines and were mostly in line with
previous findings. However, the properties of cells from patients that primarily had heart diseases

were not drastically different when compared to individuals without the LMNA mutation. Our

2 Tran, Richard D.H. et al. (2020) Journal of Biomechanical Engineering
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results indicated that cyclic strain alone was insufficient to cause any significant differences that

could explain the mechanisms that lead to heart diseases in these patients with LMNA mutations.

Keywords: Lamin A/C, laminopathies, cyclic strain, heart mechanics, heart disease

INTRODUCTION

Genetic mutations that affect cellular functions and properties, potentially develop into
detrimental diseases in the body. One gene that is known to lead to pathologies, when mutated, is
the Lamin A/C gene (LMNA) [1, 2]. Lamin A and C, A-type lamins encoded by LMNA, are type
V intermediate filament proteins present in all nucleated somatic cells in the body [3]. These
proteins form a supportive meshwork, known as the nuclear lamina, that provides mechanical and
structural support for the nuclear envelope [4]. In addition, A-type lamins interact with
nucleoplasm and chromatin proteins allowing them to take part in both gene regulation and
mechanical signaling [5-7]. Mutations to LMNA have been linked to a wide range of diseases,
referred to as laminopathies, affecting multiple tissues and organs systems within the body [1, 2].
Though each mutation variant may affect different parts of the body, most laminopathies are
known to be associated with some form of heart disease [1, 2]. Indeed, there are also LMNA
mutations which primarily lead to heart diseases with no other detrimental pathologies [8-10].
Given that A-type lamins are found in every nucleated cell throughout the body, it is unclear why

the heart is specifically vulnerable to the LMNA mutation.

Mutations in A-type lamins are known to make cells vulnerable to mechanical
perturbations due to the decrease in stiffness and stability of the nuclear lamina [11-14]. For
example, an impaired nuclear lamina can result in a loss of cell viability and functionality,

especially in mechanically stressed tissues [12]. Indeed, when static strain was applied to cells
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with the mutation, increased deformability of the nuclear envelope and a higher percentage of
dysmorphic nuclei were observed [12, 13, 15]. Although many parts of the body are exposed to
strains, only the heart is subjected to repeated ~1 Hz contractions over a lifetime. Thus,
cardiomyocytes are uniquely exposed to non-stop cyclic strain which has not yet been investigated
for its effects on cells with the LMNA mutation. If the consequences are similar to those observed

in static strain, cardiomyocyte functionality and heart activity may also be negatively affected.

To understand the mechanisms leading to heart diseases in laminopathies, we investigated
if strains mimicking those in myocardial environment alone are sufficient to demarcate cells with
and without the LMNA mutation. To study this, skin biopsies were taken from patients with LMNA
mutations who primarily exhibited heart disease [8-10]. In addition, these were compared to cells
from healthy individuals with no mutations and from a patient with Hutchinson-Gilford progeria
syndrome (HGPS). Fibroblasts were specifically used as they were observed in a previous study
to have functional pathologies in vitro [16] and are not normally subjected to cyclic strain. By
subjecting these non-stretching cells to cyclic strain and observing the consequences on the nuclei,
we can better clarify the role of dynamic mechanical strain in causing heart diseases. Thus, a
monolayer of cells was uniaxially and cyclically stretched with magnitudes similar to the heart to
investigate the effects on cell viability/proliferation, cytoskeleton and extracellular matrix
organization, proportion of dysmorphic nuclei, and nuclear shape [17]. These experiments allowed
us to address how the myocardial environment affects cells with the LMNA mutation and determine
if the observed results were sufficient to explain pathways that lead to heart diseases in

laminopathies.

METHODS
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Skin Fibroblast Acquisition

Informed consent was obtained and approved by UC Irvine Institutional Review Board
(IRB# 2014-1253) for this study. Skin fibroblasts were collected from three families with different
LMNA mutations: Family A having three individuals with the heterozygous LMNA splice-site
mutation (c.357-2A>G) [8], Family B having three individuals with the heterozygous LMNA
nonsense mutation (c.736 C>T, pQ246X) in exon 4 [9], and Family C having three individuals
with the heterozygous LMNA missense mutation (c.1003C>T, pR335W) in exon 6 [10]. In
addition, for each family, fibroblasts were collected from three age and gender matched individuals
without the mutation to serve as related negative controls. Unrelated negative control fibroblasts,
referred to as donor cells, were purchased from Lonza (catalog# CC-2511) and Coriell (catalog#
ND31845, AG14284). HGPS fibroblasts with a heterozygous LMNA G608G point mutation were
obtained from Coriell Institute for Medical Research (Camden, New Jersey: catalog #AG11513)
to serve as a positive control [18]. The individuals with LMNA mutations from the families were
referred to as Patients. Negative Controls included individuals without mutations from the three
families and the donors. For nomenclature, patient (P), control (C), or donor (D) are followed by

the family designator (A, B, or C) and the preassigned number of the individual (1, 2, 3, or 4).

Cell Culture

All cell lines were expanded to passage 16 for these experiments. Cells were cultured in
media consisting of Minimum Essential Media (MEM, ThermoFisher, Grand Island, NY), 10%
Fetal Bovine Serum (FBS, ThermoFisher, Grand Island, NY), and 1% Hyclone Antibiotics
Antimycotic solution (AB, GE Life Sciences, Utah). Cells were passaged at 80-100% confluency,

using 0.05% Trypsin (Fisher Scientific, Hanover Park, IL).
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Stretcher Experiments

MechanoCulture FX-2 (CellScale, CDN), stretcher device, was used for all experiments.
The actuator was programmed to execute manufacturer specified 15% uniaxial cyclic stretch at 1

Hz for 24 hours or 20% uniaxial cyclic stretch at 1 Hz for 72 hours depending on the experiment.

The wells were first washed with Phosphate Buffered Saline (PBS, ThermoFisher, Grand
Island, NY). A 0.05 mg/mL fibronectin solution was then added to each well (Fisher Scientific,
Hanover Park, IL) followed by a two-hour incubation for the adhesion of an isotropic fibronectin
monolayer to the silicone well bottoms. After being washed with PBS to remove excess
fibronectin, a 300 L solution of 2.0x10° cells and culturing media was then seeded into each well
and allowed to incubate for 24 hours. After incubation, media was changed to a maintenance media
consisting of MEM, 2% FBS, and 1% AB to maintain confluency. The stretcher device was then
initiated with the desired stretching protocol and placed inside an incubator with 5% CO2 at 37°C
for the duration of the experiment. For the 72-hour experiments, maintenance media was changed

every two days.

Fixing and immunofluorescent staining

The cells were fixed with a solution of 4% paraformaldehyde (VWR, Radnow, PA) and
0.05% Triton X-100 (Sigma-Aldrich, Saint Louis, MO). Once fixed, the cultures were stained for
nuclei (4,6-Diamidino-2-Phenylindole Dihydrochloride, DAPI, ThermoFisher, Grand Island, NY),
actin (Alexa Fluor 488 Phalloidin, ThermoFisher, Grand Island, NY), and fibronectin (polyclonal
rabbit anti-human fibronectin, Sigma-Aldrich, Saint Louis, MO). Secondary staining was done for
fibronectin using goat anti-rabbit 1gG secondary antibodies (Alexa Fluor 750, ThermoFisher,
Grand Island, NY). Afterwards, the wells were punched out with a commercially purchased metal
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square hole puncher as high-resolution images could not be obtained through the membrane. The
punched-out wells were flipped, mounted onto glass microscope slides with ProLong Gold
Antifade Mountant (ThermoFisher, Grand Island, NY), and sealed with clear nail polish around

the edges.

Imaging and Data Acquisition

The samples were imaged with an 1X-83 inverted motorized microscope (Olympus
America, Center Valley, PA). Images were taken using an UPLFLN 40x oil immersion objective
(Olympus America, Center Valley, PA) and a digital CCD camera ORCA-R2 C10600-10B
(Hamamatsu Photonics, Shizuoka Prefecture, Japan). Ten fields of views randomly selected for

each sample and imaged at 40x magnification (6.22 um/pixel).

MATLAB Analysis

A custom written MATLAB code was used to classify nuclei as normal or dysmorphic and
measure nuclear properties [16]. Aspect ratio and area were also simultaneously calculated by the
code during the process. Additionally, another in-house set of MATLAB codes were used to

quantify the orientation order parameter (OOP) of actin and fibronectin [19].

Statistical Analysis

Unless otherwise specified, statistical analysis was done using analysis of variance
(ANOVA) one-way testing with Tukey’s method. For non-parametric variables (i.e. nuclei
defectiveness), the Kruskal Wallis tests was used followed by Dunn's multiple comparison test.
Significance was defined as having a p-value of less than 0.05. Sample sizes for density, OOP, and

percentage of defective nuclei were the number of individual wells for each group. Sample sizes
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for area and aspect ratio were the total number of individual nuclei for each group. A secondary
statistical analysis was also done for area and aspect ratio where sample sizes were the individual
patients. A summary of the sample sizes of each statistically tested group and the respective

statistical tests for each quantification can be found in Tables 3.1 & 3.2.

RESULTS

Dynamic mechanical stimulation is one of the obvious differences between heart and other
tissues in the body. To determine if cyclic strain alone is sufficient to cause issues, fibroblasts from
cell lines with a LMNA mutation were exposed to simplified myocardial-like strains, 15% strain at
1 Hz for 24 hours. Cells with known LMNA mutations leading primarily to heart disease (Patients),
cells without LMNA mutations (Negative Controls), and HGPS cells (Positive Control) were

cyclically stretched and analyzed for cell viability and cytoskeleton morphology.

Quantifying cell viability/proliferation and matrix organization

To determine if viability/proliferation is affected by cyclic stretching, nuclei were stained
after both static and stretch protocols (Figure 3.1A(i-ii)). As the cells were seeded at 2.0x10°
cells/well for all conditions, the final density quantified from the nuclei stain is a measure of the
combined viability and proliferation potential. Compared to both Patients and Negative Controls,
the Positive Control generally exhibited a lower cell density (Figure 3.1A(iii)). However,
cyclically stretching the cells did not induce a change in viability/proliferation in either Patient or
Positive Control groups. Interestingly, Patients cells also did not have a compromised cell
viability/proliferation compared to the Negative Controls (Figure 3.1A(iii)). To quantify the effects
of the LMNA mutation on the cytoskeleton and the extracellular matrix, orientation order parameter

(OOP) was used as a measurement of organization for actin (Figure 3.1B) and fibronectin (Figure
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3.1C) [19]. Without stretch, the tissues and underlying extracellular matrix remained isotropic (low
OOP) with no differences observed in actin or fibronectin organization for all groups (Figure
3.1B(iii) & 3.1C(iii), purple bars). Conversely, cyclic stretching induced organization (high OOP)
in both the tissues and the underlying fibronectin (Figure 3.1B(iii) & 3.1C(iii), yellow bars).
Interestingly, in the Positive Control, actin and fibronectin were less organized post-stretch when
compared to Negative Controls (Figure 3.1B(iii) & 3.1C(iii)). Yet, there were no differences
observed in either actin or fibronectin organization between Patients and Negative Controls

(Figure 3.1B(iii) & 3.1C(iii)).

Subtle effects of cyclic strain on nuclear morphology

To further assess if cells with LMNA mutations are vulnerable to cyclic strain, nuclear
morphology was examined. Nuclei were automatically detected, categorized, and measured for
morphological properties using custom software [16]. To determine if cells with the LMNA
mutation are more vulnerable to deformities by cyclic strain, the percentage of defective nuclei
was calculated in both static and stretch conditions (Figure 3.2A). The nuclei of Positive Control
cells were found to be generally more defective than Patients and Negative Controls for both
conditions (Figure 3.2B). However, no differences were found between Patients and Negative
Controls in any of the conditions (Figure 3.2B). Interestingly, exposing cells to cyclic stretch did

not increase the percentage of defective nuclei for any of the groups (Figure 3.2B).

For a more detailed analysis, the aspect ratio (Figure 3.2C) and area (Figure 3.2D) of the
nuclei were measured. Aspect ratio, a measure of eccentricity, is one for perfectly circular nuclei
(Figure 3.2C(iii), left) and less than one for elongated nuclei (Figure 3.2C(iii), right). Each

variation of the LMNA mutation responded differently to cyclic strain (Figure 3.2C(i-ii)). The

38



nuclei of the Patients A group were more elongated compared to the Negative Controls in both
static and stretch conditions (Figure 3.2C(i-ii)). In contrast, Patients C nuclei showed less
elongation in general while Patient B nuclei showed no significant differences when compared to
the Negative Controls (Figure 3.2C(i-ii)). As expected, Positive Control nuclei were the least
elongated amongst all cell lines for both static and stretch conditions (Figure 3.2C(i-ii)) [16]. For
nuclear area, cells with different LMNA mutations also exhibited varying responses (Figure 3.2D(i-
i1)): Nuclei ranged from small (Figure 3.2D(iii), left) to large (Figure 3.2D(iii), right) areas for
both static and stretch conditions. Though when summarized, Patients A and B groups did not
show a change in nuclear area post-stretch while the Patients C group significantly increased in
response to stretching (Figure 3.2D(i-ii)). In addition, the Patients B group showed no differences
when compared to the Negative Controls in the static and stretch conditions, unlike both Patients
A and C groups (Figure 3.2D(i-ii)). Similar to aspect ratio, Positive Control had the greatest nuclear
area post-stretch compared to all Patient groups and Negative Controls (Figure 3.2D(i-ii)). When
both area and aspect were compared by pooling individual patients instead of all patients and
coverslips, many significances resulting from large sample sizes were removed. The Patients A
group still had significantly more elongated nuclei when compared to the Patients C group and
Negative Controls (Figure 3.2C(i), green lines). For area, only the Patients C group maintained a
significant increase in nuclear area post-stretch (Figure 3.2D(i), green lines). Unlike all of the other
cell-lines, upon exposure to cyclic stretching, the Patients C group exhibited a combination of
nuclear area and aspect ratio changes indicating that either the nuclear volume increases or the

height of the nuclei decreases in the Patients C group (Figure 3.6).
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Consequences of exposure to extensive cyclic strain

The choice to expose fibroblasts to 24 hours of strain was dictated by experimental
convenience, but it can be argued that one day or normal 15% strain is an insufficient amount of
time and/or stretch to cause LMNA mutation driven changes. We therefore cultured matched
Patient and Negative Control cell lines for 72 hours while exposing the cells to a higher strain. As
a result of applying cyclic strain for 72 hours, Patient Al cells (PAl), unlike Control Al cells
(CALl), showed decreased viability/proliferation (Figure 3.3B, yellow bars). Yet, neither CA1 nor
PAL showed increased amounts of defective nuclei as a result of longer exposure times to cyclic
strain (Figure 3.3C). To further examine the effects of prolonged cyclic stretching, organization of
tissues and underlying extracellular matrix were examined along with nuclear morphology (Figure
3.3D-G). Indeed, as observed in the 24-hour experiment, tissues remained isotropic with no
differences in actin or fibronectin organization for all groups without stretching (Figure 3.3D &
3.3E, purple bars). Correspondingly, the presence of the 72-hour cyclic strain increased
organization in actin and fibronectin for both CA1 and PA1 as it did for the 24-hour experiment
(Figure 3.3D & 3.3E, yellow bars). For nuclear morphology, only subtle differences were observed
among both individuals under all exposure conditions (Figure 3.3F & 3.3G). In addition, unlike
CAL, exposure to cyclic strain did not induce an increase in nuclear area for PA1 from static to

stretch conditions (Figure 3.3G, matching patterns of purple bars to yellow bars).

DISCUSSION

In this work, we examined if simplified myocardial-like strains are sufficient to induce a

difference between cells with and without LMNA mutations. To achieve this, human fibroblast
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lines were assessed for cytoskeleton and extracellular matrix organization, nuclear morphology,

and viability after being exposed to uniaxial cyclic strain.

In analyzing the results, it is useful to note several differences between the dynamic
mechanical environment inside the myocardium and on the planar silicon membranes. In the
myocardium, with cells oriented in varying circumferential and longitudinal directions, at peak
systole, a range of measured circumferential, radial, and longitudinal strains have been reported as
-23 t0 -10%, 30 to 47%, -23 to 0% respectively [20-29]. In contrast, uniaxial strains, similar to in
vitro models [30-32] and a significant simplification of the myocardial environment, were used to
generated data for Figure 3.1-3.3. Additionally, there are known differences between
cardiomyocytes and fibroblasts in their responses to strain; cardiomyocytes organize parallel to
the direction of strain while fibroblasts organize orthogonally (Figure 3.5) [33-35]. Consequently,
after the cells had organized (within two hours), stretching exposed fibroblasts to strains
orthogonal to their cytoskeleton, which is different from the strains experienced by cells in the
myocardium. Given that cyclic strain is suspected to be an important factor in LMNA mutation
driven pathologies in the heart, these differences of how fibroblasts are exposed to strains should

be considered when interpreting the results of these experiments.

The number of dysmorphic nuclei and viability/proliferation were first evaluated to see
how strains similar to those within the myocardium affect cells with and without LMNA mutations.
For our experiments, as the initial density was the same for all cell lines, the final density after
each culturing period was used as a representative measure of viability/proliferation. If the results
had shown significant differences between any of the experimental groups involving the Patients
and Negative Controls, it would have been interesting to distinguish between viability and

proliferation with either a live/dead viability assay or fluorescence activated cell sorting to assess
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the number of apoptotic cells. However, as there were no significant differences in these
experiments the groups, the measurement viability/proliferation is sufficient. Furthermore, the
number of dysmorphic nuclei was defined as the number of irregularly shaped nuclei instead of
nuclei with blebbing since the former more frequently leads to nuclear membrane rupturing and
consequentially DNA damage [36]. From previous literature, both Lamin A/C knockout (Lmna™)
and lamin C-only expression (Lmna-C®"-c%) mouse embryonic fibroblasts (MEFs) were found to
have significantly higher amounts of irregular shaped nuclei compared to those with normal LMNA
expression [12, 13, 36]. Similarly, our experiments using human fibroblasts with HGPS, one of
the more severe variation of LMNA mutations, had significantly higher amounts of dysmorphic
nuclei compared to Negative Controls (Figure 3.2B). Patients, known to have only one mutated
LMNA allele [8-10], might be comparable to heterozygous Lamin A/C knockout (Lmna*") MEFs
[13]; both exhibited no significant increase in the number of dysmorphic nuclei when compared
to their negative controls (Figure 3.2B and [13], respectively). For viability, Lammerding et al.
quantified the number of apoptotic cells for MEFs with different LMNA mutations. Both
Lmna” and Lmna-“®"-c® MEFs had similar viabilities compared to MEFs with normal LMNA
expression, but when subjected to biaxial cyclic stretch, only the former had decreased viability
[13]. In our experiments, HGPS had significantly lower cell viability compared to the Negative
Controls in static conditions, but this was not exacerbated when cells were subjected to uniaxial
cyclic stretching (Figure 3.1A(iii)). For both Patients and Lmna*- MEFs, viability was not
compromised or affected by cyclic stretching (Figure 3.1A(iii) and [13], respectively). The minor
discrepancies seen in cell viability between our results and previous literature might be caused by
not only the varying LMNA mutations in Patients, but also the differences between uniaxial and

biaxial cyclic stretching. Although there is a disparity between external stretching, our

42



experiments, versus the strains applied to the nucleus within the cardiomyocytes, overall our
results were mostly in line with what was expected from LMNA knockout mouse experiments [12,

13, 36].

To further examine LMNA mutations and their relation to heart diseases, nuclear
morphology, cytoskeleton organization, and extracellular matrix organization were compared
amongst the groups after exposure to cyclic stretching. As expected from previous literature [33-
35], uniaxial cyclic stretching induced actin and fibronectin organization for all cell lines (Figure
3.1B(iii) & C(iii)). Predictably, since HGPS patients have severe skin abnormalities, HGPS cells
had less organization post-stretch when compared to Negative Controls (Figure 3.1B(iii) & C(iii)).
Interestingly, there were no differences in organization amongst Patients and Negative Controls
for either static or stretch conditions (Figure 3.1B(iii) & C(iii)). When area and eccentricity were
examined in previous literature, similar trends were observed where HGPS cells and Lmna” MEFs
were rounder with nuclear areas comparable to their respective negative controls [12, 37, 38].
Indeed, for our experiments HGPS cells were also observed to be rounder and have similar sized
nuclei when compared to Negative Controls (Figure 3.2C(i-ii) & D(i-ii)). For Patient groups, the
inconsistencies seen amongst them may suggest that different mutations may have their own subtle

and diverse effects on the mechanical properties of the nucleus as seen in Figure 3.6 [8-10].

The direct mechanisms of how the LMNA mutation affects cells and their nuclei are still
largely unknown. However, it is possible that the mutation can have an effect on the cytoskeleton,
and in turn, cellular morphology, which has been observed to influence nuclear shape and
positioning [39, 40]. While the tissue characterization performed in our experiments does not
provide direct measurements of cell morphology (Figure 3.2B), the lack of changes in actin

organization in the three families compared to the negative controls suggests that cell morphology
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is not likely to be the cause of the subtle differences found between the nuclear shapes in the three
families (Figure 3.2C(i-ii) & D(i-ii), Figure 3.6). However, the possibility remains that there are
subtle cell shape differences that could affect cell-lines with a mutation, which could be further
investigated in the future with single cell experiments or by specifically staining for cell membrane

proteins.

For each patient, it was also determined in a previous study that the amount of dysmorphic
nuclei is negatively correlated to the age at which heart disease symptoms are first presented [16].
Thus, it was uncertain if subjecting these cell lines to cyclic stretching for just one day was
adequate to induce disease-causing differences that take years to develop within these patients.
Therefore, additional strain experiments were conducted on a patient cell line (PA1) with an early
presentation age and the corresponding related control (CAl) to examine the effects of longer
exposure times. When the percentage of defective nuclei was quantified, no significant changes
were observed after prolonged exposure to cyclic strain for either CA1 or PAL (Figure 3.3C).
However, PA1 did exhibit a loss in viability/proliferation after 72 hours of higher magnitude cyclic
stretching when compared to the 24-hour condition, but it only decreased to levels similar to CAl
(Figure 3.3B, hatch bars). While applying higher strains may induce a greater response, it is beyond
the physiological strain ranges, 10 to 20% [30-32], and thus the scope of this manuscript.
Altogether, increasing exposure time to cyclic stretching and the strain to peak intensities within
the physiological range did not deviate our findings greatly from the shorter experiments and

results of previous publications.

Regardless of exposure time, cyclic strain was found to be insufficient to consistently affect
the number of defective nuclei, nuclear morphology, viability, and cytoskeleton and extracellular

matrix organization. Unlike HGPS individuals, cells from Patients with primarily heart pathologies
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just exhibited subtle differences in nuclear morphology, but they were not drastically different
compared to cell lines with normal LMNA genotype. Thus, simple cyclic strains in fibroblasts
within the physiological ranges of strain was insufficient to promote differences that would explain

pathways leading to the main pathology of heart disease in these patients with LMNA mutations.
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FIGURE CAPTION LIST

Figure 3.1 Consequences of cyclic strain on cell viability/proliferation and organization. (A)
(i-if) Example images of nuclei stained with DAPI (blue); (iii) Cell density estimated by
nuclei count. (B) (i-ii) Example images of actin stained with Phalloidin (green); (iii)
Quantification of actin organization. (C) (i-ii) Example images of samples stained for
fibronectin (red); (iii) Quantification of extracellular matrix organization. (A-C) Scale bar:
25 um; (1) Stains in the static condition; (ii) Stains in the stretch condition with black arrows
indicating the direction of stretch; (iii) Connecting lines represent significances within
conditions and between corresponding groups (p<0.05); Sample sizes listed within the

bars. Summary of statistical analysis and sample sizes found in Table 3.1.

Figure 3.2 Consequences of cyclic strain on nuclear morphology. (A) Automatic nuclei
detection, classification, and measurement of nuclear properties; nuclei are designated as
defective (red) and normal (green) [16]. (B) Percent of defective nuclei; Sample size is the
number of individual coverslips (#c.s.); Error bars represent the standard error of the mean;
Connecting black lines represent significances between corresponding groups (p<0.05).
(C-D) (i) Summary of aspect ratio (C) and area (D); Sample sizes: total nuclei number (n)
and number of patients (#p); Error bars represent standard deviation calculated for nuclei
by pooling all coverslips and patients (black) or individual patients (green); Green lines
represent significances analyzed by individual patients (p<0.05); (ii) Significance matrix
of (i) for individual nuclei, i.e., black error bars, with red numbers corresponding to the
respective labeled group in plot; (iii) Example nuclei with a high aspect ratio or small area

(left) and a low aspect ratio or large area (right). All scale bars: 25 um. Summary of

49



statistical analysis and sample sizes found in Table 3.1. Data presented for separate

individuals is plotted in Figure 3.4.

Figure 3.3 Exposure to extensive cyclic strain and its effects. (A) Summary of the three different
cyclic stretching regimes/experiments; Insert scale bar: 25um. (B) Cell density estimated
by nuclei count. (C) Percent of defective nuclei; Error bars represent the standard error of
the mean. (D) Quantification of actin organization. (E) Quantification of extracellular
matrix organization. (F) Summary of aspect ratio for all nuclei in each experiment. (G)
Summary of nuclear area for all nuclei in each experiment. (B-G) Static data shown in
purple and stretched data in yellow; Patterns: solid bars for 24 hours of 15% cyclic strain
and hatch bars for 72 hours of 20% cyclic strain; Significance matrixes of corresponding
bars labeled in red (grey boxes p<0.05, white boxes p>0.05); Sample sizes denoted in white
within bars. (B, D-G) Error bars represent the standard deviation. Summary of statistical

analysis and sample sizes found in Table 3.2.
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FIGURES
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Figure 3.1 Consequences of cyclic strain on cell viability/proliferation and organization. (A)
(i-if) Example images of nuclei stained with DAPI (blue); (iii) Cell density estimated by nuclei
count. (B) (i-if) Example images of actin stained with Phalloidin (green); (iii) Quantification of
actin organization. (C) (i-ii) Example images of samples stained for fibronectin (red); (iii)
Quantification of extracellular matrix organization. (A-C) Scale bar: 25 um; (i) Stains in the static
condition; (ii) Stains in the stretch condition with black arrows indicating the direction of stretch;
(i) Connecting lines represent significances within conditions and between corresponding groups
(p<0.05); Sample sizes listed within the bars. Summary of statistical analysis and sample sizes
found in Table 3.1.
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Figure 3.2 Consequences of cyclic strain on nuclear morphology. (A) Automatic nuclei
detection, classification, and measurement of nuclear properties; nuclei are designated as defective
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(red) and normal (green) [16]. (B) Percent of defective nuclei; Sample size is the number of
individual coverslips (#c.s.); Error bars represent the standard error of the mean; Connecting black
lines represent significances between corresponding groups (p<0.05). (C-D) (i) Summary of aspect
ratio (C) and area (D); Sample sizes: total nuclei number (n) and number of patients (#p); Error
bars represent standard deviation calculated for nuclei by pooling all coverslips and patients
(black) or individual patients (green); Green lines represent significances analyzed by individual
patients (p<0.05); (ii) Significance matrix of (i) for individual nuclei, i.e., black error bars, with
red numbers corresponding to the respective labeled group in plot; (iii) Example nuclei with a high
aspect ratio or small area (left) and a low aspect ratio or large area (right). All scale bars: 25 pm.
Summary of statistical analysis and sample sizes found in Table 3.1. Data presented for separate
individuals is plotted in Figure 3.4.
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Figure 3.3:
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Figure 3.3 Exposure to extensive cyclic strain and its effects. (A) Summary of the three different
cyclic stretching regimes/experiments; Insert scale bar: 25um. (B) Cell density estimated by nuclei
count. (C) Percent of defective nuclei; Error bars represent the standard error of the mean. (D)
Quantification of actin organization. (E) Quantification of extracellular matrix organization. (F)
Summary of aspect ratio for all nuclei in each experiment. (G) Summary of nuclear area for all
nuclei in each experiment. (B-G) Static data shown in purple and stretched data in yellow; Patterns:
solid bars for 24 hours of 15% cyclic strain and hatch bars for 72 hours of 20% cyclic strain;
Significance matrixes of corresponding bars labeled in red (grey boxes p<0.05, white boxes
p>0.05); Sample sizes denoted in white within bars. (B, D-G) Error bars represent the standard
deviation. Summary of statistical analysis and sample sizes found in Table 3.2.
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SUPPLEMENTARY FIGURE CAPTION LIST

Figure 3.4 Nuclear morphology of individual cell lines in response to cyclic stretching. (A)
(i) Summary of aspect ratio for all nuclei in each group; (ii) Significance matrix with red
numbers corresponding to the respective labeled group in plot. (B) (i) Summary of area
for all nuclei in each group; (ii) Significance matrix with red numbers corresponding to

the respective labeled group in plot.

Figure 3.5 Organizational directors of actin and fibronectin. (A) Quantification of both actin
and extracellular matrix organizational directors of stretched cells; Stretch is along 0°; No

significances found (all p>0.05); Sample sizes denoted in within bars.

Figure 3.6 Cell height ratio of individual families. (A) The nuclei height ratio between the
stretch and static conditions derived from area and aspect ratio (Figure 3.2C & 32D) for
each family based on the assumption that nuclei, as ellipses, have constant volume. The
inverse of this ratio represents the nuclei volume ratio between the stretch and static
conditions when assuming constant nuclear height. Connecting lines represent
significances within conditions and between corresponding groups (p<0.05); Sample sizes

listed within the bars.
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SUPPLEMENTAL FIGURES

Figure 3.4:
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Figure 3.4 Nuclear morphology of individual cell lines in response to cyclic stretching. (A) (i)
Summary of aspect ratio for all nuclei in each group; (ii) Significance matrix with red numbers
corresponding to the respective labeled group in plot. (B) (i) Summary of area for all nuclei in each
group; (i) Significance matrix with red numbers corresponding to the respective labeled group in
plot.
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Figure 3.5:
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Figure 3.5 Organizational directors of actin and fibronectin. (A) Quantification of both actin
and extracellular matrix organizational directors of stretched cells; Stretch is along 0°; No
significances found (all p>0.05); Sample sizes denoted in within bars.
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Figure 3.6
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Figure 3.6 Nuclei height ratio of each family. (A) The nuclei height ratio between the stretch
and static conditions derived from area and aspect ratio (Figure 3.2C & 3.2D) for each family
based on the assumption that nuclei, as ellipses, have constant volume. The inverse of this ratio
represents the nuclei volume ratio between the stretch and static conditions when assuming
constant nuclear height. Connecting lines represent significances within conditions and between
corresponding groups (p<0.05); Sample sizes listed within the bars.
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TABLE CAPTION LIST

Table 3.1: Summary of sample sizes of statistically tested groups.

Table 3.2: Summary of sample sizes of statistically tested groups for 72-hour experiments.
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TABLES

Table 3.1 Summary of sample sizes of statistically tested groups.

I. Metric 1. 1. 1V. Compiled V. VL. VII. Test &
Experimental Condition Number of Number of Number of Sample Size
Groups Nuclei Coverslips Individuals Used
Patients Static 14629 95 9
Stretch 15065 102 ANOVA
Density Negative Static 17492 112 10 _
Controls Stretch 16450 118 Coverslips
Positive Static 5789 46 1 (Column V)
Controls Stretch 5751 46
Patients Static 94
Stretch N/A 101 9 ANOVA
Actin Negative Static N/A 112 10
OOP Controls Stretch 117 Coverslips
Positive Static 47 (Column V)
Controls Stretch N/A 47 1
Patients Static 81
Stretch N/A 88 9 ANOVA
Fibronect Negative Static N/A 102 10
in OOP Controls Stretch 107 Coverslips
Positive Static 41 (Column V)
Controls Stretch N/A 41 .
Patients Static 5823 94 9 Kruskal-Wallis &
% _ Stret_ch 5832 102 Dunn’s Mpltiple
Defective Negative Static 7687 112 10 Comparison
Nuclei Con_tr_ols Stret_ch 7595 117 _
Positive Static 3059 46 1 Coverslips
Controls Stretch 2921 46 (Column V)
Patients A Static 738 33 3
Stretch 1012 40
Patients B Static 2445 30
Aspect _ Stretch 2480 30 3 ANOVA
Ratio & Patients C Statlch 2640 31 3 Nuclei (Column
Area . Stretc 2340 32 IV/) & Individuals
Negative Static 7687 112 10 (Column V1)
Controls Stretch 7595 117
Positive Static 3059 46 1
Controls Stretch 2921 46
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Table 3.2 Summary of sample sizes of statistically tested groups for 72-hour experiments.

l. Metric . 1. IVV. Compiled V. VI. Test &
Experimental Condition Number of ~ Number of Sample Size
Groups Nuclei Coverslips Used
Control Al Static 2513 14
Stretch 2390 18
Control Al Static 2602 16 ANOVA
Density (72 Hours) Stretch 1713 13
. Static 2108 12 Coverslips
Patient AL gyretch 2922 18 (Column V)
Patient Al Static 2293 13
(72 hours) Stretch 1839 15
Control Al Static 14
Stretch N/A 18
Control Al Static N/A 16 ANOVA
Actin (72 Hours) Stretch 13
OOP . Static 12 Coverslips
Patient Al Stretch NIA 18 (Column V)
Patient Al Static N/A 13
(72 hours) Stretch 15
Control Al Static 6
Stretch NIA 10
Control Al Static N/A 16 ANOVA
Fibronect (72 Hours) Stretch 13
in OOP . Static 6 Coverslips
Patient Al Stretch NIA 12 (Column F\)/)
Patient Al Static N/A 13
(72 hours) Stretch 15
Control Al Static 267 14
Stretch 358 18 Kruskal-Wallis &
% Control Al Static 1554 16 Dunn’s Multiple
. (72 Hours) Stretch 1080 13 Comparison
Defective :
Nuclei Patient Al Static 292 12 .
Stretch 519 18 Coverslips
Patient Al Static 1368 13 (Column V)
(72 hours) Stretch 1223 15
Control Al Static 267 14
Stretch 358 18
Aspect Control Al Static 1554 16 ANOVA
Ratio & (72_ hours) Stret_ch 1080 13 _
Area Patient Al Static 292 12 Nuclei (Column
Stretch 519 18 1V)
Patient Al Static 1368 13
(72 hours) Stretch 1223 15
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CHAPTER 4

CONCLUSION AND FUTURE WORKS

The heart can be vulnerable to a variety of diseases throughout a lifetime. However, due to
the complexity of the heart, it is difficult to study these diseases and the possible treatment options.
Thus, in vitro models are needed to recapitulate the heart in a simpler platform where it is possible
to examine the cardiac mechanisms methodically and thoroughly. In this thesis, we addressed this
necessity by utilizing a combination of engineering approaches to recapitulate the myocardial
environment in vitro in order to facilitate the investigation of how healthy or pathological hearts
develop or remodeled.

The heart has a unique mechanical environment that is contributed by its unique cells and
structure. In Chapter 2, we combined the unique cellular composition and the dynamic mechanical
environment of the heart into an in vitro experimental platform in order to understand vital cardiac
processes such as cardiac remodeling and repair. The results indicated that cardiomyocytes and
fibroblasts, two of the most abundant cell types in the heart, can influence the organization of one
another in co-cultures depending on the seeding densities?. Additionally, we were able to replicate
the organization found in healthy tissue and fibrotic heart tissue with these densities. Furthermore,
we examined if intercellular junctions that mechanically and electrically couple cells to one
another were potentially a factor that could play an influential role in controlling fibroblast and
cardiomyocyte alignment in the heart*-°. However, when we inhibited these junctions in all of
the co-cultures of densities, there were no differences in the organization when compared to
controls. This suggests that these junctions do not play a dominant role in influencing the
organization of tissue in our experiments. Overall, from this work, we contributed to the
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understand of how cells organize in the heart while providing working densities to create in vitro
models of healthy or fibrotic heart tissue.

Though our experiments successfully captured and replicated the organization found in
healthy and fibrotic heart tissue, there are several differences between our cultures and the
myocardial environment in vivo. The density at which organization resembling that of healthy
heart tissue in our experiments occurred when cardiomyocytes occupied approximately 80% of
the culture. In contrast, in the ventricles of the heart, there is twice the amount of cardiomyocytes
when compared to fibroblasts!®2. One of the possible reasons that can explain the differences
observed is that the heart has a laminar hierarchy, which consists of layers or “sheets” of muscle a
few myocytes thick connected by collagen fibers®*-2°, In result, cells in the heart are surrounded
by extracellular matrix proteins and others cells in all directions, increasing both extracellular
matrix and cell-cell contact, respectively. Though our monolayer cultures are representative of a
single sheet within the laminar hierarchy, the difference in amount of cell-cell or extracellular
matrix contact could potentially explain the shift in the organization of the healthy tissue in vitro
versus in vivo. The difference in structure could also explain why inhibition of junctions did not
have an effect on the tissue organization. Hence, future models and work originating from this
study should investigate the topic of organization in a 3D environment where cells can have more
contact and communication. With a 3D experimental platform that incorporates both the dynamic
mechanical environment of the heart and its unique cellular composition, it would be interesting
to see how cardiomyocytes and fibroblasts behave in the new environment.

In Chapter 3, we continued utilizing the dynamic mechanical environment of the heart to
study its effects on patient cells with genetic mutations that generally lead to heart diseases. We

exposed these patients’ skin fibroblasts to uniaxial cyclic strain and then quantified the cell
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viability/proliferation, cytoskeleton and extracellular matrix organization, proportion of
dysmorphic nuclei, and nuclear shape. We were able to observe some subtle differences in the
nuclear shape in cells with LMNA mutations compared to those without. However, there were no
significant differences in the viability, organization, or number of defective nuclei. As observed in
Chapter 2, cardiomyocytes and fibroblasts responded to mechanical strain differently with each
cell type organizing either approximately parallel or perpendicular to the strain direction,
respectively. Thus, the strains experienced by the nuclei of skin fibroblasts and cardiomyocytes
are intrinsically different. This may explain why we were unable to discern any significant
differences in the skin fibroblasts of these patients with the LMNA mutation after exposure to cyclic
strain.

To further investigate how the dynamic mechanical environment affects cells with genetic
mutations, the next steps would entail using patient specific cardiac cells with the LMNA mutation.
From our previous work in Chapter 2, we demonstrated that cardiomyocytes and fibroblasts
respond differently to cyclic strain. Thus, patient specific cardiomyocytes may respond to cyclic
strain differently and could potential elucidate the mechanisms leading to heart disease in cells
with the LMNA mutation. However, cardiac cells remain inaccessible and cannot be taken from a
patient. Thus, stem cells or an alternative cell source is needed to continue this study. In search of
a possible solution, we found that cells shed in urine could be cultured, reprogrammed into stem
cells, and then differentiated into cardiomyocytes!®*°. Additionally, cells sourced from urine are
easily accessible and the method is much less invasive than skin biopsies. With these cells, the
investigation into how cyclic strain affects cells with the LMNA mutation can continue while also

conducting functional and structural studies of engineered cardiac tissue with this mutation. Future
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work with urine cells will expand the scope of these studies to include other genetic mutations and
a larger population.

The results of this thesis demonstrates the importance of the dynamic mechanical
environment of the heart as well as its cellular composition in studying heart development and
diseases. We present a unique method of using engineering techniques to recapitulate the
myocardial environment in vitro in order to study cardiac remodeling, repair and disease
progression. The work done in this thesis advances our understanding of the heart and how it

develops with and without diseases.
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APPENDIX

CellScale MechanoCulture FX-2 Stretcher Protocol

Written by: Richard Tran & Ali Hatem Salaheldin Hassan Ahmed Hetta
Created by: Richard Tran
Day 1: Passaging Fibroblasts
NOTE: Passaging must be done at least once after initial preplate to get fibroblast to normal
confluent morphology. Fibroblast should be left alone for at least two days before the
experiments to recover and reach confluency.
Materials and Preparation for flasks only:
v' Complete Media warmed in 37°C water bath
v" Wash Solution (HBSS —ions, PBS —ions) warmed in water bath at 37°C
v Trypsin warmed in water bath at 37°C
v Trypsin Neutralizing Solution (Complete Media, TNS) warmed in water bath at
37°C
v Conicals, serological, pipette tips, Pasteur pipettes
v" PBS warmed in 37°C water bath
1. Under the microscope, check TC flask for confluency. Passage when cells are 70-90%
confluent if contact inhibited.
2. Aspirate media.
3. Add appropriate amount of wash solution (HBSS or PBS) and gently rock TC flask.
4. Aspirate wash solution.

5. Perform second wash by repeating steps 3 and 4.
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10.

11.

12.

13.

14.

15.

16.

Perform third wash by repeating steps 3 and 4.

Add appropriate amount of Trypsin to TC flask and place in incubator for 2 minutes.
Remove TC flask from incubator and check under microscope for detached cells. If cells
are not rounded and free floating in suspension, gently tap TC flask and/or place back in
incubator for additional 1-2 minutes. Use microscope to check cell detachment.

Add appropriate amount of Trypsin Neutralizing Solution (Media) to flask.

Transfer cell suspension from TC flask into conical.

Wash TC flask with Trypsin Neutralizing Solution and add suspension to conical.
Centrifuge conical at 1000 rpm for 5 minutes.

Aspirate supernatant leaving cell pellet untouched.

Resuspend cell pellet in complete media (1 -4 ml based on size of cell pellet).

Carefully break up cell pellet by gently pipetting with 1000 uL pipettor.

Add to flask with media and return to the incubator.

Day 2: Well Preparation

Materials needed for well preparation:

v’ autoclave pouch

v 150mm petri dishes
v'1mL micropipette
v'1mL micropipette tips
v PBS

v’ Sterile H20

v Human fibronectin

v' Parafilm
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v’ Pasteur pipette

v/ 10mL serologicals

v’ Stretcher device and tools & 16 well plates (0.20 mm thickness)

Autoclave well plates

1. Place the well plates in an autoclave pouch and seal.

2. Once sealed, place the autoclave pouch in the autoclave machine and press “cycle
select”, then “Dry 207, and finally press “start”.

3. Leave the autoclave machine to run for approximately 1hr.

Preparing Diluted Fibronectin Solution

1. Spray necessary materials into the hood.

2. Make appropriate amount of 1:10 human fibronectin solution by adding 1080 pL of
sterile water to 120 pL of aliquoted human fibronectin (Add slowly to the walls of the
vial).

3. Leave the fibronectin to dissolve in the sterile water for approximately 8 mins.

4. During the 8 mins spray in all parts of the stretcher device and assemble. Attach
autoclaved well plate to the device.

5. After assembling, ensure that the wells are stretched and left at maximum stretch
position before proceeding to the next steps.

Cleanup

1. Pipette tips and serological tubes should be disposed of in biohazard waste container.
Adding fibronectin to wells

NOTE: When sealing the stretcher with parafilm make sure to slide the parafilm between the

actuator and wells.
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1. Wash the wells with PBS by filling them up halfway using a 10mL serological.

2. Once PBS is added to each all the wells cover stretcher wells with lid, and rock the
stretcher gently.

3. Aspirate PBS using the Pasteur pipette.

4. Repeat steps 2 and 3 twice more to fully wash the wells.

5. Using a ImL micropipette, add 150 pL of the fibronectin solution to each well.

6. Place the stretcher lid over the well.

7. Make sure the well bottom is fully covered with fibronectin. If not, gently tap on the sides
of the stretcher device to spread the fibronectin.

8. Spray in parafilm and wrap the stretcher at the seam to ensure a tight seal.

9. Place the stretcher in a 4°C fridge overnight (~12 hr).

Cleanup

1. Tips, serologicals, and conicals should be disposed of in biohazard waste container.

2. Pasteur pipette should be disposed of in sharps biohazard waste container.

Day 3: Seeding Stretcher

Materials needed for seeding stretcher:

v/ 10mL serologicals
v’ Pasteur pipette

v PBS

v" Trypsin

v" Media

v 15mL conical tubes

v' 1mL, 200 pL, and 10 pL micropipette tips
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6.

v C-chips

v Trypan blue

Spray in materials into the hood.

Prepare necessary cell solution. Refer to Passaging.

Aspirate the fibronectin using a Pasteur pipette.

Gently wash wells 1-3 times with PBS to remove excess fibronectin using a 10mL
serological.

Fill up wells with prepared cells, making sure to rock the wells in order to evenly spread
the cells (maximum volume for each well 300 pL).

Place stretcher device in a 37°C incubator and start the actuator with a set program.

Cleanup

1.

2.

Serologicals and conicals should be disposed of in biohazard waste container.

Pasteur pipette should be disposed of in sharps biohazard waste container.

Day 4: Changing media

Materials needed for changing media:

v/ 10mL serologicals
v" Media

v’ Pasteur pipettes
v PBS

v'1mL micropipette tips

Wash wells and add new media

NOTE: This procedure explains how to wash cells once, however, it is recommended that

cells be washed 3 times. If cells are sensitive wash 1-2 times.
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7.

8.

Spray in materials and stretcher.

Aspirate the media using a Pasteur pipette.

Wash wells with PBS using a 10mL serological. Add gently to not disturb cells.

Once PBS is added to each well cover stretcher wells with lid, and rock the stretcher

gently.

Aspirate using the Pasteur pipette at a corner until there is little to no PBS left in the

wells.

Repeat steps 2-5, two more times.

Fill up wells with media using a ImL micropipette.

Return stretcher device to the incubator and start the actuator again if necessary.

Cleanup

1. Serologicals and conicals should be disposed of in biohazard waste container.

2. Pasteur pipette should be disposed of in sharps biohazard waste container.

Day 5: Fixing and Immunostaining

NOTE: Stain should be protected from light

Materials needed in chemical hood:

v

16% PFA (found in flammable cabinet under chemical hood) (VWR #100503-
916, Electron Microscopy Sciences #15710)

Non-sterile PBS (Life Technologies #10010-049)

Pipette-man

(1) 25 mL serological

Sharps chemical waste container (Found in cabinet below and to the left of the

chemical hood)
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v

(1) Opaque 50 mL or greater glass bottle (clear glass bottle can be wrapped with
aluminum foil if opaque bottle is not available).

10mL serologicals

16 wells of seeded and stretched cells inside stretcher device.

Tweezers

Small hole puncher

rectangle glass slide

Preparing 4% PFA Solution

Important Safety Precautions:

2

X

X

X

PFA is extremely hazardous and should only be handled by a lab member
who has been trained on the hazards and proper precautions to take when
handling PFA

Do all PFA work with gloves, lab coat, and eye protection in the chemical hood
All materials that come into contact with PFA are toxic and are NOT to be rinsed
or disposed of in either the biological or regular waste

Sharps chemical waste container should only be opened inside of the chemical

hood

1. Label opaque glass bottle with the following:

v

v

v

4% PFA
Date (must be changed monthly)

TOXIC

2. Pipette 30 mL of non-sterile PBS to opaque glass bottle.

74



3. Transfer 10 mL of the 16% PFA into the opaque glass bottle. The final diluted stock will
produce 40 mL of 4% PFA.

4. Secure cap to bottle before cleaning hood. Final diluted stock should be protected from
light at all times.

Cleanup

1. Serologicals used with PBS can be disposed of in normal waste outside of hood.

2. Serologicals used with PFA must be disposed of in solid chemical waste (in hood). If
container is full, contact EH&S immediately to have waste container picked up and new
waste container delivered.

3. Plastic transfer pipette must be disposed of in solids chemical waste container (in hood).
If container is full, contact EH&S immediately to have waste container picked up and
new waste container delivered.

Mixing Triton-X and PFA

1. Label foil-wrapped centrifuge tube with the following:

Name & Date (On centrifuge tube, not foil)
4% PFA + Triton-X (On centrifuge tube & lid)
TOXIC (On centrifuge tube & lid and foil)

2. For each well that you intend to fix, add 150 uL of 4% PFA stock solution to 15mL
centrifuge tube.

3. For each 2mL of PFA that you have isolated, add 1pL of Triton-X 100 (TX-100). TX-
100 is a very viscous solution, so be sure not to submerge pipette-man past pipette tip

when pipetting from TX-100 vile. When adding TX-100 to centrifuge tube, slowly move
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pipette tip back and forth while pipetting the TX-100 into the 4% PFA solution. A string-

like gel should be visible when pipetting the TX-100 into the PFA solution.

4. Seal the conical tube and place it in a water bath for approximately 5 mins.

Cleanup

1. Pipette tips and serological tubes should be disposed of in biohazard waste container.

Fixing Cells

1. Aspirate the media from the wells of the stretcher by placing the Pasteur pipette near the
bottom corner of each well.

2. Wash wells with PBS using a 10mL serological.

3. Once PBS is added to each well cover stretcher wells with lid, and rock the stretcher
gently.

4. Aspirate using the Pasteur pipette until there is no PBS left in any of the wells.

5. Repeat steps 1-4, two more times.

6. Into each well of the stretcher add 150 pL of the PFA/triton-X solution using the 200 pL
micropipette.

7. After adding PFA/triton-X solution cover the stretcher wells with a lid and leave the
stretcher for 10 mins to fix.

8. Aspirate the PFA/triton-X from the wells of the stretcher by placing the Pasteur pipette
on the corner of each well.

9. Wash wells with PBS using a 10mL serological.

10. Once PBS is added to each well cover stretcher wells with lid, and rock the stretcher
gently, make sure PBS is spread out.

11. Leave the PBS in the stretcher wells.
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12. Aspirate the wells using the Pasteur pipette until there is no PBS left in any of the wells.
13. Repeat steps 8-11, two more times.
Cleanup
1. Pipette tips, Serologicals, and conicals should be disposed of in biohazard waste
container. Anything sharp must be placed in sharp waste container (e.g. Pasteur pipette).
Separate Wells from Stretcher
NOTE: The techniques mentioned for separating the wells from the stretcher device are one of
many, but this is the most recommended method of separation.
1. Remove the middle pin on the side holding together the base of the stretcher and the
wells.
2. Then using the metal rod tool given with the stretcher begin to carefully create space
between the metal pillars and wells by pushing down on the wells.
3. Once pillars have been separated from the wells remove the black frame surrounding the
wells by unscrewing the two pins on opposite sides.
4. After wells have been completely separated place the wells on a petri dish until
immunostaining.
Preparing Stains
NOTE: Make a bit more to ensure no lack of stain due to loss of volume to sides of vial. To
ensure stain is properly spread, do so by taping the sides.
1. Prepare two 15mL conical tubes by wrapping them with aluminum foil and labeling one
“primary” and the other “secondary”.
2. In both labeled conical tubes, for each well, prepare 150 yL of stain mixture in an

eppendorf tube by mixing PBS and the appropriate amount of stain.
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3. Vortex the primary conical tube for 5 seconds.

4. Repeat steps 2 and 3 for secondary stain.

Cleanup

1. Pipette tips, Serologicals, and conicals should be disposed of in biohazard waste
container.

Primary Staining

1. Aspirate PBS from washes from the fixing.

2. Add 150 pL of the primary staining solution to each well.

3. After adding the primary stain leave the wells for approximately 1hr in a no light
environment.

Cleanup

1. Serologicals and conicals should be disposed of in biohazard waste container.

2. Pasteur pipette should be disposed of in sharps biohazard waste container.

Wash wells

1. Aspirate the primary stain from the wells of the stretcher by placing the Pasteur pipette
on the corner of each well.

2. Wash wells with PBS using a 10mL serological.

3. Once PBS is added to each well cover stretcher wells with lid, and rock the stretcher
gently.

4. Repeat 2 times steps 1-3.

Cleanup

1. Serologicals and conicals should be disposed of in biohazard waste container.

2. Pasteur pipette should be disposed of in sharps biohazard waste container.
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Secondary Staining
NOTE: To ensure stain is properly spread, do so by taping the sides.

1. Add 150 pL of the stain solution in the secondary conical tube, using a ImL
micropipette, into each well.

2. After adding the secondary stain leave the wells in a no light environment for
approximately an hour.

Cleanup

1. Serologicals and conicals should be disposed of in biohazard waste container.

2. Pasteur pipette should be disposed of in sharps biohazard waste container.

Wash Wells

NOTE: This procedure explains how to wash cells once, however, it is recommended that

cells be washed 1-3 times.

1. Aspirate the secondary stain from the wells of the stretcher by placing the Pasteur pipette
on the corner of each well.

2. Wash wells with PBS using a 10mL serological.

3. Once PBS is added to each well cover stretcher wells with lid, and rock the stretcher
gently.

4. Leave the PBS in the stretcher with the lid covering the wells for five minutes, in a no
light environment.

5. After 5 seconds are complete aspirate using the Pasteur pipette until there is no PBS left
in any of the wells.

6. Repeat steps 2-5 two more times.

7. Leave last wash in the wells.

79



Cleanup

1. Serologicals and conicals should be disposed of in biohazard waste container.

2. Pasteur pipette should be disposed of in sharps biohazard waste container.

Mounting wells on glass slides

NOTE: The general technique for hole punching wells is once the whole puncher is pressed in,
apply pressure in a up to down motion then a left to right motion followed by a clockwise circle
motion. Tweezers should be used to carefully remove the well from the hole puncher. Insert one
end of the tweezer into the puncher and force a corner of the well down onto the cutting board.

2. Prepare one glass slide for each coverslip and label. If slide is dusty, blow clean with
compressed air or clean with 70 % ethanol and dry.

3. Remove the well plate from the petri dish and place on a cutting board.

4. Aspirate the PBS before hole punching (four at a time to prevent drying).

5. Begin hole punching the wells using a small hole puncher.

6. Use the tweezers to remove the stamped well from the puncher and move them to the
corresponding glass slides. Make sure to space them apart and keep the same orientation
during transfer. Do not place the wells too close to the edges.

7. Once all the wells have been stamped, using the 1mL micropipette, place one drops of
ProLong Gold over the wells.

8. Then place a drop of the ProLong Gold in between each well, to spread the ProLong
Gold solution.

9. Once the ProLong Gold is added, place a micro coverslip glass over the wells covered
with ProLong Gold. Let the ProLong Gold spread and gently tap to remove air bubbles.

10. Then use nail polish to seal the seams in between the glass slides.
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11. Cover the glass slides in a no light penetrating container and leave it for at least 24hrs
before imaging.

12. Once dry, slides can be used for imaging. If you are not imaging immediately, slides
should be stored in a slide box or dark box in the -20° C freezer.

Cleanup

1. Serologicals and conicals should be disposed of in biohazard waste container.

2. Pasteur pipette should be disposed of in sharps biohazard waste container.
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