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Abstract

Left heart hypoplastic syndrome (HLHS) is a congenital heart defect (CHD) consisting of
malformations in the left heart causing significantly inhibited blood flow. Currently surgical
procedures have allowed infants to survive this condition into adulthood; however, these
surgeries do not restore normal structure or function to the heart. Although improved treatment
is desired, lack of understanding to the cause of HLHS hinders development. Therefore, this
study aimed to isolate the role of the real-time stretched mechanical environment on healthy and
diseased cardiac cell development. The mechanical environments were generated by a custom-
built cell stretching device and tests were performed to validate output. To study HLHS, a
nitrofen-induced disease rat model was created and fetal hearts were isolated at various time
points. These hearts were characterized by gRT-PCR and Western blotting to determine
phenotypic traits of the disease model. Cardiac cells from these fetal hearts were then cultured
while stretched by our device and analyzed by the same methods. Based on our analysis, we
determined relatively good correlation between the designated parameters and the actual output
of the device in terms of membrane stretch and frequency; however improvements could be
made. Additionally, CHD fetal hearts were determined to have shifts in gene expression and
protein content related to decrease in contractile function and maturity. Furthermore, culture of
cells under mechanical stimulation demonstrated increased gene expression conveying improved
functionality and maturation. However, current incompatibility of myocyte adhesion to the
silicone culture membrane under mechanical stretch limited our analysis for specific effects of
different types of mechanical stimulation. Based on these results, application of mechanical cues
characteristic of normal myocardial stretch to healthy or diseased cardiomyocytes could be

utilized to promote gene expression for improved myocyte function.
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1. Introduction

1.1 Significance

Congenital heart defects (CHDs) are the leading cause of death due to a birth defect in the
United States with an estimated 36,000 affected infants per year (AHA Statistical Update, 2011).
Among CHDs, hypoplastic left heart syndrome (HLHS) accounts for around 25% of all CHD
mortalities (Loffredo 2000). Up until the 1980s, diagnosis of HLHS was lethal with 95% of
infants dying in the first month after birth (Fruitman 2000). Since then, a series of palliative
surgical treatments have been developed that has allowed many individuals to survive this
condition. These surgeries correct for deformed heart structure by directing blood flow to
prevent mixing of oxygenated and deoxygenated blood. However, surgical treatment of HLHS
is the most expensive neonatal hospital procedure with an average cost of $199,597 (AHA
Statistical Update, 2011). Moreover, the patient still requires lifelong monitoring,
immunosuppressants and restriction of physical activity, which greatly decreases their quality of
life (Latal 2009).

Although studies of HLHS have made many breakthroughs in determining genetic links
for some cases of HLHS development, the majority of HLHS cases are believed to be due to
non-genetic factors. Unfortunately, the significant factors causing heart malformations that lead
to HLHS during prenatal stages are not well understood (Jenkins 2007). Based on in vivo
models and case studies, a dominant hypothesis is HLHS development results from a cellular
response to abnormal mechanical cues from their native environment due to altered blood flow in
the left side of the heart (Correia-Pinto 2003). Unfortunately, current studies with in vivo
models lack the capability to control significant biological factors possibly influencing HLHS

which makes their specific roles difficult to discern. This lack of control hinders our



understanding of HLHS and development of better treatments to replace current surgical
methods that do not restore normal function to the heart. Therefore, the goal of this project is to
determine the specific role of mechanical cues from abnormal myocardial stretch in the left
ventricle. Isolation of this role is significant because establishing the influence of individual
factors critical to HLHS development can shift and improve treatment methods to target these

factors.

1.2 Specific Aims and Hypotheses

The overall goal of this study was to improve our understanding of how mechanical
stimulus mimicking the regular dynamic stretch of the myocardial membrane environment along
with variations to that environment influence phenotypic traits of healthy and HLHS rat
cardiomyoctes.

In reach our goal, we focused on the following specific aims:

The first specific aim was to assess the output of our custom-built cell stretcher to
validate generation of the designated mechanical environment. For our study, we utilized a
custom-built cell stretcher to stretch cell culture membranes to model the real-time regular
stretching of the left ventricle tissue heart. By varying parameters such as controlled frequency
and amplitude variability based on a set distribution, we generated various models of the
myocardial environment for cardiac cells. Considering our device is custom-made, it was
important that we validated the characteristics of the generated environments based on the
designated parameters before performing cell studies in Specific Aim 3; otherwise it would be
difficult to correlate characteristics of the mechanical environment to changes in myocardiocyte

phenotype.



The second specific aim was to determine the initial phenotypic traits of cardiac
cells isolated from healthy and CHD rat models to assess whether mechanical environments
influenced cultured cardiac cells towards a normal or pathological state. A CHD rat model
was created by providing a dose of nitrofen dissolved in olive oil at 10 days gestation to pregnant
Sprague-Dowley rats to induce congenital diaphragmatic hernia and subsequent HLHS
development in the fetuses. These rats were sacrificed at E15, F18 and F21 of gestation and
hearts from the fetuses were isolated. As a control, another set of Sprague-Dowley rats provided
olive oil alone at 10 days gestation was similarly sacrificed and fetal hearts were isolated at
matching days of gestation. These hearts were separated into three groups of CHD+, CHD- and
control based on the observation of a congenital diaphragmatic hernia development when treated
with nitrofen. RNA and protein samples were extracted from a collection of the heart samples.
Phenotypic traits were determined by RNA and protein quantification using gRT-PCR and

Western blotting respectively for biomarkers of cardiomyocyte function and maturation.

The third specific aim was to determine the effects of dynamic mechanical
stimulation and variations to the stimulus on phenotypic development of healthy and
HLHS cardiac cell. Cardiac cells were extracted from the fetal hearts isolated from our CHD
model characterized in Specific Aim 2. Based on in vivo studies; we hypothesized that the
phenotype of fetal cardiomyocytes was dependent on the biomechanical cues received from the
regularly stretched environment. To study this hypothesis, we generated healthy and HLHS-
based diseased rat groups and cultured these isolated cardiomyocytes in the mechanical
environments generated in Specific Aim 1. We further hypothesized that environments

generated in Specific Aim 1 modeling the healthy heart would induce normal phenotypic



development while a diseased model environment would induce diseased phenotypic
development. For clinical relevance, we were interested in whether cardiomyocytes from
diseased groups cultured in the healthy model environment would induce healthy phenotypic
characteristics. Phenotypic traits were assayed by the same methods and biomarkers related to

cardiomyocyte function and maturation in Specific Aim 2.

1.3 Long Term Goals

The long term goal of our research is to improve our understanding of how extracellular
signals influence cardiomyocte development and proper heart formation to develop novel
methods to treat CHDs. With improved understanding of how the in vivo cell environment
influences cardiac cell development, we hope to contribute to the development of novel methods
of treatment that improve survival and quality of life for afflicted infants. Understanding the
isolated role of specific factors can aid development of methods that target or utilize these factors
for diagnosis, intervention and therapy. Furthermore, this work can contribute to our
understanding of how varying mechanical cues drive general cell development towards healthy
and diseased phenotypes along with observation of how restoration of healthy cues could

influence the diseased condition.

2. Backqround

2.1 Clinical Symptoms of Hypoplastic Left Heart Syndrome
Symptoms of hypoplastic left heart syndrome (HLHS) involve severe malformations to
the left side of the heart which greatly hinders the heart’s capability to sustain normal blood

flow. These malformations include underdevelopment of the aorta, left ventricle and mitral



valve connecting the left atria to the left ventricle. Due to these characteristics, the left ventricle
is usually closed off and a defect opening between the left and right atria allows blood to return
into circulation. The atria connection allows mixing of oxygenated and deoxygenated blood
within the heart. (Goldberg 2003). Due to these problems, the heart cannot efficiently pump
blood which usually leads to death within a week unless surgical procedures are performed.
Illustrations of a healthy and HLHS heart along with block diagrams summarizing blood flow in
each case is displayed in Figure 1.

A few days following birth, an infant afflicted with hypoplastic left heart syndrome
(HLHS) initially may seem outwardly healthy, despite the malformations of the left heart. The
apparently normal phenotype is due to the right ventricle initially sustaining blood flow
circulation by pumping blood to both the pulmonary and systemic circulation through the patent
ductus arteriosus which connects the right ventricle to the aorta during neonatal stages. Within
several days after birth, the patent ductus arterosus usually constricts and prevents the right
ventricle from pumping blood to the systemic circulation, thus requiring neonatal treatment
(Jalali 2011). Ultimately, underdevelopment and malformation of these critical left heart

structures hinders the heart's ability to supply adequate blood flow to sustain the body's needs.
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Figure 1: (Left) Image of a normal functioning heart where the left ventricle pumps blood to the systemic circulation. A
summary of normal blood flow circulation is displayed in the block diagram below.
(Right) Image of a heart with hypoplastic left heart syndrome displaying an underdeveloped left ventricle, aorta and
malformation such as the atrial septal defect and the patent ductus arteriosus that allows the right ventricle to pump blood to the
systemic circulation. A summary of the altered blood flow circulation is displayed in the block diagram below (A.D.A.M.
Medical Encyclopedia 2011).
2.2 Current Standard Methods of Treatment for Hypoplastic Left Heart Syndrome

The standard treatment for HLHS is performing a series of surgical procedures to prevent
improper mixing of oxygenated and deoxygenated blood along with making the right ventricle
dominant for pulmonary and systemic blood flow. HLHS is initially diagnosed by methods to
examine impaired blood flow in the fetal heart such as echocardiogram or Doppler ultrasound
(Ludman 1990). Shortly after birth, a Norwood procedure is performed connecting the main
pulmonary artery to the aorta along with cutting off the connection to the lungs (Norwood 1980).

To restore flow to the lungs, a shunt connection from either the aorta or right ventricle to the

pulmonary artery is made, temporarily providing a controlled source of pulmonary circulation
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(Sano 2003). After a period of 4 to 6 months, the shunt is removed and a Glenn operation
connects the superior vena cava to the pulmonary artery to direct deoxygenated blood from the
upper body straight to lungs (Kawashima 1984). Finally after 18 to 36 months, a Fontan
operation connects the inferior vena cava to the pulmonary artery to direct deoxygenated blood
from the lower body straight to the lungs (Fontan 1971, Kreutzer 1973). Overall, the right
ventricle solely pumps oxygenated blood through the systemic circulation with deoxygenated
blood passively flowing to the lungs.

Alternatively, a heart transplant can replace the malformed myocardium and restore
healthy blood flow; however, these individuals require lifelong immunosuppressants to prevent
immune rejection and there is a significant shortage of readily available hearts for transplant
(Jalali 2011). Thus, further studies are needed to develop better treatments for HLHS patients

that can help restore normal function to the heart.

2.3 Important Proteins related to Proper Myocyte Function and Maturation in Healthy and
Diseased Development
2.3.1 Contractile Proteins

The heart is composed of muscle cells or cardiomyocytes whose growth and development
during prenatal development are critical for proper heart function to pump blood through the
systemic and pulmonary circulation. Studies of phenotypic differences between healthy and
diseased tissue in in vivo models have generally been related to decreases in cardiomyocyte
function and maturation based on shifts in protein and mRNA content (Correia-Pinto 2003).
Protein groups of interest that are extensively studied are myocyte contractile, gap junction,

channel and transcription factor proteins.
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In mammalian cells, a and  isoforms of Myosin Heavy Chain (MYH) have been
identified. These proteins are critical for the actual contractile mechanism by grabbing and
pulling onto actin filaments (Jacot 2010). MYH-f has lower contractile function, but higher ratio
of force to energy consumption ratio. In the ventricles, the B form predominates during early
developmental stages in all mammalian species. In certain species such as rodents, MYH
content shifts to a and becomes predominantly a by adulthood (Lompre 1984). In contrast,
humans continue to maintain high B content with only 10% in the o isoform (Miyata 2000).
However even though the content is minor, RNA and protein content are generally found to be
severely decreased in humans during chronic heart failure (Nakao 1997). Additionally, large
adjustments from a to § isoforms have been observed in mouse hearts undergoing heart failure
possibly illustrating an adaptive response for improved energy conservation that eventually leads
to overcompensation and decreased heart function (Harada 1999, Krenz 2004).

Troponin T (TnnT) and I (Tnnl) proteins are critical for allowing myosin to bind to actin
filaments. These proteins function by binding to the actin filament and inhibiting myosin
binding respectively based on Ca’* binding (Hunkeler 1991). In addition, a common assay for
injury to the heart is determination of released troponin proteins into the bloodstream (Tanindi
2011). These proteins are generally present in myocytes; however, specific isoforms are present
in cardiac myocytes. Cardiac specific TNNI3 mRNA expression has been found to increase in
fetal hearts during maturation along with a decrease general slow skeletal TNNI1 expression
(Hunkeler 1991). Thus, proper expression and increases in cardiac specific isoforms are markers
of both myocyte contractile function and maturation.

Finally, a-actinin is a major component of the sarcomere Z-disk allowing for anchoring

and cross-linking of actin filaments along with roles in initiating signal pathways based on
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mechanical load (Frank 2006). Due to its importance in proper sarcomere structure and function,
mutations and shifts in expression of a-actinin have been linked to development of several
cardiovascular diseases such as hypertrophic cardiomyopathy and HLHS (Chiu 2010, Gambetta

2008).

2.3.2 Gap Junction Signaling Proteins

Gap junction signaling proteins such as N-Cadherin and Connexin 43 (Cx43) are critical
to proper myocyte connectivity and coordinated contraction amongst a population of myocytes.
N-cadherin and Cx43 are cell surface proteins involved in cell-cell signaling for proper
coordinated contraction and development (Vink 2004, Soler 1994). Studies inhibiting N-
cadherin by antibody binding have demonstrated restricted contraction of individual and groups
of myocytes (Soler 1994). Similarly extensive remodeling of the Cx43 is observed in diseased
conditions and these alterations are related to improper contraction and arrhythmias (Vink 2004,

Fontes 2012).

2.3.3 Channel Proteins

For myocyte contraction, proper Ca** accumulation and flux mediated by channel
proteins are required. Sacroendoplasmic reticulum calcium transport ATPase (SERCA) is an ion
pump that drives Ca** accumulation from the cytoplasm into the sarcoplasmic reticulum
(Periasamy 2007). Release of Ca®* from the sacroendoplasmic reticulum is coordinated by
ryanodine receptors (RyR) through a positive feedback mechanism for removing inhibition of

Tnnl (Kushnir 2010). Alterations in expression and activity of these proteins are related to
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abnormal contractile and relaxation dysfunction in heart failure and other cardiac diseases

(Periasamy 2007, Yano 2005).

2.3.4 Cardiac Transcription Factors
Finally, early cardiac transcription factors, GATA4, GATAG6 and Nkx2.5 are critical for

initial differentiation of cardiac cells and development of proper cardiac function. Therefore,
inhibition of these proteins limits proper cardiomyocyte development and expression of these
markers at later stages might indicate that a cardiac cell population is still immature (Sedmera
2002). Studies of nitrofen-induced CHD rat models have indicated decreased gene expression of
GATA4 and GATAG at early embryonic stages (Takayasu 2008). Therefore, we are interested in
assaying these various proteins to determine phenotypic traits related to development of the CHD

condition.

2.4 Evidence of the Influence of Mechanical Cues on Congenital Heart Disease
Development

Although the cause of HLHS is not well understood, various studies have suggested an
association between altered blood flow and HLHS development. Altered blood flow causes
cardiac cells to experience abnormal biomechanical and biophysical cues. Support for this
hypothesis stems from Doppler ultrasound imaging of a human fetus afflicted with aortic valve
atresia, which often leads to development of HLHS. These ultrasound images conveyed a
decreased strain and strain rate of left ventricle in the developing heart (Larsen 2006).
Additional evidence of abnormal mechanical cues comes from associated HLHS development in

congenital diaphragmatic hernia where the left heart is compressed from displaced organs.
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Furthermore, cases of recovery from mild HLHS after surgical repair of congenital
diaphragmatic hernia emphasize the role of mechanical cues and the possibility of restoring a
healthy phenotype with intervention (Vogel M 2010). Thus, more research is necessary to better
characterize how alterations to mechanical cues influence cardiomyocyte proliferation,

maturation and function.

3. Material and Methods

3.1 Generation and Analysis of Dynamically Stretcher Mechanical Environment
3.1.1 Custom-Built Cell Stretcher Device

Cell stretcher devices were designed to stretch the flexible silicone membrane of
BioFlex® Culture Plates (Flexcell, McKeesport, PA) loaded onto the device. Underneath the
culture plate was a set of six plungers for each well that contacted the membrane. Upward
movement of the plungers into the underside of the membrane caused stretch. Movement of the
plungers was induced by supplying power to a magnetic linear actuator and delivered to the
plunger system by a lever connection. The magnetic linear actuator consisted of a solenoid
surrounding a rod with single large ring-shaped neodymium super magnet. When a voltage was
applied to the solenoid, an electromagnetic field was created which repels the magnets on the rod
and caused the rod to move downward. The lever system was designed at a 3:1 ratio around the
fulcrum so that the resultant force on the plunger was three times the incident force supplied

from the linear actuator according to Archimedes Lever Principle.
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Fig. 2: (Left) Images of the 3D CAD model (Solidworks, Waltham, MA) of custom cell stretcher and (Right) the resulting device
created through the Tufts Department of Biomedical Engineering machine shop. (Bottom) Illustration demonstrates how
applying a voltage to the coil causes movement of the plunger.

3.1.2 Electronics to Power the Magnetic Linear Actuator of the Custom-built Cell Stretcher
An amplified pulse-width modulated (PWM) voltage signal was used to power the
magnetic linear actuator through a metal-oxide-semiconductor field-effect transistor (MOSFET).

A pulse train was generated for PWM by the counter outputs of National Instruments (NI)
CompactDAQ 1-Slot USB Chassis (National Instruments, Austin, TX) with control of the duty

cycle based on commands from a LabVIEW VI (National Instruments) control system.

3.1.3 Controller System to Generate Desired Mechanical Environments

Utilizing the capabilities of the custom-built cell stretcher device, an automatic control
system was created to generate the desired mechanical environments. Specific mechanical
environments were created based on a designating waveform, frequency and percent stretch. A

proportional-integral-derivative (PID) feedback loop was used to calibrate the output of the
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device to match the designated waveform shape and percent stretch. Feedback from the device
was received from an LVDT which measured the movement of the plungers. Following
calibration, mechanical environments with variability of frequency and amplitude based on a set

distribution value and distribution type (constant, Gaussian and random) were generated.
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Fig. 3: Image of the user interface, user input panel and overview of the program process flow. User input demonstrates the input
parameter requirements of percent stretch, frequency and waveform shape for outputting a waveform. Additional parameters of
scaling factor, acceptable error and variability settings allow for creation of accurate and specific mechanical environments.
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3.1.4 Calculation of Percent Stretch by Plunger Displacement and Image Analysis

The deformation of the membrane was modeled as a conical frustum based on the known
dimensions of the well plate, plunger cap dimensions and known displacement of the plunger
into the membrane. The theoretical percent stretch was calculated by the change in surface area
due to the displacement of the plunger based on the following equations and conical frustum

model,

Final Surface Area—Initial Surface Area

* 100%

% Stretch =

Initial Surface Area

SAconical frustum = (R, + Rz)\/(R1 —R,)?+ h%+ 71'R22
2
SAcircie = TRy

77,'(R1+R2) (Rl—R2)2+h2+7TR22—7TR12
T[Rlz

% Stretch = * 100%

where R; was the radius of the well-plate (17 mm), R2 was the radius of the plunger cap
(12.7 mm) and h was the displacement. This model assumed uniform stretch, low friction
between the membrane-plunger interface and change in surface area only due to the
displacement of the plunger into the membrane. This model was utilized by the controller
system to determine the theoretical percent stretch based on the LVDT movement.

To determine percent stretch based on the membrane stretch; dots on the membrane
surface were drawn to mark an area of interest. Video imaging of the membrane while being
stretched was taken under different stretched conditions. Images were extracted and analyzed by

Imaged (NIH, Bethesda, MD) to calculate the % stretch.

3.1.5 Fast Fourier Transform for Analysis of Frequency and Distribution
LVDT readings were recorded over a long period of time and conversion of the recorded

signal into the frequency domain was performed by built-in fast Fourier transform in MATLAB
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(MathWorks, Natick MA). The transformed signal was plotted comparing amplitude versus

frequency to observe frequency distributions.

3.2 Cell Line Creation, Isolation and Culture
3.2.1 Nitrofen-Induced HLHS Disease Model Creation

To generate our HLHS-based disease model, pregnant Sprague Dawley® rats at 10 days
gestation were placed under short isoflurane anesthesia and received a single 100 mg dose
nitrofen (WAKO Chemical, Osaka, Japan) dissolved in olive oil by a gastric tube. As a control,
normal rats were given a dose of olive oil without nitrofen. Cesarean section was performed by
graduate student, Kelly Sullivan, and postdoc, Corin Williams, at 15, 18 and 21 days gestation
during embryonic stages (E15) and fetal stages (F18, F21). The isolated fetuses were examined
for presence of congenital diaphragmatic hernia and dissected under surgical stereoscope (Figure
1). Hearts were separated in groups of CHD-positive, nitrofen treated with an observed hernia

(CHD+), CHD-negative, nitrofen-treated without an observed hernia (CHD-) and control groups.

Figure 4: (Left) Image of healthy control heart isolated from fetus at F21.
(Right) Image of the nitrofen-induced diseased heart isolated from fetus at F21.
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3.2.2 Cell Isolation

Cells were isolated from fetal hearts by repeated digested by adding 7 mL of warmed 37°
PBS solution containing 3.96 mg/mL glucose, 1% Penicillin Streptomycin (PS) and 300 U/mL
collagenase type 2 (Worthington, Lakewood, NJ) incubated for 7 minutes at 37°C. Cell solution
was filtered by 0.7 um Sterile Cell Strainer (Fisher Scientific, Hampton, NH) and collagenase
was inactivated by adding 10 mL of Stop Solution consisting of 5% fetal bovine solution (FBS)
and 1% PS in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY). Cells
were pelleted by centrifugation at 500g for 5 minutes at 4°C and suspended in 4 mL of Myocyte
Culture Media containing 10% horse serum (Sigma-Aldrich, St. Louis, Missouri), 2% FBS and
1% PS solution in DMEM. Cells were loaded into a hemocytometer and counted under a light

microscope.

3.2.3 Cell Culture

Isolated cardiac cells from healthy and diseased models were seeded at ~900,000
cells/well on pre-coated Pronectin BioFlex Culture Plates® and incubated for three days in static
conditions to allow time to adhere before loading onto the cell stretcher. Cells were
mechanically stimulated for two days under designated conditions described previously. The
underside of the flexible membrane was coated with silicone lubricant (Loctite, Dusseldorf,
Germany) to minimize friction between the plunger and the membrane. The cardiac cells were
fed by Myocyte Culture Media. Media was kept at 4°C and warmed to 37°C when fed to plated

cells. Media was changed every two days.
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3.2.4 Cell Collection for Protein and RNA Quantification

Following culture under mechanical stimulus, cells were removed from the silicone
membrane by incubation in 0.05% trypsin (Gibco, Grand Island, NY) for two minutes and
manual tapping of the culture plate. Trypsin was deactivated by quenching with FBS
(50uL/well). Cells were pelleted by centrifugation at 500g for 5 minutes at 4°C and supernatant
solution was aspirated from the pellet. Pellet was washed with PBS and pelleting processes was

repeated.

3.3 RNA Extraction and Quantification
3.3.1 Cell Lysis for RNA lIsolation and Purification by Silica Columns

Sample cell culture suspensions were lysed and isolated using RNeasy® Mini Kit
(Qiagen Sciences, Germantown, MD). Cells were lysed by resuspension of pellet in 350 pL of
provided Buffer RLT with 10 puL of added B-mercaptoethanol and genomic DNA was pelleted
by centrifugation at max side. Supernatant was collected and 350 puL of 70% ethanol solution
was added. Solution was transferred into a 2 mL silica column and centrifuged through at
8,000g for 15 seconds. 350 pL of Buffer RW1, 10 puL of DNase 1 treatment in 70 uL Buffer
RDD for 15 minutes, 350 pL Buffer RW1, 500 pL Buffer RPE was added to the column and
centrifuged through to wash and treat the sample. Column was dried by centrifugation at max
speed and eluted into a collection tube by addition of 50 pL of nuclease-free water (Fischer

Scientific, Hampton, NH) centrifuged through at 8,000g for 1 min.
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3.3.2 Cell Lysis for RNA lIsolation and Purification by TRIzol

Cells were lysed by resuspension of cell pellet in 900 uL of TRIzol Reagent (Ambion,
Austin, TX) and incubation for 5 minutes at room temperature. Solution was mixed with 200 pL
chloroform, vortexed for 15 seconds and rotated on the rotisserie for 3 minutes at room
temperature. Aqueous and organic phases of the solution were separated by centrifugation at
12,000g for 15 minutes at 4°C. Aqueous phase was transferred into a separate tube and the
organic phase was saved for protein extraction. Aqueous phase was mixed with 500 pL of
isopropanol and incubated on a rotisserie for 1 hour at -20°C to precipitate RNA. Precipitated
RNA was pelleted by centrifugation at 12,0009 for 15 minutes at 4°C and removal of
supernatant. Pelleted RNA was washed in 1 mL of 75% ethanol, vortexed and centrifuged down
again at 12,0009 for 15 minutes at 4°C. Supernatant was removed and pellet was air dried for 10
minutes in a fume hood. RNA pellet was resuspended in 50 pL of nuclease-free water.

RNA was treated for residual contaminating DNA by DNA-free™ (Ambion). Treatment
consisted of RNA sample mixed with 1 pL of rDNase | (2 U/uL) and one-tenth the total volume
of 10X DNase | Buffer diluted in nuclease-free water. Solution mixture was incubated for 30
minutes at 37°C. rDNase | was inactivated by addition of DNase Inactivation Reagent and
mixed for 2 minutes. Reagent was pelleted by centrifugation at 10,0009 for 2 minutes and

supernatant was collected.
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3.3.3 RNA Purification and Quantification
Concentration of treated RNA was determined with Nanodrop 2000 Spectrophotometer
(Thermo Scientific, Waltham, MA) and purity was assessed by the ratio of the 260/280

absorbance readings with a value close to 2.0 considered pure RNA.

3.3.3 cDNA Synthesis

cDNA was made using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Up to 2 pg of RNA sample was reverse transcribed in 2 pL of
10X RT Buffer, 0.8 pL 25X dNTP Mix (100 mM), 2 pL of 10X RT Random Primers and 1 uL
of MultiScribe™ Reverse Transcriptase (50 U/pL), and diluted with nuclease-free water to a
final volume of 20 pL for each sample. Thermal cycling was performed with PTC-100
Programmable Thermal Controller (MJ Research Inc, Waltham, MA) with incubation parameters

of 10 min at 25°C, 120 min at 37°C and 5min at 85°C.

3.3.4gRT-PCR (Tagman)

15 ng of cDNA was loaded into each well of a MicroAmp® Optical 96-well Reaction
plate with 10 pL of 2X TagMan® Gene Expression Master Mix and 1 puL of 20X TagMan®
Gene Expression Assay for the specific gene of interest (Applied Biosystems, Foster City, CA)
diluted in nuclease-free water to a final volume of 20 uL. Samples were probed for gene
expression related to contractile function (MYH6, MYH7, TNNT2, TNNI3, ACTN2, ATPA2),
gap junction signaling (GJAL1, CDH2) and markers of cardiac lineage (GATA4, GATA6, NKX2-
5). Expression of these genes was normalized to GAPDH. gRT-PCR was performed with

Mx3000P QPCR System (Agilent Technologies, Lexington, MA) with incubation parameters of
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2 min at 50°C, 10 min at 95°C and 40-50 cycles of 15 seconds at 95°C followed by 1 min of

60°C.

3.3.5 Gene Expression Analysis
Ct values were determined by software provided with Mx3000P QPCR System and
differences in mMRNA expression was calculated by 2 based on validation tests performed by

Applied Biosystems.

3.4 Protein Extraction and Quantification
3.4.1 Cell Lysis for Protein Isolation

Cell pellet was resuspended in 100 pL of lysis buffer (50% 2X NP40, 2.5% 40X sodium
deoxycholate, 1% 100X sodium orthovanadate, 0.1% 1000X aprotinin, 0.1% 1000X pepstatin,
0.1% leupeptin in deionized water) and sonicated by sonication needle for 20s on ice. Solution

was then vortexed and then put on a rotisserie for 15 minutes at 4°C.

3.4.2 Cell Lysis for Protien Isolation Following RNA Isolation through TRIzol

Separated organic phase from RNA isolation by TRIzol was mixed with 300 pL of 100%,
incubated for 3 minutes at room temperature on a rotisserie and DNA pellet was centrifuged
down at 5000g for 5 minutes at 4°C. Supernatant was transferred into a separate tube and mixed
with as much isopropanol as possible and incubated for 10 minutes at room temperature to
precipitate protein. Protein was pelleted by centrifugation at 12,000g for 10 minutes at 4°C and
removal of supernatant. Pellet was washed 3 times in 2 mL of 0.3 M guanidine hydrochloride in

95% ethanol and once in 100% ethanol for 20 minutes on a rotisserie. Solution was pelleted off
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and pellet was air dried in fume hood for 20 minutes. Protein pellet was resuspended in 0.5%

SDS solution and heating for 10 minutes at 35°C.

3.4.3 BCA Assay for Total Protein Quantification

Total protein sample concentration was determined through Pierce® BCA Protein Assay
Kit (Thermo Scientific, Rockford, IL). Samples were diluted 5 times and 10 pL triplicates of
sample were pipetted into a 96 well plate. 200 uLL of BCA working reagent consisting of
Pierce® BCA Protein Assay Reagent A and B at a 1:20 ratio was added to each well and mixed
thoroughly on an orbital. The plate was incubated for 30 minutes at 37°C and absorbance was
measured on a microplate reader at 560 nm. The absorbance was compared to a standard curve

of bovine serum albumin (BSA) in lysis buffer to determine protein concentration.

3.4.4 Gel Electrophoresis and Western Blot Transfer to PVDF Paper

Based on the BCA protein assay, 10-15 pg of protein sample diluted in deionized water
was mixed with sample buffer and 2M DTT at a 12:3:1 ratio. with a rainbow marker. Sample
mixtures were vortexed, placed on a heat block for 5 minutes at 100°C and quickly spun down.
Samples were loaded into the 10 or 15 wells of a pre-made 4-15% Mini-PROTEAN® TGX™
Gels (Bio-Rad, Hercules, CA) with a mixture of Full Range Rainbow™ Recombinant Protein
Molecular Weight Marker (GE Healthcare, Pittsburgh, PA) and Spectra™ Multicolor High
Range Protein Ladder (Thermo Scientific). Gel were run in running buffer (3.03 g tris base, 1.44
g glycine and 1 g SDS in 1L of deionized water) at a constant 60 mA using Mini-PROTEAN®
Tetra cell (Bio-Rad, Hercules, CA) till bands ran to the bottom of the gel. Then, protein was

transferred to methanol activated PVVDF membrane, (Immobilon®- P Transfer Membrane,
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Millipore, Billerica, MA) in transfer buffer (3.03 g tris base, 1.44 g glycine, 200mg SDS, 20%
methanol in 1 L deionized water). Transfer was run at a constant 90 mA overnight followed by
15 minutes at 150 mA, 15 minutes at 250 mA and 10 minutes at 350 mA. PVDF membrane was

then dried under vacuum and reactivated for 2 minutes in 100% methanol.

3.4.5 Antibody Staining for Proteins of Interest

Membranes were blocked with 5% milk in Tris Buffered Saline at pH 7.6 mixed with
0.5% Tween-20 (TBST) for 1 hour at room temperature and probed with primary antibodies in
5% milk in TBST for 1 hour at room temperature. Membranes were washed 3 x 5 minutes with
TBST and reacted with secondary antibody in 5% milk in TBST for 1 hour at room temperature.
The blots were probed by primary antibodies for contractile proteins (MYH-a, MYH-p, TnnT,
Tnnl, a-actinin, SERCA), gap junction signaling proteins (Cx43, N-cadherin) and markers of
cardiac lineage (GATA4, GATAG, NKX2-5) (Santa Cruz Biotechnology, Santa Cruz, CA) at
dilutions of 1/400 primary and 1/1000 Horse Radish Peroxidase (HRP)-conjugated secondary
antibodies for the respective primary animal (Invitrogen, Grand Island, NY). Proper transfer was

evaluated by staining the gel with Imperial ™

Protein Stain and the PVDF membrane staining
with Pierce® Reversible Protein Stain Kit (Thermo Scientific, Rockford, IL). Membranes were
exposed to chemiluminescence developed in G:Box using GeneSys software (Syngene, Pegasus
Court, MD) after the application of ECL. All antibodies of interest were normalized to f-actin

expression or calsequestrin expression. Western blots were quantified using ImageJ analysis

(NIH).
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4. Results
4.1 Evaluation of the Custom-Built Cell Stretchers Capability to Create a Designated
Mechanical Environment
4.1.1 Generation of Mechanical Environment Mimicking the Real-time Dynamic Stretching
of the Left Ventricle

To create a mechanical mimic of the myocardial membrane environment, designation of
percent stretch, waveform and frequency parameters were needed. Percent stretch and frequency
were restricted to 2% and 1 Hz to minimize harsh conditions on the cells that would cause loss of
cell adhesion. Additionally, the dynamic stretch of the left ventricle was mimicked by stretch
based on the left ventricular volumetric loading waveform. The waveform shape was created by
three quadrants with vertical and horizontal composition of the waveform taken from an

available textbook (Hall & Guyton 2011).

4.1.2 Evaluation of Theoretical Model for Membrane Percent Stretch

To assess for characteristics of the membrane stretch, video imaging of the membrane
was taken and analyzed. Four points were drawn on a membrane from 25 to 150 mm equidistant
from the center of the plunger in increments of 25 mms to mark off areas of interest. Video
imaging was taken of the membrane gradually stretched by increasing duty cycle output
increasing by 10% increments. Images at each incrementally stretched state were extracted and
used for analysis. Marked regions of interest were extracted by image cropping and analyzed by
ImageJ. Calculated percent stretches were corrected for displacement towards the camera by
normalizing to the area of the plunger cap. These values were also compared with the theoretical

percent stretch determined with our conical frustum model to assess its accuracy.
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Experimental set-up consisted of loading the marked plate on a six plunger and four
plunger systems for additional confirmation of observed behavior. The actual percent stretches
determined by video imaging were found to be relatively uniform over the surface of the plunger
as indicated by the small deviation around averaged values of the percent stretch 25 to 125 mm
from the plunger center (Figure 5). Distribution of the percent stretch indicated maximum
stretch occurred around 50 mm from the center with stretch gradually decreasing both towards
and away from the center. Additionally, the relationship between plunger movement and percent
stretch was observed to be relatively linear with R? values of 0.9758 and 0.9897 for the six and
four plunger system respectively. Markings at 150 mm for the six plunger system were off the
plunger-membrane interface and were determined to relatively stationary indicating lack of
stretch in that area. Due to increased slant and shadow from the higher displacement in the four
plunger system, marking at 125 and 150 mm were distorted and could not be properly extracted
for analysis.

Comparison of the determined results with our theoretical model demonstrated relatively
good correlation although actual results were generally higher expect towards the end of the
theoretical curve. Comparison of the actual percent stretch distribution demonstrated higher
determined stretch values from 25 to 75 mm and lower stretch values from 100 to 125 mm
compared to the theoretical stretch. Additionally compared to the exponential shape of the
theoretical model, percent stretch to plunger movement was demonstrated to be linear
relationship especially at higher percent stretches. Thus although our current model allowed for
a relatively good estimate of percent stretch, improvements to our model could be made to

correct for these observed differences.
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Figure 5: (Top) Images of the membrane while being stretched when supplying a PWM-voltage at 0, 50 and 100% duty cycle for
the six plunger system.

(Middle) Plots of relationship between LVDT measurements on plunger movement to determined percent stretch based on
change in marked areas of interest for six plunger system.
(Bottom) Plots of relationship between LVDT measurements on plunger movement to determined percent stretch based on
change in marked areas of interest for four plunger system.
4.1.2 Evaluation of Waveform Generation

Generation of the designated waveform mimicking the volumetric loading waveform of
the left ventricular to mimic the respective mechanical environment was evaluated by successful
generation by PID calibration under experimental conditions. Six cell stretcher devices were
simultaneously run at 1 Hz and 1% acceptable error. The PID equation was set to 0.1 for all PID
parameters and calibration from a low output to 2.5% stretch was performed at a rate of 1 Hz.
Plots of the LVDT measurement displayed expected calibration every second and the calibrated

waveform displayed good fidelity with the ideal waveform indicating generation of the

mechanical environment was successful under the experimental conditions. Due to sample
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limitation, only four devices were used for cell culture experiments, thus our system was more

than capable of creating our designated mechanical environment.
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Figure 7: Plots displaying the ideal waveform in red, LVDT measurement in white, output in blue and error between the ideal and
the LVDT measured in green. Four graphs for the four devices running at a 2.5% stretch, frequency of 1 Hz and a 1% acceptable
error. Initial measurement (left) shows a large difference between the actual and ideal waveform generated. Plots after
significant calibration had been completed (right) and simple output generation indicated that the average error between the ideal
and actual output was at or below 1%.

4.1.3 Validation of Frequency

Considering that we wanted to assess the effects of changes in frequency and frequency
distribution, it was important that significant lag to the system does not occur especially with
multiple devices which would lead to an unassigned frequency distribution. To determine if
significant lag occurred while the system was running multiple devices, LVDT readings were
recorded and a fast Fourier Transform (FFT) of the data containing 50,000 waveforms was
performed with MATLAB?’s built-in FFT functions. By the observing the distribution of

frequencies from the transformed signal, we could assess whether significant unwanted
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distribution occurred. LVDT readings recorded over a 6 hour period while running six devices
simultaneously at 1 Hz were recorded and transformed into the frequency domain. A plot of the
transformed signal running at 1 Hz displayed a sharp peak at 1 Hz with amplitude slightly over
0.8 with around a 0.2% distribution. Transformed plot for the device running at 2 Hz displayed a
sharp peak slightly past 0.7 with around a 0.5% distribution. Additionally, we could also assess
correct output of a set distribution by the same method. LVDT readings were recorded while
devices were set to output either a Gaussian or random distribution. These results demonstrated
a distributed output with minor peaks near the 0.9 and 1.1 Hz along with a sharp peak at 1 Hz
due to initial calibration. Both plots did show a slight shift from the center at 1 Hz, however,
these shifts were less than 1% and possibly due to the limited sample size of 50,000 waveforms

from limitations of the computer processing power.
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Figure 8: Plots of the FFT of the LVDT signal recorded over a 6 hour period running at a frequency of 1 Hz (left) and 2 Hz
(right) while a total of six devices were operating. Samples consisted of 50,000 waveforms.
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Figure 9: Plots of the fast Fourier transform of the LVDT signal recorded over a 6 hour period running at a frequency of 1 Hz
under either a 10% Gaussian (left) or random (right) distribution. Samples consisted of 50,000 waveforms.

4.2 Characterization of the CHD Model
4.2.1 RNA Quantification of the F21 CHD Model

Phenotypic traits of the CHD model were determined by RNA expression extracted from
digested and lysed heart samples using gRT-PCR. Fetal hearts from the nitrofen-induced CHD
model and healthy groups were divided and analyzed in groups of CHD+, CHD- and healthy
control sample. Four CHD+ samples, three CHD- samples and three control samples were
analyzed. Several genes for the second sample group could not be analyzed due to sample
limitations. Quantification was performed by probing for RNA related to contractile function
(MYH6, MYH7, TNNT2, TNNI3, ACTN2, ATPA2), gap junction signaling (GJA1, CDH2) and
markers of cardiac lineage (GATA4, GATAG, NKX2-5). Thresholds and Ct values for each
gene was automatically designated by software provided with Mx3000P QPCR System. Based
on assessment by Applied Biosystems and previous evaluations of matching amplification

efficiency amongst probes used, 274

was used for relative quantification of gene expression.
Expression was normalized to GAPDH with healthy cardiomyocytes cultured in static conditions

used as an untreated control population. Single outliner values were removed from triplicates if
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remaining Ct values showed good correlation. Amplification past the designated threshold for all
these genes was observed within 20-30 cycles with amplification plots following the expected
exponential, linear and plateau pattern on a semi-log scale with tight clustering of amplification
curves.

Samples for F21 time point were taken from multiple biological samples each consisting
of a collection of hearts from a litter. AACt values were averaged and fold change was calculated
to determine traits from each group that were statistically relevant (Figure 10). Individual
sample data was is presented in the Appendix (Figure Al, A2, A3). Gene expression that
displayed a two-fold shift was considered significant. The nitrofen-induced CHD+ group was
observed to have significantly lower expression of MYH6 along with all gap junction and
channel protein related genes compared to the control group. Other contractile proteins were
observed to have slightly lower gene expression; however, these were not significant. In
contrast, only RYR2 expression was significantly decreased in the CHD- group. Gene expression
of TNNI, ACTN2, GATA4, GATAG6 and NKX25 were significantly increased with slightly

higher expression of TNNT2 and ATP2A2.
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Figure 10: Plots of fold change in gene expression of contracile gap junction, channel and transcription factor proteins
determined by qRT-PCR for F21 hearts. Averaged AACt was determined for four CHD+, three CHD- and three control

biological samples.
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To gain better understanding of development leading up to the characteristics of our

observed CHD model, gene expression at time points F18 and E15 were also studied (Figure 11,

12). Samples at F18 were divided into CHD+, CHD- and control groups while only CHD+ and

control samples were collected for E15 due to the difficulty differentiating development of a

hernia at such an early developmental stage. Each set of sample data was taken from one

biological sample. Experimental conditions and set-up matched those used for RNA

quantification for the F21 time point.
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The F18 CHD+ model displayed significant two-fold decreases in MYH6, TNNT2 and
RYR2 with lesser shifts in TNNI3, ACTN2, and GATA4. A significant two-fold increase was
determined for NKX25 with a lesser shift in MYH7. The CHD- model displayed similar patterns
with additional significant decreases in CDH2 and ATP2A2 along with decreased expression of
MYH?7 and GATAG6. NKX25 also showed increased expression, but to a lesser extent.

Assessment of the E15 CHD+ model showed no significant shifts from the control group.
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Figure 11: Plots of fold change in gene expression of contracile gap junction, channel and transcription factor proteins
determined by qRT-PCR for F18 hearts. Sample consisted of a collection of fetal hearts isolated at F18 with 6 CHD+, 4 CHD-

and 9 Ctrl hearts. RNA was isolated by silica column.
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Figure 12: Plots of fold change in gene expression of contracile gap junction, channel and transcription factor proteins
determined by qRT-PCR for E15 hearts. Sample consisted of a collection of fetal hearts isolated at F18 with 6 CHD+, 5 CHD-
and 10 Ctrl hearts. RNA was isolated by TRIzol method.
4.2.3 Protein Quantification of the F21 and E15 CHD Model

As additional evaluation, protein content was analyzed by Western blot. Protein samples
from F21 and E15 were successfully transferred and analyzed by antibody staining. Protein
samples from F18 could not be quantified due to limited sample obtained for the control group.
Additionally, only MYH-B, TnnT, N-cadherin, Cx43 and Gata4 were analyzed because several

proteins could not be quantified due to lack of an observed signal when antibody assays were

performed. Samples were normalized to B-actin which demonstrated a strong signal amongst
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sample lanes. Although similar B-actin expression was desired between sample lanes, variations
in pipetting, antibody binding and error in BCA determination led to observed differences in -
actin signal.

Due to difficulties with optimal antibody concentrations, only a limited amount of protein
data could be acquired through Western blot quantification. Although the amount of protein
quantified was limited, protein expression patterns for F21 were different from RNA expression
patterns such as higher gap junction protein content. Additionally, E15 protein expression for
CHD+ was much higher than the control which did not match observed RNA expression, thus

indicating differences between RNA and protein expression.
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E15 Western Blot Analysis
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Figure 13: Plots of fold change in protein expression for contracile gap junction, channel and transcription factor proteins
determined by Western blot and analzyed by ImageJ. Collection of F21 hearts were lysed together consisting of 5 CHD+, 4
CHD- and 5 Ctrl hearts. Collcetion of E15 hearts were lysed consisting of 6 CHD+ and 8 Ctrl hearts. Protein was isolated by
cell lysis solution for E15 and TRIzol method for F21.
4.3 Effects of Mechanical Stimulation on Cardiac Cell Development
4.3.1 RNA Quantification of Stretched Cardiac Cell Populations

Cardiac cells isolated from CHD+, CHD- and control fetal hearts were cultured on
Pronectin BioFlex Culture Plates® under mechanical stimuli from the cell stretcher. Conditions
for the mechanical stretch were dynamic environment based on the volumetric loading waveform
of the left ventricle at 2% stretch with a constant, Gaussian and random frequency distribution.
Additionally, a plate under a Gaussian amplitude distribution was cultured from 1.5 to 2.5%
stretch. As a control, an additional plate was cultured under static conditions. These cells were
planned to be cultured for two days statically to ensure good adherence followed by three days

under mechanical stimulus. Good cell adherence and beating of myocytes was observed in the

wells prior to loading onto the device. Unfortunately due to problems with cardiac cell retention
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on culture plates under stimulated conditions, the experiment was terminated early after two days
culture under mechanical stimulus. Cells that did maintain adherence were limited to CHD+ and
healthy cell populations cultured statically and under variable mechanical strain following a
Gaussian distribution from 1.5 to 2.5% stretch. Assessment for good sample quantity and quality
were also limited to these two culture types which matched cell retention observations (Figure
13).

RNA quantification methods matched those used for characterization of the CHD model.
Ct values were generally much higher than expected in the upper 20 to 40 range, however good
correlation between triplicates was observed for several genes including GAPDH expression for
normalization. Healthy myocytes grown statically was selected as the untreated control group.
CHD+ cells cultured statically did show several shifts with tight standard deviation from the
healthy control. These shifts were increased expression of MYH7, GJAL, RYR2 and GATA4
with TNNT2 and NKX25 showing significant decreased expression. For control cells cultured
under mechanical stimulus TNNT2, ACTN2, CDH2, GJAL, RYR2 and GATA4 were
significantly increased while NKX25 was significantly decreased. Finally, for the CHD+
population under mechanical stimulus all contractile proteins expect TNNT2, gap junction,

channel and transcription factor proteins except for NKX25 were significantly increased.
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Figure 14: Plots of fold change in gene expression of contracile gap junction, channel and transcription factor proteins
determined by gRT-PCR for statically cultured and mechanical stimulated fetal hearts. Each group had consisted of one sample
cell culture population. RNA was isolated by TRI1zol method.

4.4.2 Protein Quantification of Stretched Cells

Although protein sample was successfully isolated and Western blotting was performed
on the sample, several complications limited the ability to analyze the sample such as lack of
high molecular weight proteins observed on the blot and no signal was observed for B-actin to

normalize results for other proteins.

5. Discussion

Our goal of this study was to analyze the role of the effects of varying mechanical
environments on healthy and CHD cardiomyocyte development. We created and validated a
model of the real-time dynamic stretching through cell culture on a silicone membrane while be

stretched by a custom-built cell stretcher. A nitrofen-induced rat model of HLHS was also
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created that was characterized for its phenotypic traits by RNA and protein quantification of
biomarkers related to proper function and development of cardiomyocytes. Culture of cardiac
cells form these groups under mechanical stimulation allowed us to investigate effects of
mechanical cues on cardiomyocye development. By correlating changes in RNA and protein
expression with the initial phenotypic conditions, the role of the mechanical environment on

myocyte development was studied.

5.1 Generation and Validation of Mechanical Environment

Our custom-built cell stretcher device was designed to mimic the real-time dynamic
mechanical stretching of the heart membrane by utilizing the fast activation and response time of
a magnetic linear actuator. Development of our cell stretcher device and control system have
allowed for stretching of a silicone culture membrane of up to 6% for six wells under arbitrary
waveforms running at a rate 2 Hz under variable amplitude or frequency based on a set
distribution. Considering our device was custom-built, it was important that we validated the
characteristics of the device to properly assess whether we were creating our designated
mechanical environment. Analysis of the membrane surface under mechanical stimulation
demonstrated differences in the expected relationship between the plunger displacement and
membrane stretch based on our conical frustum model. Actual percent stretch was observed to
be both greater and following a more linear relationship compared to the exponential change of
our membrane model. Considering that cell retention under mechanical stimulation has been a
major limitation of our device for cardiac cell culture, this result indicated that culture conditions
were harsher on the cell population than expected and could be lowered to hopefully improve

observed cell retention. Possibility of other factors leading to loss of adherence have been
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investigated, however cardiac cells have generally demonstrated very good adherence with pre-
coated Pronectin silicone membrane under static conditions, but one to two days of mechanical
stimulation has led to the majority of adhered cells lifting off the plate. Membrane stretch was
determined to be relatively uniform over the plunger-membrane interface allowing for the
possibility of accessing specific effects of different membrane stretches.

Analysis of the frequency output running multiple devices under constant frequency of 1
and 2 Hz by FFT demonstrated tight distribution around the designated frequency conveying our
control of the rate of mechanical stimulation. Additionally, analysis of the output under a set
frequency distribution did confirm a distributed output; however, shifts in center of the
distribution and plot shape indicated differences from our designated parameters. These shifts
were likely due to corrections made by the controller system to avoid issues with the system
limitations such as microsecond rounding and response time of the device, thus actual
distribution output was restricted. Furthermore, limitations to cell retention and computer
processor speed have restricted our ability to culture cells at a rate mimicking the rat heart at 4
Hz which was previously achieved with simpler controller set-ups. Therefore, results of the
validation indicated relatively good control of the mechanical environment created with possible
improvements to the coding efficiency, system hardware and models of the environment
allowing for improved accuracy of the designated mechanical environment.

Currently other systems such as the Flexcell 4000 cell stretch vacuum have been used to
culture myocytes while being regularly stretch under similar culture conditions used for this
study (Richard 2007, Komuro 1989). However, the selected frequency of 1 Hz and percent
stretch up to 2.5% is not a limitation of our system. Our device has previously demonstrated

output of highly defined waveforms at greater mechanical stretch up to 15% and frequencies up
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to 4 Hz which is a limitation of the Flexcell 4000 system and would better match conditions of
the native rat heart (Ace Animals, Inc 2008, Colombo 2008, Komuro 1990). Interestingly, the
major limitation of our system for cell culture experiments was the commercial culture plates and
problems maintaining cell retention while being mechanically stimulated. Thus besides
improving our system’s stretcher capabilities, improved cell adhesion to the silicone membrane

or replacement of the commercial plates are needed to utilize the capabilities of our system.

5.2 Characterization of the CHD Model

To determine the initial condition of the cardiac cell population used in our study along
with understanding the phenotypic traits related to the diseased condition, extensive
characterization of the CHD rat model was performed. Phenotypic traits of the model were
determined by RNA quantification to evaluate gene expression of biomarkers related to myocyte
contractile function and development. The majority of the characterization was performed on
samples at F21 with investigation of earlier time points at F18 and E15 for additional
understanding of CHD development. Generally for qRT-PCR, two-fold and greater changes
with tight standard deviations were considered significant shifts in gene expression due to lack of
a known statistical method to determine significance amongst multiple biological samples.

Averaged shifts in gene expression from multiple samples of the F21 rat model showed
shifts mainly related to MYHG6, gap junction and channel proteins. These results indicated
decreased myocyte function related to its contractile capability and myocyte connectivity.
Additionally, studies have indicated that shifts in MYH-a, the protein product of MYHS, is
related to cardiac immaturity and several disease rat models (Sengupta 2007). Although the shift

from myosin heavy chain  to pre-dominantly a occurs through development to adulthood and
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the rat heart consists mainly of the B isoform at this time point, early decreased expression of
MYH6 could indicate restrictions to reaching cardiac maturity and decreased cardiac function
(Lompre 1984). The detrimental effects of decreased MYH6 expression and MYH-a content is
observed in humans which constituents only 25-35% of MYH RNA and 10% of the MYH
protein content. Although these isoforms make up only a small portion of MYH RNA and
protein, their amounts and expression are severely decreased during chronic heart failure, thus
illustrating the detrimental effects of shifts to MYH isoforms (Lowes 1997, Nakao 1997, Miyata
2000, Reiser 2001).

Additionally, CHD- fetuses from the nitrofen model without an observed hernia
demonstrated traits that were clearly distinct from CHD+ fetuses with a hernia present. Most
genes were found to have expression either similar or greater than the control except for RYR2.
One explanation for shifts in expression despite no hernia development was that the cardiac cell
population was immature due to effects of nitrofen exposure. Thus the increased expression was
observed due to cells still undergoing delayed development stages which were hindered in the
CHD+ condition due to compression of the heart. This explanation was supported by the
observed increases in transcription factors related to early cardiac differentiation and increased
troponin expression which indicate an immature developing population (Hunkeler 1991).
Additionally, lower expression for RYR2 indicated immature calcium handling in myocytes
from both groups (Janowski 2010).

Evaluation of the individual traits of the CHD samples did demonstrate variability of the
model. Sample 1 consisted of a larger collection of fetal hearts and RNA quantification
demonstrated similar expression patterns between the CHD+ and CHD- groups. Later samples

consisting of quantification from smaller heart collections demonstrated distinct patterns of
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expression between the groups. Considering that these samples represent averaged expression
from a collection of fetal hearts that were visually separated into CHD+ versus CHD-,
unintentional mixing of the hearts phenotypically belonging to each group was more likely to
occur in larger collections. One method to overcome this limitation for further characterization
is RNA and protein isolation from individual rat hearts. Considering that large quantities of
RNA and protein sample were retrieved from two heart samples, individual assessment of
phenotypic traits could be performed to get a large set of biological samples and determine
statistically relevant shifts.

Changes in gene expression at F18 and E15 were also studied to improve understanding
of CHD development. Similar to the F21 time point, decreases in MYH6 and RYR2 were
obsereved along with unique shifts in tropnonin T and | content and a spike in NKX25
expression. These shifts indicated cardiac immaturity compared to the control. Additionally, the
majority of shifts in gene expression matched between the CHD+ and CHD- group, likely due to
the larger collection of heart samples. E15 indicated that no significant shifts occurred which
was possibly due to too short of a time for effects due to nitrofen and a distinct hernia to develop.
Additionally, the time point selected could simply be a period that no significant shifts in gene
expression are observed since shifts in GATA4 and GATAG6 have been found at an earlier E13
time point (Takayasu 2008). However considering that no hernia was observed at the E15 time
point, this observed downregulation could be due to nitrofen exposure. Therefore to improve our
understanding of CHD development over the course of fetal stages, more time points and
quantification of individual heart samples could be performed.

Western blotting was also performed to study the expression of the final protein product.

Interestingly, several protein shifts at the F21 time point for the CHD+ condition were different
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from the average shifts found from RNA expression such as normal gap junction protein
expression. Protein content for the CHD- condition did relative match averaged patterns for the
RNA expression. Additionally, protein expression for the E15 time point for the proteins
assayed was all higher than the control which did not match with gRT-PCR results. One
explanation for the differences observed was that too few biological samples were analyzed and
certain shifts were sample specific. Another explanation was shifts in overall protein content due
to changes in gene expression were delayed, thus protein quantification at neonatal stages were
needed to find changes in gap junction and channel protein content. Considering that qRT-PCR
results for the F18 stage indicated normal expression for CDH2 and Cx43, shifts in gene
expression found at F21 could have occurred at that time point. Additionally, analysis by T-test
gave P values greater than 0.05 indicating that the differences were not significant. However,
cell lysis sample was taken from a single combined litter for the CHD+, CHD- and control
condition compared to multiple samples analyzed by gRT-PCR, thus more protein analysis was
needed to determine significant results. Thus to improve our analysis, more biological samples
from various time points are required and by utilizing the TRIzol method, specific correlations

between RNA and protein expression for individual biological samples can be made.

5.3 Effects of Mechanical Stimulation on Healthy and Diseased Myocyte Development

Due to limited cell retention and difficulty with retrieving enough quality RNA sample
for analysis, results for cell culture experiments under mechanical stimulation was limited to
CHD+ and control cell cultures under static and variable strain with a Gaussian distribution from
1.5 to 2.5% stretch. However, this study provided some understanding on the role of the

mechanical environment. We found that gene expression in healthy cardiac populations cultured
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in static and mechanically stimulated environments resulted in increased MYH6, MYH?7,
TNNI3, ACTN2, ACTN2, GJAL, RYR2, ATP2A2 and GATA4 with decreased NKX25. Based
on the amount of genes with increased expression and large fold change observed, mechanical
stimulation was found to greatly stimulate genes related to proper contractile function and
myocyte activity. However, increased expression of MYH?7 has been observed in failing adult
mouse hearts (Harada 1999). However during early developmental stages, the f§ isoform is
dominant, therefore, the increased expression MYH?7 could simply be due to the early
development stage of the cardiac cell population (Lompre 1984). Additionally increases in both
MYH6 and MYH7were observed, thus increased expression of MYH7 coupled with increased
MYH6 might not be a maladaptive response at this time point and instead be a physiological
cellular response similar to hypertrophy (lemitsu 2001).

We also found that several shifts in gene expression for CHD+ cells occurred simply due
to culture on the flexible silicone membrane. Significant increases were observed for MYH7,
GJAL, RYR2, GATA4 while significant decreased expression was observed for TNNT2 and
NKX25. Lesser increased expression was observed for MYH6, CDH2, ATP2A2 and GATAG.
Interestingly, expression of several of these genes was initially decreased based on our
characterization of our CHD model; therefore, altered mechanical cues from the silicone
membrane alone could have triggered increased expression of these functional proteins that
previously inhibited by their native diseased environment.

Finally, we found that mechanical stimulation of CHD+ resulted in large increased
expression of contractile proteins except TNNT2, gap junction, channel and transcription factor
proteins assayed. Although increased expression for several of these genes was observed for the

statically cultured CHD+ population, the fold change was much greater for the stimulated
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population. Distinct from the CHD+ static population was increased expression of MYHG,
ATP2A2 and GATAG6. Considering that higher expression was found for the CHD+ stimulated
population, mechanical cues from stimulation and the flexible membrane could have had
synergetic effect leading to higher overall expression. Comparing the alterations in gene
expression under these various conditions, it can be concluded that culture under mechanical
stimulation mimicking the myocardial environment upregulated gene expression; however,

whether myocyte function and maturation were improved requires further study.

6. Conclusion

The cell stretcher device allows for highly controlled dynamically stretched cell culture
based on our evaluations of the membrane stretch, waveform generation and frequency output.
Furthermore, our evaluations have also given better understanding to the environment generated
and possible improvements that would improve the accuracy of our experimental set-up. As
hypothesized, characterization of our CHD rat model for phenotypic traits determined by gRT-
PCR indicated inhibited myocyte function and maturation. Culture of these cells under
mechanical stimulation of cardiac cell populations greatly increased gene expression of proteins
related to myocyte function and maturation. Comparison of the genes upregulated to the initial
phenotypic traits of our CHD rat model indicated increased expression of many genes that were
previously inhibited, thus suggesting significant alterations to the pathological phenotype that
could lead to an improved phenotypic state. With improvements of cardiac cell adhesion to the
flexible culture membrane, this study could be continued to determine how specific changes to
the mechanical environment can be used to determine effects on cell development and

proliferation. Furthermore, study on the effects of the mechanical environment could be used to
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elucidate the general effects of mechanical stimulation on cell development. Ultimately, we
were able to better understand the phenotypic development of HLHS and demonstrate the

potentially significant influence mechanical stimulation has on myocyte development.

7. Future Direction

As the role of extracellular factors on cardiomyocyte development is better understood,
the potential for development of novel methods of treatment by targeting these factors is
expanded with possibility of restoration to a healthy phenotype. Therefore, continuation should
be performed with improvements to culture, analysis and our system’s capabilities.
Improvements to culture should focus on improved cell retention and specific culture of the
myocyte population. Expansion of analysis should focus on better protein quantification by
Western blot and LC-MS/MS. Finally, improvements to our system’s capability would expand
on control and extracellular factors mimicked by our device.

Firstly, improvements to cell retention would allow us to determine the effects of specific
alterations to the mechanical environment without issues with loss of sample. Additionally
further alterations to the environment could be studied such as the effects of greater mechanical
stretch mimicking the estimated percent stretch of the myocardial membrane at 15%. Improved
cell retention would also allow for more immediate and long term studies. Immediate
mechanical stimulation after several hours to a day of static culture would minimize alterations
to the myocytes phenotype simply due to alterations of their adhered surface from their native
environment. Based on the results, shifts in gene expression already occur simply due to culture
on the flexible silicone membrane and long term static culture could already cause significant

phenotypic changes before mechanical stimulation is applied. Long term studies culturing fetal
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cardiac cells for several months could be used to study whether mechanical stimulation
influences gene and protein expression observed during maturation to adulthood.

Secondly although gRT-PCR allows for precise and accurate measurement of a variety of
cardiac biomarkers, various biological processes such as RNA processing and inhibition might
influence the formation of the final protein product. Therefore, improved Western blot methods
and LC-MS/MS could be used to quantify the functional protein product. Western blot analysis
was mainly restricted due to issues with antibody optimization leading to quickly fading signals
that were not measureable signal for the majority of biomarkers analyzed. For more rapid
analysis, LC-MS/MS can be used to assess protein content of our mechanical stimulated
populations.

Finally, control of the stretcher system could be improved by upgrades to hardware
leading to improved computer processing power and NI-DAQ capabilities that allow for more
specific creation of the desired mechanical environment. Alternatively, improvements to the
system’s capability to mimic the myocardial membrane environment could be made. One
possibility includes adhesion of a PAAM or fibronectin gel to the membrane surface allowing
control of the stiffness which has been demonstrated to undergo alterations in diseased states and
influence maturation of myocytes (Jacot 2008, Jacot 2010). Another possibility could be the
addition of electric stimulation to device’s capabilities which would mimic the electrical
impulses experienced by cardiac cells in their native environment. With improvement to the
accuracy of our device and expansion of its capabilities to mimic the native environment, we can

better isolate alterations in cellular response due to changes in their extracellular environment.
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8. Appendix
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Figure Al: Plots of fold change in gene expression of contracile gap junction, channel and transcription factor proteins
determined by qRT-PCR. Sample consisted of a collection of fetal hearts isolated at F21 with 7 CHD+, 6 CHD- and 12 Ctrl

hearts. RNA was isolated by silica column.
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Figure A2: Plots of fold change in gene expression of contracile gap junction, channel and transcription factor proteins
determined by qRT-PCR. Sample consisted of a collection of fetal hearts isolated at F21 with 5 CHD+, 4 CHD- and 5 Ctrl
hearts. RNA was isolated by silica column.
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Figure A3: Plots of fold change in gene expression of contracile gap junction, channel and transcription factor proteins
determined by qRT-PCR. Sample consisted of a collection of fetal hearts isolated at F21 with 2 CHD+ Group 1, 2 CHD+ Group
2, 2 CHD- and 2 Ctrl hearts. RNA was isolated by TRIzol method.
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