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Effect of Mechanical Loading on Three-Dimensional Cultures
of Embryonic Stem Cell-Derived Cardiomyocytes

VALERIE F. SHIMKO, M.S.,! and WILLIAM C. CLAYCOMB, Ph.D.?

ABSTRACT

Cardiomyocytes selected from murine embryonic stem cells (ESCs) using the cardiac-specific promoter
alpha-myosin heavy chain were embedded into collagen and fibronectin scaffolds. A custom-built device
was used to expose these constructs to mechanical loading (10% stretch at 1, 2, or 3 Hz) or no loading.
Constructs were evaluated using reverse transcriptase polymerase chain reaction, histology, and immu-
nohistochemistry. Mechanical loading significantly affected gene expression, and these changes were de-
pendent on the frequency of stretch. A 1 Hz cyclical stretch resulted in significantly lower gene expression,
whereas a 3 Hz cyclical stretch resulted in significantly greater gene expression than in unstretched con-
trols. These constructs also developed cardiac-specific cell structures similar to those found in vivo. This
study describes a 3-dimensional model to examine the direct effect of mechanical loading on the differ-
entiation of ESC-derived cardiomyocytes embedded in a defined extracellular matrix scaffold. A technique
was also developed to isolate the areas within the constructs undergoing the most homogeneous strain so
that the effect of mechanical loading on gene expression could be directly evaluated. These experiments
emphasize that ESC-derived cardiomyocytes are actively responding to cues from their environment and

that those cues can drive phenotypic control and cardiomyocyte differentiation.

INTRODUCTION

ARDIOVASCULAR DISEASE is the leading cause of mor-

bidity and mortality in developed countries and is the
number one cause of death in the United States. Mortality is
high because adult cardiomyocytes lose their ability to pro-
liferate during early development and cannot regenerate
when injured by ischemia or infarction. This inability to
regenerate also makes repair of congenital malformations
challenging. New attempts at repairing cardiac tissue have
focused on tissue engineering. This technology uses 3-
dimensional (3D) scaffolds embedded with cells to produce
biological substitutes to mimic the structure and function of
living tissue for the replacement of diseased tissue in vivo.
Attempts to produce a viable substitute for myocardial
tissue include cardiac tissue—engineered constructs made
using natural? and synthetic®™ substrates populated with

undifferentiated embryonic stem cells (ESCs);® mesenchy-
mal stem cells;” and e:mbryonic,“’&9 fetal,m and neonatal
cardiomyocytes.'> These tissue-engineered constructs have
been used as in vitro models of cardiac tissue'**'" and have
also been placed in vivo to ascertain their survival and effi-
cacy as replacement tissue.”®'? Several investigators have
shown that, when grafted into the heart, these constructs can
become vascularized and exhibit contractile behavior simi-
lar to native cardiac tissue.™'* Vascularized constructs have
also been created in vitro on polymer scaffolds seeded with
mixed populations of human embryonic cardiomyocytes,
endothelial cells, and embryonic fibroblasts.* In addition,
recent studies have shown that a construct made from a bi-
layered sheet of neonatal cardiomyocytes became electri-
cally coupled with its host myocardium in vivo'® and that
these ]sfleets could be fabricated into beating myocardial
tubes.
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Other studies have also shown the effect that physiologic
stimuli can have on these tissue-engineered constructs. Car-
diac constructs have been grown using a variety of culture
conditions, including bioreactors, electrical stimulation,?
perfusion chambers,3 and static stretch,15 however they are
most often subjected to cyclical stretch.”'*'® Over the past
10 years, the Eschenhagen group has been applying me-
chanical loads to cardiomyocyte-enriched tissue constructs.
The application of mechanical loads to these constructs
increased their force of contraction and facilitated the or-
ganization of cellular structures in vitro, which further en-
hanced their ability to differentiate and improved their
cardiac function in vivo.'? Most recently, their constructs
showed better contractile function with a greater number of
new blood vessels when the cardiomyocyte-enriched popu-
lation of cells was replaced with cells obtained from whole
heart digestion.'” Finally, they have shown that these con-
structs could be layered in vitro to form a variety of shapes
that could be useful for implantation.'’

Despite these positive developments, the vast majority of
cardiac tissue—engineered constructs are still created using
non-renewable cell sources, making them impracticable from
a clinical perspective. In an attempt to address this, a 3D
construct created with a renewable cell source was pursued.
The focus of the present study was to examine the bio-
chemical and histological effects of long-term mechanical
loading on ESC-derived cardiomyocytes embedded in a 3D
scaffold. The expression of 6 cardiac genes were evaluated:
2 transcription factors and 4 sarcomeric. To evaluate gene
expression, the regions within the constructs were isolated
where the applied load was most homogeneous. Polymerase
chain reaction (PCR) analysis showed that mechanical
loading significantly altered gene expression. These changes
in gene expression were dependent on the frequency of
stretch. In addition, sarcomeric structures and gap junctions
were more organized in the mechanically loaded constructs
than in the unstretched constructs.

MATERIALS AND METHODS

Selection and culture of the ESC-derived
cardiomyocytes

Undifferentiated murine J1 ESCs (generously provided by
the laboratory of Jaenisch'®) were cultured in flasks coated
with 0.1% gelatin (DIFCO Laboratories, Liverpool, Aus-
tralia) and maintained in Dulbecco’s modified Eagle me-
dium (DMEM) supplemented with 15% fetal bovine serum
(FBS) (Sigma, St. Louis, MO), 50 U/mL penicillin, 50 png/
mL streptomycin, 4 mM L-glutamine, 0.1 mM nonessential
amino acids, 0.03% 2-mercaptoethanol, and 10 U/mL leu-
kemia inhibitory factor (LIF) (Chemicon, Temecula, CA).
Undifferentiated ESCs were transfected and selected using
the method of Klug er al.'® Briefly, the ESCs were trans-
fected using lipofectamine 2000 with a 4.5-kb o-myosin
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heavy chain (MHC) promoter (kindly provided by Dr. Jeff
Robbins, University of Cincinnati) according to the manu-
facturer’s protocol. Transfected ESCs were then selected by
culturing for 7 days in the presence of 300 pg/mL of hy-
gromycin (Sigma). All other reagents were obtained from
Invitrogen (Carlsbad, CA) unless specified.

To initiate differentiation, the ESCs were dissociated us-
ing 0.25% trypsin— ethylenediaminetetraacetic acid (EDTA)
and resuspended in differentiation medium (the previously
described culture medium without LIF and using only 10%
FBS). The cells were plated onto flasks coated with 0.1%
gelatin at 800 cells/cm” and then cultured for 5 days without
medium change. Subsequently, the cells were cultured in
differentiation medium containing 10~* M L-ascorbic acid
(Sigma).>® On Day 10, the cells were dissociated using
0.25% trypsin-EDTA, resuspended in differentiation me-
dium containing L-ascorbic acid, and cultured in T75 flasks
at 3% 10° cells per flask in the presence of 300 ug/mL G418
sulfate (Invitrogen) for 7 days. Only the cells resistant to
G418 survived selection in culture. Upon completion of
G418 selection, the cells were expanded and frozen as early-
passage cardiomyocytes.

Construct creation and culture

Acid-soluble type I collagen, 0.4 mg/mL (Upstate Cell
Signaling Solutions, Charlottesville, VA), was mixed with
2x DMEM (Invitrogen) containing 20% FBS (Fig. 1). The
solution was then neutralized with 0.1N sodium hydrox-
ide. After this, 10 pg/mL of fibronectin (Sigma) was added.
Finally, this mixture was combined with a cell solution con-
taining 6x10° cells in differentiation medium containing
L-ascorbic acid. To prevent premature polymerization, the
construct components were maintained and mixed together
at 4°C. A 1-mL volume of the cell, collagen, and fibronectin
solution was carefully pipetted into each of the 6 ring-shaped
wells of specially designed Teflon molds and placed in a
humidified tissue culture incubator in 5% carbon dioxide at
37°C, where they quickly polymerized into gels. After
30 min at 37°C, 30 mL of differentiation medium containing
L-ascorbic acid was added to each dish. Medium was ex-
changed every 48 h for the 7 days that the constructs were
cultured in the mold.

Mechanical loading device

The design of the device used in this research is concep-
tually similar to a design used by Zimmermann, et al., in
which ring-shaped constructs are placed around 2 rods and
stretched using a computer-controlled mechanism.?' Al-
though the concept is similar, the device used in this ex-
periment was uniquely designed to fit around a 6-well plate
that housed all the constructs, including the controls. The
device was separated into 3 units for housing, driving, and
loading the constructs (Fig. 2). The housing unit was de-
signed to accommodate a standard, commercially available
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FIG. 1.

Gelation method for creating the ring-shaped tissue construct. Assemble the Teflon mandrel and mold together (A) and place

in a 10-cm culture dish (B). Combine the collagen and fibronectin with the cells and carefully transfer 1 mL of the solution into each
well of the mold (C). Allow gel to polymerize at 37°C in a cell-culture incubator. After 7 days, the constructs have substantially shrunk
in size (D) and are removed from the mold for subsequent use in the device.

6-well tissue culture plate (Fig. 2G) that was sandwiched
between the aluminum holding piece (Fig. 2E) and the alu-
minum base plate (Fig. 2L). The lid of the 6-well plate (Fig.
2D) loosely rested above the holding piece to allow for gas
exchange. These pieces were fastened securely together with
4 bolts (Fig. 2F), enabling the housing and loading units to
be independently detached from the driving unit and plat-
form, allowing for easy transportation to and from the in-
cubator and biosafety hood for periodic medium exchange.
The driving unit included a computer-controlled stepper
motor (Fig. 2A) and linear actuator (Fig. 2B) that was se-
curely fastened to the aluminum device platform (Fig. 20),
which served as a clamping and stabilization mechanism.
The driving unit was controlled using LabView software
(National Instruments, Austin, TX).

The loading unit rigidly attached to the driving unit via a
connection rod and a quick connect (Fig. 2C). Movement of
the linear actuator was transferred to the constructs through a
combination of a loading bar holding piece (Fig. 2N), Teflon
loading bars (Fig. 2M), Teflon double loaders (Fig. 2K), and
Teflon construct holding rods (Fig. 2I). Thus, the same
mechanical deformation could be simultaneously applied
to 6 experimental constructs (Fig. 2J). An additional 6
unloaded constructs (Fig. 2H) were maintained in the re-
maining 3 wells. While the experiment was in progress, the
housing unit fit snugly in the groove of the device platform
(Fig. 20), preventing movement of the 3 components
(driving, loading, and housing) relative to each other.

Mechanical loading device experiments

Twelve constructs were placed into the device after 7
days of culture in the mold. Six were randomly selected and

subjected to a continuous, cyclical mechanical load that
stretched the constructs to 10% of their initial length at
frequencies of 1, 2, and 3 Hz for a period of 3 days. Per-
centage stretch was defined as

(Lfinal — Linitial)

initial

Percent stretch = x 100

where Lg,, is the final desired construct length, and Lj,iga
is the initial construct length. The remaining 6 constructs
were left unstretched in the remaining 3 wells and func-
tioned as the controls. All constructs were cultured in dif-
ferentiation medium containing L-ascorbic acid. Medium
exchange occurred daily. The constructs lengthened along
the direction of stretch due to the cyclical mechanical load.
To account for this, the distance between the construct
holding rods was increased 1% daily when the medium was
exchanged.

Construct evaluation

The goal of this study was to evaluate the effects of me-
chanical loading on ESC-derived cardiomyocytes embedded
in 3D constructs. Because previous research has shown
that central regions of stretched collagen gels have a
more homogeneous strain profile than the ends,”>?* only the
homogenously stretched, mid-sections of the constructs
were used.

Determination of gene expression

Before extracting the ribonucleic acid (RNA) from the
cells, the mechanically loaded constructs were sectioned to
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FIG. 2. Exploded view and cut-out of mechanical loading device with stepper motor (A), linear actuator (B), connection rod (C), 6-well
plate lid (D), aluminum holding piece (E), bolt (F), 6-well plate (G), control construct (H), Teflon construct holding rod (I), experimental
construct (J), Teflon double loaders (K), base plate (L), loading bar (M), loading bar holding piece (N), device platform (O).

separate the mid-sections of the construct from their re-
spective end pieces (Fig. 3). Once sectioned, the mid-sections
of the constructs were prepared for reverse transcriptase (RT)
PCR. RNA was isolated using the Qiagen RNeasy Kit
(Qiagen, Valencia, CA) and was reverse transcribed into
complementary deoxyribonucleic acid (¢cDNA) using Super-
script III (Invitrogen). Quantitative RT-PCR was performed
using the Cepheid Smart Cycler (Cepheid, Sunnyvale, CA).
The expression of the o-cardiac actin, o-skeletal actin,
o-MHC, B-MHC, myocyte enhancer factor (MEF)2C,
(GATA)-4, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) genes were examined using Platinum Quantitative
PCR SuperMix-UDG (Invitrogen). The primer sequences for
each gene have been described previously.”* Gene expres-
sion data are presented as the fold change in gene expres-

END PIECE

MID SECTION

END PIECE

FIG. 3. Schematic of a sectioned construct in preparation for the
isolation of ribonucleic acid.

sion of the mechanically loaded constructs with respect to
the unstretched constructs. All data were normalized to the
reference gene GAPDH. Values greater than 1.0 represented
greater gene expression, and values less than 1.0 represented
lower gene expression. Results were calculated using the
comparative cycle threshold method.> Additional analyses
were conducted on the end pieces of the mechanically loaded
constructs for comparison with their respective mid-sections.

Histology and immunohistochemistry

Constructs were removed from the device and fixed
overnight at 4°C in 4% neutral buffered formalin (pH 7.4).
Using standard methods, the constructs were embedded in
paraffin blocks, care being taken to maintain their final ori-
entation to the device. Hematoxylin and eosin (H&E) and
trichrome stains were applied using standard methods.

For immunohistochemical stains, sections were depar-
affinized and rehydrated before antigen retrieval, which
was performed using standard methods. The primary anti-
bodies used were titin (Developmental Studies Hybridoma
Bank, Iowa City, IA), pancadherin (Sigma), and connexin-
43 (Sigma). The slides were then incubated with a Hoechst
33258 nuclear stain (1:1000) combined with the secondary
antibody. The secondary antibodies used for visualiza-
tion were Cy3-conjugated goat anti-mouse immunoglobu-
lin (Ig)M, p chain specific, Cy3-conjugated goat anti-mouse
IgG (H+L), and Cy3-conjugated goat anti-rabbit IgG
(H+L) (secondary antibodies from Jackson Immuno-
Research Laboratories, West Grove, PA). Finally, the slides
were incubated with 1.0% Sudan Black B (Sigma) to block
any autofluorescence.”® Adult and neonatal rat heart tissues
were used as positive controls, and the absence of the pri-
mary antibodies on construct sections were used as the
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FIG. 4. The effect of mechanical loading at 1, 2, and 3 Hz for 3 days on gene expression. The fold change in gene expression was
determined by comparing the gene expression of the mechanically loaded constructs with the control constructs and normalized to
glyceraldehyde 3-phosphate dehydrogenase. Data are expressed as means =+ standard errors. P-values were determined using Tukey’s
test for pairwise multiple comparisons in conjunction with analysis of variance. * Indicates significant difference from unstretched
control constructs; 4 and # indicate significant differences from 10% stretch at 1 and 2 Hz, respectively p < 0.05. MHC, myosin heavy

chain; MEF, myocyte enhancer factor.

negative controls. The stained sections were imaged using
the MetaMorph imaging system (Molecular Devices, Sun-
nyvale, CA).

Statistics

Statistical significance was determined using analysis of
variance in conjunction with post hoc Tukey tests with a
significance level of 0.05. All statistical tests were per-
formed using StatView (SAS Institute, Inc., Cary, NC).

RESULTS

Gene expression

Compared with the unstretched constructs, GATA-4 was
significantly down-regulated at 1 Hz whereas mechanical
loading at 2 and 3 Hz had no effect on the 2 cardiomyo-
cyte transcription factors, MEF2C and GATA-4 (Fig. 4).
Expression of the 4 sarcomeric genes, however, was de-
pendent on the frequency of stretch (Fig. 4). Mechanically
loading the constructs at 1Hz significantly decreased
the expression of a-skeletal actin, «-MHC, and B-MHC,
whereas a-cardiac actin was unaffected. Mechanically
loading the constructs at 2 Hz significantly increased the
expression of B-MHC and had no effect on the expression of
the other 3 sarcomeric genes. In contrast, mechanical load-

ing at 3 Hz significantly up-regulated o-skeletal actin, o-
cardiac actin, and a-MHC, whereas B-MHC was unchanged.

PCR analysis was also performed to compare the gene
expression of the mid-sections and the end pieces of me-
chanically loaded constructs. The expression of «-cardiac
actin, a-skeletal actin, and a-MHC were significantly greater
in the mid-sections of the constructs (1.69 +-0.32, 1.545 +
0.166, 1.64 +0.24, respectively) than at their ends, indi-
cating that the homogeneous strain distribution in the mid-
sections of the constructs influenced the cells more than
the distribution in the end pieces.

Histology and immunohistochemistry

After analysis of gene expression, histological and im-
munohistochemical evaluation were performed. Because
gene expression was shown not to increase in the constructs
exposed to mechanical loads at 1 Hz and 2Hz, only un-
stretched control constructs and the 3 Hz mechanically
loaded constructs were studied and compared with adult
and neonatal cardiac tissue.

Standard H&E staining revealed a dense boundary layer
of cells and a homogeneous distribution of cells throughout
the interior of the 3 Hz mechanically loaded constructs.
Longitudinal alignment of cells within these constructs was
pervasive, with long strands of cells containing elongated
nuclei (Fig. 5D) resembling the myofibers found in the
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FIG. 5. Hematoxylin and eosin staining of adult rat heart (A), neonatal rat heart (B), unstretched construct at day 3 (C), construct
exposed to a mechanical load of 10% stretch at 3 Hz for 3 days (D). Trichrome staining of adult rat heart (E), neonatal rat heart (F),
unstretched construct at day 3 (G), construct exposed to a mechanical load of 10% stretch at 3 Hz for 3 days (H). Bar =100 pm. Color

images available online at www.liebertpub.com/ten.

neonatal heart (Fig. 5B). Along with distinct boundary layers
that were 4 to 6 cells wide, it was also common to find side-
by-side layering of cells within the central regions of the
mechanically loaded constructs. In contrast, cellular align-
ment was noted sporadically throughout the unstretched
constructs (Fig. 5C). In addition, unstretched constructs had
a less-pronounced boundary layer and a less-homogeneous
cell distribution throughout the interior of the scaffold.
When the mid-sections and the end pieces of the mechani-
cally loaded constructs were compared, histological staining
showed better alignment and organization of cells in the
mid-sections of the constructs (Fig. 6A) compared with the
rounded and random orientation of the cells observed in
the end pieces (Fig. 6B).

Trichrome staining was used to examine collagen align-
ment and distribution in the constructs. Collagen alignment
was more evident in the 3 Hz mechanically loaded con-
structs and presented as thin interwoven strands between the
cells (Fig. SH). This type of collagen organization was similar
to that observed in the neonatal heart (Fig. SE, F).27?% In
contrast, the collagen was more disorganized in the un-
stretched constructs (Fig. 5G).

Immunohistochemical staining was performed to identify
sarcomeric structures using the titin antibody and to identify
cell-to-cell junctions using the pancadherin and connexin-43
antibodies (Fig. 7). These proteins were present in all of the
constructs, although there were noticeable differences in the
amounts and organization of the proteins between the un-
stretched and the mechanically loaded constructs. Although
there were some cells within the unstretched constructs that
had organized sarcomeric structures, the majority of the
sarcomeric proteins appeared to be randomly distributed
(Fig. 7A). In contrast, mechanical loading resulted in con-
structs in which the cells were more elongated with distinct

myofilaments and organized sarcomeric structures (white
arrows in Fig. 7B).

Pancadherin was present in equal amounts in the control
and experimental constructs. In control constructs, the an-
tibody was observed around the entire periphery of the cells
(Fig. 7C), which resembled the staining observed in the
neonatal tissue. In addition to showing staining around the
periphery of the cells, mechanically loaded constructs also
displayed localization of pancadherin between cells, indi-
cating end-to-end intercellular junctions (white arrows in
Fig. 7D), similar to the staining observed in adult heart tis-
sue. In contrast, there were clear differences between the
labeling of connexin-43 in the mechanically loaded and
unstretched constructs. The labeling of connexin-43 was
punctate and diffuse throughout the control constructs (Fig.
7E), whereas in the mechanically loaded constructs, it was
more prevalent, similar to the staining observed in cardiac
tissue constructs made with neonatal cardiomyocytes.>'?
In addition, connexin-43 labeling sometimes appeared
concentrated between cells, demarcating gap junctions
(white arrows in Fig. 7F).

DISCUSSION

The primary focus of this work was to study the effects of
mechanical loading on the expression of cardiac-specific
sarcomeric genes and 2 commonly studied cardiac tran-
scriptions factors in 3D cultures of ESC-derived cardio-
myocytes. After isolating the regions within the constructs
that were exposed to the most homogeneous strain, we
demonstrated that mechanical loading significantly affected
gene expression and that these changes in gene expression
were dependent on the frequency of stretch.
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FIG. 6. Hematoxylin and eosin staining of embryonic stem cell—
derived cardiomyocytes embedded in collagen and fibronectin
scaffolds. Cellular alignment is more pronounced and cell distri-
bution is more homogenous in mid-sections of mechanically loaded
constructs (A) than in the respective end pieces (B). Bar = 100 um.
Color images available online at www liebertpub.com/ten.

In this study, comparative analysis of gene expression and
immunohistochemical staining was only assessed in the mid-
sections of cardiac tissue—engineered constructs. This selec-
tive analysis was employed because of work by Krishnan et
al. and Karamichos et al. in which they detailed the strain
distributions within cell-seeded collagen gels caused by an
applied mechanical load.”>** Their work showed relatively
homogeneous strain distributions in the central regions of
their constructs and regions of highly inhomogeneous strain
near the ends of the constructs. Because of these studies, we
hypothesized that inhomogeneous strain distributions be-
tween the mid-section and end pieces of the constructs would
result in spatial effects on gene expression and possibly even

FIG. 7. Immunohistochemical staining of titin in an unstretched
construct at day 3 (A) and a construct exposed to a mechanical load
of 10% stretch at 3Hz for 3 days (B). Immunohistochemical
staining of pancadherin in an unstretched construct at day 3 (C) and
a construct exposed to a mechanical load of 10% stretch at 3 Hz for
3 days (D). Immunohistochemical staining of connexin-43 in an
unstretched construct at day 3 (E) and a construct exposed to a
mechanical load of 10% stretch at 3 Hz for 3 days (F). Bar =25 pm.
White arrows indicate sarcomeric structural organization within the
cells (B) or point to cell-cell junctions between the cells (D and F).
Color images available online at www.liebertpub.com/ten.

construct structural development. Detailed analysis con-
firmed this hypothesis. Although sectioning constructs, as we
have done here, may not be useful when examining total
construct behavior (i.e., mechanical properties or contractile
behavior), it proved to be an effective technique for studying
gene expression and structural organization in constructs that
have previously been difficult to evaluate due to their inherent
non-linear mechanical properties.?

Mechanically loading the ESC-derived cardiomyocyte-
embedded constructs at a frequency of 1Hz resulted in a
statistically significant down-regulation of GATA-4. The
in vivo regulatory effects of GATA-4 on o-MHC and its
importance in late embryonic heart development are well
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established.’®>* Although the mechanism resulting in the
down-regulation seen here remains unknown, it is possible
that the 1Hz stretch resulted in depressed gene expression
because it may have been less than the intrinsic beat rate of
these ESC-derived cardiomyocytes.**® Regardless of the
mechanisms responsible for the down-regulation of GATA-
4, it is likely that the reduced expression of GATA-4 at 1 Hz
was responsible for the down-regulation seen in a-skeletal
actin, a—MHC, and B-MHC, because GATA-4, in part,
regulates the expression of many genes, including o-skeletal
actin,>’ o—MHC,*® B—MHC,39 atrial natriuretic factor
(ANF),* brain natriuretic factor,*® and cardiac troponin T4

In contrast, a 3Hz cyclical stretch had no effect on the
expression of either of the cardiomyocyte transcription fac-
tors: GATA-4 and MEF2C. This response was more consis-
tent with the literature, which has shown that GATA-4 and
MEF2C are first expressed during embryogenesis*** and
then maintain their expression once the cardiomyocytes are
terminally differentiated.** Other studies have shown that
short-term up-regulation of GATA-4 can be achieved in vitro
with electrical stimulation, although these events were tran-
sient, with GATA-4 quickly returning to its baseline expres-
sion while still being electrically paced.*> Mechanically
loading our constructs at 3 Hz did, however, affect sarcomeric
gene expression. The significant up-regulation in the ex-
pression of a-cardiac actin, a-skeletal actin, and «o—MHC is
similar to findings from previous studies that applied static
mechanical loads*®™" or electrical stimulation®*>* to mono-
layer cultures of neonatal or adult cardiomyocytes. These
studies found that immediate-early genes, stress-activated
kinases, ANF, and the structural genes desmin, o-skeletal
actin, MHC, and myosin light chain-2 were all up-regulated
in 2D models of hypertrophy. Although data collected from
the stimulation of monolayer cultures are compelling, only 1
study has examined the effect that cyclical mechanical load-
ing has on the gene expression of neonatal cardiomyocytes
embedded in 3D scaffolds. In that study, mechanical loading
resulted in a 2-fold increase in ANF and a 1.4-fold increase in
a-sarcomeric actin, with no change in f-MHC' levels similar
to those seen in this study.

Greater gene expression also translated into better struc-
tural organization. Sarcomeric banding was more organized
in constructs exposed to a 3 Hz cyclical stretch than in un-
stretched control constructs, and staining of connexin-43
and pancadherin was more localized at intercellular junc-
tions, indicating gap junction formation. Unlike the sparse,
disorganized distribution of cells in unstretched constructs,
histological staining revealed dense boundary layers, as well
as side-by-side layering of cells within the central regions of
mechanically loaded constructs. Trichrome staining also
showed collagen in abundance and presented as interwoven
strands between the cells in the mechanically loaded group.
These data suggest that the changes in gene expression
and the better structural organization observed in the ESC-
derived cardiomyocytes, cultured in a 3D collagen and fi-
bronectin construct and subjected to mechanical loading of
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3 Hz, exhibit changes similar to those observed in 3D cul-
tures of neonatal cardiomyocytes.

Despite the up-regulation of the cardiac-specific genes o-
cardiac actin, a-skeletal actin, «-MHC, and -MHC and the
more organized sarcomeric organization and gap junction
formation, a beating construct was not attained. Several
studies have shown that ESC-derived cardiomyocytes ob-
tained through genetic manipulation synchronously contract
while in monolayer culture and when seeded onto polyurethane
films.'*3*33¢ In these cases, the cells had been cultured for
an extended period of time, forming confluent monolayers or
dense aggregates. In the present study, it is possible that the
cells were capable of beating in small aggregates or inde-
pendently within the constructs, although full construct
contraction was not visualized. It is also possible that the
embedded cells were not mature enough (i.e., a complete
switch from the fetal genes, a-skeletal actin and B-MHC to
the mature genes, o-cardiac actin and o-MHC) or not in
culture long enough to elicit contractions with enough force
to cause a structure as large as the construct to contract.

CONCLUSION

This study provides techniques to investigate the effects
of long-term mechanical loading on a pure population of
ESC-derived cardiomyocytes in a well-defined 3D envi-
ronment. A custom-built device was used to mechanically
load the constructs and was uniquely designed to fit around
a 6-well plate that housed all the constructs, including the
controls. The ESC-derived cardiomyocytes were success-
fully cultured while embedded in a defined ECM scaffold,
and we observed that mechanical loading significantly
affected gene expression and construct morphology. A
technique was also developed to isolate the areas within the
constructs undergoing the most homogeneous strain so that
the effects of mechanical loading on gene expression could
be directly evaluated.

This study emphasizes that ESC-derived cardiomyocytes
are actively responding to cues from their environment in a
frequency-dependent manner and that those cues can drive
phenotypic control and potentially cardiac tissue develop-
ment. Other studies have shown that mechanical loading
enhances contractile function, causes cellular hypertrophy,
and up-regulates gene expression in neonatal and adult
cardiomyocytes. However, the effect that the frequency
of stimulation (mechanical or electrical) has on gene ex-
pression is rarely investigated. Furthermore, data such as
these do not exist for ESC-derived cardiomyocytes. We
believe that expression of GATA-4, or some upstream
modulator of GATA-4, is dependent on the frequency of
stretch in these early-stage cardiomyocytes and merits fur-
ther investigation. Understanding this mechanotransduction
pathway may play an important role if these early-stage
cardiomyocytes are to be used in cardiac tissue—engineering
applications.
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