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ABSTRACT
Epithelial to mesenchymal transition (EMT) is an essential process during
embryogenesis for the development of organ systems, including the heart and its
vasculature. The development of both coronary vessels and heart valves depends on
EMT.

In this dissertation, we first present data demonstrating that increased

oligosaccharide hyaluronan (o-HA) levels after EMT induction within atrioventricular
(AV) valves leads to a decrease in EMT due to the induction of VEGF expression.
Regulated EMT inhibition prevents the formation of hyperplastic valves. Next, we show
that the proepicardium, which provides the precursor cells required for epicardial and
coronary vessel development, migrates to the developing heart via direct contact of
multicellular proepicardial villi to the developing myocardium. This shifts the paradigm
from a migration consisting of floating cysts to one of direct contact and differential
adhesion forces to form the initial epicardium. A subset of epicardial cells undergoes
EMT, migrates into the developing heart, and differentiates into cardiac fibroblast,
vascular endothelial, and smooth muscle cells.

In order to more effectively study

epicardial EMT in vitro, we developed several new methods for the in vitro study of
coronary vessel development.

We developed an improved protocol for isolating

embryonic myocyte cells, for use in co-cultures with epicardial cells. This co-culture
system allows investigation into the effects of myocyte derived soluble factors upon
epicardial EMT and mesenchymal cell differentiation. We also present a protocol for
isolating epicardial clonal colonies from an epicardial cell line derived from the
ImmortoMouse.

These clones provided direct evidence that the epicardium is a
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heterogeneous population of cells. These unique clones allow for to study into specific
epicardial cell lineages and phenotypes. Finally, we provide data defining the expression
of Wnts within the developing heart and the role may play during epicardial EMT. We
conclude that canonical Wnts are both necessary and sufficient to inhibit epicardial EMT.
These results provide the first direct evidence for a role of Wnt proteins during coronary
vessel development. Collectively our results provide significant advancements in our
understanding of EMT regulation during cardiac development.
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CHAPTER ONE: INTRODUCTION
This introduction provides a general summary of heart development as well as a
more detailed analysis of atrioventricular valve and coronary vessel formation.
Information is provided on several important signals required for proper heart formation
and the evidence used to draw these conclusions. A more in depth discussion is also
provided for the three key molecules I have focused my studies on: Hyaluronan, VEGF
and the Wnt ligand family.

1.1 EPITHELIAL TO MESENCHYMAL TRANSITION
Epithelial to mesenchymal transition (EMT) refers to the morphological and
transcriptional change in which epithelial cells lose their polarity and tight junctions,
disassociate, and migrate away from the epithelial sheet (1). This process is essential for
normal embryonic development. Figure 1.1 provides a schematic of the morphological
changes required for a cell to undergo EMT. Characteristics of a mesenchymal cell
include an elongated phenotype as well as expression of alpha-smooth muscle actin,
vimentin, and loss of E-cadherin expression. These mesenchymal cells typically migrate
into the surrounding tissues, where they differentiate into a non-migratory cell type.
EMT is a common occurrence during developmental and disease states (2-4). It is
a necessary step for gastrulation as well as for the development of many organs.
Inhibition of EMT during gastrulation will lead to embryonic lethality.

The heart,

kidney, and gut are all examples of organs which depend on EMT for proper formation.
Cancer metastasis is a form of EMT. Treatments which block EMT have proven to be an
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effective means for cancer treatments by preventing the cancer from spreading into
surrounding tissues (5, 6). Fibrotic diseases, such as kidney, lung, and liver fibrosis, are
also the result of unregulated EMT (1, 7-10)
Though there can be some regional variation, there are several factors which are
required for most EMT processes. The Ras/Raf/MAPK pathway has been shown to be
required for EMT in multiple cell types. In vitro experiments by Ridley et al. (11) have
demonstrated that Ras activity is necessary, but not sufficient, to induce cytoskeleton
rearrangement and cell scattering. This study focused on the interactions of the Scatter
Factor/Hepatocyte Growth Factor with the Ras pathway. TGF-β also acts in co-operation
with the Ras pathway during EMT. In fact, TGF-β and Smad activity are dependent on
Ras activation in order to induce EMT of mammary epithelial cells (12). In addition to
the activation of the above factors, down-regulation of E-cadherin is also required for
dissociation of transformed epithelial cells.. Mouse epiblast cells grown in culture will
become mesenchymal and scatter when E-cadherin function is blocked (13). Repression
of E-cadherin is induced by FGFR1’s induction of Snail during EMT of the mammalian
primitive streak (14). It has also been suggested that Slug is likely to play a role in
maintaining the undifferentiated mesenchymal state (15). N-cadherin, a non-epithelial
cadherin, is expressed by mesenchymal cells and will induce cell migration even in the
presence of E-cadherin (16). Additional regulators of EMT will be discussed throughout
this dissertation.

19

Figure 1.1: A summary of the morphological changes required for a cell to undergo
EMT. A represents an epithelial sheet. Cells are attached to each other by tight
junctions and express E-cadherin. When a cell receives a signal to transform the apical
surface begins to contract (B). This contraction is coupled with the rearrangement of the
cytoskeleton (B’ and B’’). The transforming cell begins to invade the surrounding matrix
(C). During this process cell-cell junctions begin to detach or are removed from the
membrane (C’ – C’’’). As the cell invades it forms focal contacts with the matrix and its
location in the epithelial sheet is filled in by surrounding cells (D and E). Adapted from
Shook and Keller (17).
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1.2 HEART DEVELOPMENT
The heart is the first organ to develop and function within the embryo. Cardiac
mesoderm cells can first be identified as early as E in the cranio-lateral mesoderm of the
developing mouse.

During gastrulation these cells become arranged in a crescent shape

at the cranial portion of the embryo. One of the earliest markers of the cardiac lineage is
the expression of the transcription factor Nkx2.5, which is first expressed around E7.5 in
the developing mouse (18). Additional markers for the cardiac lineage include α-cardiac
actin and myosin heavy chain (19-21).
Several factors have been found to be necessary for induction of the cardiac
lineages. For example, members of the BMP family are required for induction of the first
cardiac cells. BMP-2 is capable of inducing ectopic expression of cardiac markers such
as Nkx-2.5 and GATA4(22).

Blocking BMPs during gastrulation will prevent the

emergence of cardiac lineages (23, 24). The embryonic source of BMP-2, and other
molecules required to induce and stabilize the cardiac lineage, is within the lateral
mesoderm and the anterior endoderm (22, 25, 26). In addition to the BMPs, Mesp-1 and
-2 are both transcription factors known to be necessary for the correct migration of the
mesodermal layer. The Mesp-1 and -2 double knockout mouse lacks a mesodermal layer
between the ectoderm and endoderm and is embryonic lethal at E9.5.

These embryos

lack a heart, somites, and gut, all of which are at least partly derived from mesodermal
tissue, (27). Wnt signaling also plays a necessary role in early cardiac development and
will be discussed below.
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The location of a cardiac mesoderm within the cardiac crescent will ultimately
determine where progeny will be localized in the developed heart (Fig 1.3During
subsequent development, the cardiac crescent cells merge to become a single muscular
tube, which then drives bilateral circulation of blood through the embryo by E8 in the
mouse and HH12 in the chicken. This primary heart tube is composed of two layers, the
myocardium and the endocardium. The embryonic heart tube is unable to form properly
in the absence of Nkx2.5 (28). Just prior to, and during the looping of the cardiac tube,
the future chamber locations become defined by cell proliferation and matrix expansion.
This initial partitioning of chambers is defined by the thickening and trabeculation of the
myocardial wall at the outer curvature (ventricles) of the heart (29, 30). By E10.5 five
distinct areas can be distinguished: the outflow tract, the embryonic left ventricle, the
embryonic right ventricle, the sinus venosus, and the atria (30). Isolated chambers and
valves (discussed below) form through tissue and cell remodeling and growth, allowing
the heart to pump blood in a directional manner throughout the developing organism.
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Figure 1.2: Heart development from cardiac crescent cells to a four chambered
heart. The location of a cell with in the cardiac crescent at E7.5 will dictate its location
within the chambered heart. Each color represents the original region within the cardiac
crescent and the final location those cells are found during cardiac looping (A). EMT of
endocardial cells within the cardiac cushions is necessary for the proper formation of the
valves seen in an adult, four chambered heart (C). A – atrium; OFT – out flow tract; v –
ventricle; Ec – endocardium; CM – cardiac mesenchyme; Myo – myocardium; RV –
right ventricle; LV – left ventricle; RA – right atrium; LA – left atrium; Adapted from
Schroeder et al. (31)

1.3 DEVELOPMENT OF THE ATRIOVENTRICULAR VALVES
Heart valve formation begins after cardiac looping. The cardiac jelly located in
the atrioventricular (AV) canal region swells around E9.0, providing an ideal
environment for migrating mesenchymal cells.

These swellings are called the

endocardial cushions. Around E9.5 in the mouse and HH stage 14 in the chicken, a small
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percentage of endothelial cells undergo EMT and migrate into the cardiac cushions.
Following EMT the cushions are remodeled into a thin, elongated structure which
subsequently become the AV valves (32). Figure 1.3 maps out the known primary
factors required for AV valve development.

Figure 1:3. Molecular regulation of atrioventricular valves.
Armstrong and Bischoff (33).

Adapted from

TGF-β is one growth factor which is required for endocardial cushion
development; however the specific TGF-β isoform required varies between species.
Within the mouse system TGF-β2 is necessary for endocardial EMT. However, within
the avian system TGF-β2 and -3 are both required for endocardial EMT. When these
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growth factors are blocked in vitro within their respective model system, the production
of mesenchymal cells is also blocked (34). TGF-β2 is produced by cardiomyocytes
throughout development as well as within the cardiac cushion mesenchyme (35). In vivo,
mice lacking TGF-β2 have several congenital heart defects, including incorrectly formed
valves (36). In the chicken system, TGF-β2 is necessary for cell separation and TGF-β3
is required for cell invasion during ex vivo EMT (37).
The transmembrane receptor Notch acts as a regulator of TGF-β during
endocardial EMT. Notch1 and its ligand Delta 4 have over lapping expression within the
endocardium and the cushion mesenchyme at E9.5. Mutations within the Notch pathway
result in a loss of endocardial EMT. These mutations also lead to reduced expression of
TGF-β2 and Slug within the endocardium. These results can be reproduced both in vitro
and in vivo (38). In humans, Notch mutations have also been associated with both aortic
valve disease and bicuspid aortic valves (39, 40).
BMP-2 and -4 are expressed within the myocardium of the AV canal and outflow
tract (21). AV endocardial cells cultured in the absence of the myocardium will not
undergo EMT. However, if the cells are treated with BMP-2, EMT, along with increased
TGF-β2 expression, is induced. Noggin, an antagonist of BMP, will block TGF-β2 and
EMT induction of AV endocardial cells in the presence of both BMP-2 and myocardial
cells (41). Genetic disruption of the BMP pathway leads to embryonic lethality and valve
development defects. The BMP-6 and-7 double knockout mice have defects in valve
formation and chamber septation. These embryos are lethal at E10.5-E15.5 (42). ALK3
is one of the known BMP receptors. Though EMT occurs normally, valve maturation
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and fusion do not occur in ALK3 knockout mice.

This deletion will also lead to

decreased TGF-β2 expression by E10.5 (43). Within human studies, BMPR-2 mutations
have been found in patients with atrial and ventricular septal defects as well as AV canal
defects, emphasizing the importance of BMPs for normal heart development and function
(44).
The inhibition of EMT during valve formation is equally as important as the
induction of EMT. If EMT is not inhibited at the appropriate time during cushion
development, then the cardiac cushions will become over populated with mesenchymal
cells, resulting in valvular defects such as that in Noonan Syndrome. The tight regulation
by VEGF is essential for preventing an overpopulation of mesenchymal cells within the
developing valves. At E9.5, VEGF is ubiquitously expressed throughout the myocardium
except in the endocardial cushion region. However, at E10.5 its expression becomes
localized to the developing endocardial cushions to antagonize any further EMT (45).
Dor et al. (46) demonstrated that the addition of VEGF to AV explants reduces normal
levels of EMT ex vivo. Thus, the localized expression of VEGF blocks EMT at the
appropriate time during cardiac valve development. The regulation of VEGF expression
during valve formation will be discussed in chapter two.
The serine threonine protein kinases MEKK3 and MEKK4, both cytoplasmic
MAP kinase kinase kinases, have recently been shown to play significant roles in cardiac
valve development. MEKK4 is expressed in the myocardium, endocardium, and cushion
mesenchyme during valve formation whereas MEKK3 is only expressed within the
endocardium (47, 48). Inhibition of MEKK4 ex vivo leads to inhibition of endocardial
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EMT.

However, MEKK4 is unable to induce EMT in cell types which do not

traditionally undergo EMT, such as ventricular endocardium (47). Unlike MEKK4,
which is necessary but not sufficient for endocardial EMT, MEKK3 is both necessary and
sufficient to induce endocardial cushion EMT. Ex vivo inhibition of MEKK3 reduces
endocardial cushion EMT. During development, ventricular endocardial cells do not
undergo EMT. However, the addition of constitutively active MEKK3 leads to EMT, as
well as increased expression of TGF-β2, HAS2, and periostin, all molecules known to
function in cardiac cushion EMT (48).
Collectively, these data indicate an essential role for BMP, TGF-β, VEGF,
MEKK and Notch during cardiac cushion and subsequent valve formation. In chapter
two we will present evidence for the importance of extracellular matrix regulation,
particularly that of hyaluronan, during endocardial cushion development and its essential
role in the regulation of endocardial EMT.

1.4 THE PROEPICARDIUM
The proepicardium (PE) is a transient cluster of cells located adjacent to the
developing heart near the septum transversum.

These cells are essential for heart

development because they provide the precursor cells for the epicardium, coronary
vessels, and cardiac fibroblast cells (49-54). The importance of these cells is clearly
demonstrated within the knockout mouse system.

Knockout mice which lack a

proepicardium, an epicardium, or coronary vessels are embryonic lethal by embryonic
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day 14, emphasizing the necessity of these tissues for the development of a functioning
heart (55-59).
Proepicardial cells are traditionally identified based on their expression of Wilms
tumor-1 (Wt-1), the T-box transcription factor TBX18, capsulin, and connexn 43
(cnx43). In addition to being proepicardial markers, these factors are necessary for proper
coronary vessel development. Wt-1 was originally identified as a proepicardial marker
by Moore et al.. (56).

When Wt-1 is knocked out, mice have an underdeveloped

epicardium and are embryonic lethal. TBX18 is expressed by both proepicardial and
epicardial cells within the developing chicken and mouse (60, 61). Its role during heart
development is still unclear; however recent lineage tracing has identified TBX18
expressing cells as precursors to cardiac fibroblasts, coronary smooth muscles cells, and a
small population of cardiac myocytes (62).

Capsulin was reported as a proepicardial

marker by Hidai et al. (63) and has been suggested to play a role in smooth muscle
development due to its ability to induce α−SMA.

Cnx43 expression within the

proepicardium was originally described by Li et al. (64). These authors noted coronary
vessel patterning defects present within the cx43 knockout mouse.
The proepicardium originally appears between E8.5 and E9.0 in the mouse and
during HH14 in the chicken as a cluster of swollen cells arising from the mesothelium
(65-68).

Through a series of chicken transplantation assays, it has been recently

determined that signals from the developing liver are required for the induction of
mesothelial cells into proepicardial cells (69).

Shortly after they first appear,

proepicardial cells begin expanding towards the developing heart. Within the avian
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model system, a matrix bridge forms between the PE and the myocardium. The PE cells
then migrate across the bridge as multicellular projections that attach to the myocardium
(70).

Attachment to the heart is predominantly at the atrioventricular and the

interventricular groove (71). In the mammalian model the proepicardial cells migrate
predominantly as multicellular villi, which directly contact the beating heart (72). The
controversy surrounding proepicardial cell migration to the developing heart during
mouse development will be discussed in greater detail in chapter three.
Proepicardial attachment to the myocardium, and subsequent epicardial migration,
is dependent on alpha4-beta1 integrins and VCAM-1. If either alph4 integrin or VCAM1 are absent in the developing mouse, the proepicardium does not effectively migrate and
attach to the myocardium, leading to the absence of a functional epicardium and
subsequently no coronary vessels (58, 59).

The regulatory signals required for

proepicardial migration have not yet been thoroughly explored. However, Hatcher et al.
(73) demonstrated that both increasing and eliminating the expression of Tbx5 within the
proepicardium prevents cell migration to the heart. This observation demonstrates the
need for correct dosage of key factors during heart development.

1.5 THE EPICARDIUM
The epicardium is the outermost layer of the heart. In the adult, the epicardium
plays a protective role for the myocardium. Once the proepicardial cells reach the
myocardial surface they migrate around the heart, as a single sheet in the chicken and as
multiple connecting sheets in the mouse, to form the epicardium (66, 68, 70, 74). As the
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epicardium migrates, a matrix filled space, called the subepicardial space, develops
between the epicardium and the myocardium. The initial matrix within this space is
brought to the heart by proepicardial cell migration. Kalman et al. (75) have documented
proepicardial cell production of hyaluronan, fibronectin and laminin. In addition to the
matrix components established by the proepicardium, the subepicardial space also
contains type I, III, IV, and VI collagen, elastin, fibrillin, flectin, and vitronectin (75-78).
The epicardium plays a significant role in the development of the myocardium by
providing factors required for myocardial proliferation (79). When the PE is removed
from a chicken embryo prior to myocardial attachment the epicardium fails to develop.
Without an epicardium, the compact myocardial layer becomes thin, the number of
ventricular trabeculations is reduced, and the AV cushions do not develop properly.
These embryos are lethal between HH29 and HH30 (80). Within the mouse system, it
has been shown that the epicardial expression of retinoic acid (RA) and erythropoietin
(EPO) are both required for in vitro myocyte cell proliferation (81). The essential role of
the epicardium during coronary vessel development is to provide mesenchymal cells,
which will in turn differentiate into cells of the coronary vessel.

1.6 EPICARDIAL EMT
As the epicardium develops, a subset of cells undergoes EMT and migrates into
the subepicardial space and the myocardium (figure 1.1) (51, 52, 54, 82). Wt-1, friend of
GATA2 (FOG2), GATA4, and Ets1 and -2 are necessary transcription factors for
epicardial EMT. In addition to ineffective formation of the epicardium, Wt-1 knock-out
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mice lack epicardial derived mesenchymal cells (EDMC) (56). Mice which lack FOG2
form a complete epicardium, but also lack EDMC (55). FOG2 activity during coronary
vessel development is dependent on its interaction with GATA4 (83). In vivo expression
patterns and in vitro studies have revealed several growth factors which play potential
roles in epicardial EMT. When Ets-1 and -2 are simultaneously knocked down both in
vitro and in vivo, proepicardial migration and epicardial EMT was reduced (84)
VEGF, FGF, TGF-β, and PDGF are all expressed within the developing heart
during epicardial EMT (85-88). VEGF, FGF-1, -2, and -3 induce in vitro epicardial EMT
cultured in collagen gels (89). PDGF-BB has also been shown to induce proepicardial
EMT as well as smooth muscle cell markers in vitro (90). TGF-β isoforms have all been
shown to induce epicardial EMT (91, 92). TGF-β2 induction of epicardial EMT is
regulated by the Alk5 receptor (92, 93).

In addition to its role in proepicardial adhesion,

alpha4-integrin regulation is likely to partake in the determination of which epicardial
cells undergo EMT. Dettman et al. (94) demonstrated that ex vivo elimination of alpha4integrin in epicardial cells induces increased levels of epicardial EMT.

1.7 CORONARY VASCULOGENESIS
Once within the myocardium, epicardially derived mesenchymal cells (EDMCs)
differentiate into vascular endothelial and smooth muscle cells (VSMCs), as well as
cardiac fibroblast cells (49, 50, 82, 95, 96). These studies also suggest that endothelial,
smooth muscle, and fibroblast cells do not share common precursor cells, indicating that
the proepicardium and epicardium are likely to be a heterogeneous population of cells.
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Additional studies also suggest that EDMCs are also capable of differentiating into
cardiomyocyte cells (62, 97) Though little is known about the signal requirements for
inducing and maintaining coronary vasculogenesis, several factors have been implicated
as playing a role in this process. FGF-2 and VEGF expression levels correspond with the
time and location of coronary vasculogenesis (85, 98). Tomanek et al.. (99) provide
evidence that both of these growth factors will stimulate vessel formation in the
embryonic chicken heart.
The mechanisms required to govern vascular patterning are not well understood
but is likely to involve connexins, growth factors, and the distribution of extracellular
matrix throughout the heart. Mice lacking connexin 43 (Cx43), which is expressed by
both proepicardial and epicardial cells, have defects in coronary vessel patterning (64).
When FGF-1 is overexpressed in myocardial cells, coronary arteriole density and artery
branching is increased (100). A direct correlation between the location and abundance of
extracellular matrix and the presence and size of the coronary vessels has also been
shown by Perez-Pomares et al. (51). This observation indicates the importance of ECM
for proper vessel formation. Newly established methods for the improved study of
coronary vessel development will be discussed in chapter 4.
After the formation of endothelial tubes, the coronary capillary plexus connects to
the aorta and establishes blood flow to the developing heart. This connection occurs
around E13 in the mouse and HH32 in the chicken (101). Following attachment, smooth
muscle cells are recruited to the developing coronary vessels (102). Little is known about
the recruitment of VSMCs during coronary vessel development, but proepicardial cells
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which lack active RhoA are unable to produce vascular VSMC capable of incorporating
into the coronary vascular network. This failure is likely due to an inhibition of effective
EMT of VSMCs precursors (90). Additional research on VSMC differentiation has
focused on the role of TGF-β2. Compton et al. (92, 103) demonstrated that TGF-β2
induces epicardial EMT and smooth muscle cell differentiation in vitro and that these
effects are dependent on ALK5. Methods for the in vitro study of mesenchymal cell
differentiation into vascular cells will be discussed in chapter six.
Despite the presence of an epicardium in all vertebrate studied to date, coronary
vessels are only found in mammals, birds, reptiles, and some fish (104, 105). Coronary
vessels typically exist in large predatory fish and fish which live in low oxygen
environments. Organisms containing coronary vessels typically have thick myocardial
walls which cannot effectively absorb oxygen by diffusion and/or are dependent on
pulmonic respiration (105). Amphibians have cutaneous respiration, and thus most do
not have coronary vessels. Mammals and birds have evolved to have the highest degree
of complexity within their coronary vessels, including a complete reliance on the
myocardial blood supply from within the coronary vessels instead of from the heart
cavity (106). Therefore, the chicken and the mouse are the most common model systems
used for coronary vessel development. Our coronary vessel studies are focused on the
mouse system because it is evolutionarily closer to humans than chickens.
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1.8 KEY MOLECULES OF INTEREST
1.8.1 Hyaluronan
Hyaluronan (also known as hyaluronic acid) is a polysaccharide consisting of
2,000-25,000 repeating disaccharides of D-glucuronic acid and D-N-acetylglucosamine.
Hyaluronan (HA) is a structural component found within most tissues and fluids of the
body. It is synthesized by one of three hyaluronic acid synthases (Has): Has1, Has2, or
Has3 (107). These multipass, transmembrane proteins are located within the plasma
membrane and synthesize hyaluronan directly into the extracellular matrix.

Due to

hyaluronan’s ability to absorb large quantities of water, as well as interact with many
different proteins, it plays a role in cell communication, protein gradients, cell migration,
and organization of the extracellular matrix both during normal and diseased states. The
focus of this discussion will be the role of hyaluronan during embryonic development.
Within mammals Has1 and Has3 have a more restricted expression pattern than
that of Has2 during development (108). Has1 is only expressed during gastrulation and
the beginning of neurulation, whereas Has3 is restricted to the mesenchymal cells of the
developing teeth, whiskers, and hair follicles. Has2 is expressed within the cephalic
mesenchyme, the alantois, the heart, the foregut, the cardiovascular system, epiphysial
growth plates, and the secondary palate. Mice lacking Has2 expression have many
cardiac and vascular defects, resulting in embryonic lethality by E10.5. Of significance,
the endocardial cushion cells of these embryos do not undergo EMT, resulting in a lack
of mesenchyme within the developing cardiac cushions (109).

In addition to heart

development, changes in Has2 expression within the limb bud over time suggest a
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significant role of hyaluronan during limb development (110, 111). Within the limb bud,
hyaluronan is a part of the extracellular matrix which surrounds mesenchymal cells up
until condensation and plays a role in regulating the mesenchymal phenotype and
chondrocyte differentiation (108, 112, 113).
CD44 is considered the principle cell receptor for binding to hyaluronan (114).
CD44 is highly expressed in areas known to require hyaluronan for proper development,
such as the heart, limb buds, and somites during morphogenesis (115). During lung
development, CD44 positive macrophages have been observed internalizing hyaluronan.
This internalization corresponds with decreased levels of hyaluronan, indicating a
potential role for CD44 in the regulation of hyaluronan within the extracellular matrix
(116).

However, CD44 null mice do not display a significant phenotype until the

induction of inflammation or tumors during adulthood.

This lack of embryonic

phenotype indicates the likelihood that other receptors play a significant role in
hyaluronan binding and can compensate for a lack of CD44 during development (117,
118)
The degradation of hyaluronan into oligosaccharides (o-HA), or low weight
hyaluronan, is as significant as its synthesis. Mice lacking the functional hyaluronidase
Hyal2 are embryonic lethal (108). Recent studies have demonstrated that o-HA and high
molecular weight hyaluronan (HMW-HA) have different effects on developmental and
cell processes (119). For example, during kidney development, the size and concentration
of hyaluronan affect EMT, branching morphogenesis, and cell differentiation. Ureteric
bud branching was stimulated by low concentrations of o-HA, whereas branching was
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inhibited by high concentrations of HMW-HA (120). HMW-HA has been shown to
induce cell migration and differentiation, both characteristics of EMT (121, 122).
However, the role of o-HA during EMT processes have not yet been investigated. In
chapter two we will present evidence for the essential role of oligosaccharides in
regulation of endocardial EMT during heart development.

1.8.2 VEGF
Vascular Endothelial Growth Factor (VEGF) is a heparin binding growth factor
known to affect endothelial cellular function. The VEGF family includes VEGF-A
(discussed predominantly in this dissertation), VEGF-B, and VEGF-C.

VEGF-A

contains five different isoforms which have overlapping expression and function. VEGF
has been shown to play roles in vascular endothelial cell growth and maintenance,
angiogenesis,

vasculogenesis,

monocyte

chemotaxis,

hematopoiesis,

and

cell

permeability (123). Plout et al. (124) demonstrated that not only was VEGF a strong
mitogen in vitro and angiogenic inducer in vivo, but that its effects were specific to the
endothelial cells of vessels. The ability of VEGF to increase stability of endothelial cells
is likely linked to its ability to induce anti-apoptotic proteins (125, 126).
Multiple receptors have been identified as being activated by VEGF. Two main
receptors, Flt-1 (VEGF-R1) and Flk-1 (VEGF-R2 or KDR), are both tyrosine kinase
receptors with a high affinity for VEGF-A. VEGF-B will also bind to Flt1 and VEGF-C
binds to Flt-4 (VEGF-R3) and KDR (127). VEGF’s importance during development is
clearly seen through genetic deletion. A single deletion of a VEGF allele will lead to
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embryonic lethality in mice due to abnormal vessel development (128). Like the VEGF
knockouts, deletion of Flk-1 or Flt-1 also results in abnormal vessel formation. Flk-1
knockout mice lack endothelial cells, vessels, and haematopoietic precursors.

Flt-1

knockout mice have mature disorganized vessels (127).
Hypoxia is a major regulator of VEGF expression levels (129). The transcription
factors hypoxia-inducable factor (HIF)-1 and -2 will induce VEGF expression under low
oxygen conditions (130-132). Vasculogenesis and angiogenesis within the developing
embryo are likely to be partially regulated by hypoxia induced VEGF expression (130,
133, 134). In addition to hypoxia, several growth factors and cytokines have been shown
to induce VEGF expression (123).

Petrovaara et al. (135) demonstrated in vitro

induction of VEGF by TGF-β within fibroblast and epithelial cells, suggesting that the
angiogenic effects of TGF-β may be due to its regulation of VEGF. Il-6 may also be an
indirect regulator of angiogenesis, through its induction of VEGF (136). VEGF,and its
tight regulation, is essential for correct heart valve formation. Chapter two will discuss
the role of VEGF during endocardial EMT and its regulation by hyaluronan.

1.8.3 WNT
Wnt proteins are secreted ligands which play a role in many developmental and
physiological processes.

Examples include cardiogenesis, cancer development, cell

migration, cell proliferation, and EMT. The Wnt ligands predominantly act through two
different pathways: canonical/β-catenin pathways and noncanonical/non-β-catenin
pathways. However, it is becoming more apparent that many Wnts are capable of acting
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through both pathways depending on the signaling context (137). Two main receptors
are activated by Wnts. Frizzled (Fzd) receptors act within both the canonical and the
non-canonial pathways. Lipoprotein receptor-related protein (LRP) receptors are coreceptors with Fzd, acting only in the canonical pathways (138).
The canonical Wnt pathway acts as an inhibitor of Glycogen Synthase Kinase-3β
(GSK3β) degradation of β-catenin (Figure 1.4}. When the canonical Wnts are not
activated, GSK3β forms a complex with adenomatous polyposis coli (APC) and Axin.
This complex targets β-catenin for ubiquitin-mediated degradation, thus preventing it
from entering the nucleus as a transcription factor. When a canonical Wnt ligand binds to
a canonical Fzd receptor and an LRP co-receptor, the soluble protein Disheveled (Dsh) is
activated and binds to Axin. This interaction disrupts the GSK3β complex and prevents
the destruction of β-catenin. Non-degraded β-catenin will enter the nucleus and form
complexes with transcription factors from the Tcf/Lef family.

Examples of genes

regulated by the canonical Wnt pathway include E-cadherin, c-myc, MMP7, and cyclin
D1 (139).
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Figure 1.4: The canonical Wnt pathway when inactive (left) and when activated
(right). Adapted from Logan et al. (139).

Non-canonical Wnt signaling can work through two different pathways (Figure
1.5); through the planar cell polarity (PCP) pathway or through calcium signaling. Each
pathway begins with the binding of Wnt to a non-canonical Fzd. In the PAP pathway, a
series of small GTPases, such as Rho, and Rac, are activated in order to relay the final
signal. In the second pathway, binding initiates the release of intracellular Ca2+. This
calcium influx leads to activation of PKC or Ca-calmodulin kinase II (CaMKII) (140,
141). This pathway appears to regulate cell proliferation and migration. For example, the
Wnt5a/Ca2+ pathway has been shown to positively regulate in vitro endothelial cell
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proliferation, migration, and capillary network formation in a potentially autocrine
manner (142, 143).

Figure 1.5: Non-canonical Wnt signaling. Adapted from Eisenberg et al. (144).

There are two main classes of soluble factors known to block the Wnt pathway,
soluble Frizzled receptor proteins (sFRP) and the Dickkopf (DKK) (145). sFRP will bind
to the Wnt ligand and prevent its interactions with Fzd. DKK binds to LRP5/6 and
causes its endocytosis, preventing it from interacting with Fzd and canonical Wnts.
sFRPs and Wnts have been shown to have overlapping expression within both the
developing mouse and chicken, indicating the tight regulation of the Wnt pathways
during development (146-149). For example, Wnt9a and the soluble protein Frzb are
both expressed within the endocardium of the developing chicken AV cushions. Over
expression of Wnt9a leads to increased cell proliferation and enlarged cushions through
β-catenin signaling.

Similar results were seen when Frzb was inhibited within the
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cushions, indicating its role in regulating Wnt9a activity and preventing over proliferation
during normal AV cushion development (150).
The importance of Wnt signaling during early heart formation has been clearly
demonstrated. Marvin et al. (151) demonstrated that DKK-1 will induce expression of
cardiac specific genes within the early mesoderm, while Wnt signals repress cardiac
specific genes both in vitro and in vivo. Reports have also shown specific Wnts that are
capable of inducing cardiac markers within the mesoderm, demonstrating the delicate
balance present within the embryo necessary for normal morphological formation. For
example, Eisenberg and Eisenberg (152) reported the ectopic differentiation of cardiac
tissue, including contraction, when non-cardiac tissue was treated in vivo with Wnt11
within the avian model. Unfortunately, the knockout mouse system is not a valuable
method for studying Wnts in heart development because Wnt knockout mice are either
lethal prior to heart development or do not have a major heart defect (153). The ability of
some mice to survive until adulthood is likely due to overlapping Wnt function during
heart development. A conditional knockout of Wnt proteins within the heart tissues will
help to further elucidate their role within heart formation.

An exception is the

noncanonical Wnt5a mouse, which dies shortly after birth and lacks septation of the
outflow track (154). Though Wnts have been studied extensively during cardiac lineage
specification, their role during later stages of development is not well understood.
Chapter four presents data reflecting the novel role of Wnts during epicardial EMT and
coronary vessel development.
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1.9 CONCLUSIONS
Normal heart development is a complex process which is reliant on the careful
regulation of cell proliferation, apoptosis, migration, and differentiation.

This

dissertation will discuss several recent studies which add additional clarity to the EMT
processes required for heart development within the mammalian system. In addition, this
work also includes novel in vitro methods for gleaning key information about epicardial
EMT and mesenchymal cell differentiation required for coronary vessel development.
Collectively, the data presented in this dissertation provides valuable information to
increase the knowledge base towards the goal of improving theraputics for heart diseases.
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CHAPTER TWO: DEPOLYMERIZED HYALURONAN INDUCES
VEGF, A NEGATIVE REGULATOR OF EMT.
Laurel S Rodgers, Sofia Lalani, Katharine M Hardy, Xueyu Xiang, Derrick Broka, Parker
B Antin, and Todd D. Camenisch
Circulation Research 2006 Sep 15; 99 (6):583-9
2.1 ABSTRACT
Cardiac malformations constitute the most common birth defects, of which heart septal
and valve defects are the most frequent forms diagnosed in infancy. These cardiac
structures arise from the endocardial cushions through dynamic interactions between cells
and the extracellular matrix (cardiac jelly). Targeted deletion of the hyaluronan synthase2 (Has2) gene in mice results in an absence of hyaluronan (HA), cardiac jelly, and
endocardial cushions, a loss of vascular integrity, and embryonic death at E9.5. Despite
the requirements for Has2 and its product, hyaluronan (HA), in the developing heart, little
is known about the normal processing and removal of HA during development. Cell
culture studies show that HA obtains new bioactivity after depolymerization into small
oligosaccharides. We previously showed reduction in Has2 expression and diminished
presence of HA at later stages of heart development as tissue remodeling formed the
leaflets of the cardiac valves. Here we show that small oligosaccharide forms of HA (oHA) act antagonistically to developmental epithelial to mesenchymal transformation
(EMT), which is required to generate the progenitor cells that populate the endocardial
cushions. We further show that o-HA induces Vascular Endothelial Growth Factor
(VEGF) which acts as a negative regulator of EMT. This is the first report illustrating a
functional link between oligosaccharide HA and VEGF. Collectively, our data indicate
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that following endocardial cell EMT, native HA is likely processed to o-HA, which
stimulates VEGF activity to attenuate cardiac developmental EMT.

2.2 INTRODUCTION
The glycosaminoglycan hyaluronan (HA) participates in creating a water-enriched
macromolecular environment and is believed to regulate embryonic development by
establishing a hydrated, low-resistance matrix. This matrix promotes loss of cell contact
inhibition, facilitating cell motility. Although very high concentrations of HA sterically
hinder cell contacts attenuating cell motility (155), most physiological levels of HA
promote migration, differentiation, and cell aggregation (121, 122). In general, during
rapid expansion of extracellular space, there is temporal elevation in the deposition of HA
by HA-synthases (Has) to support organogenesis (156, 157).
A prime example of HA activity is observed in endocardial cushions of the
forming heart. HA mediates the rapid expansion of these cushions by organizing the
extracellular matrix (ECM) and hydrating the cardiac jelly where primitive cushions
begin to promote unilateral blood flow (31). Epithelial to mesenchymal cell
transformation (EMT) occurs in cardiac cushions to produce progenitor valve cells that
both remodel primitive tissue into functioning valve structures and contribute to the
inferior aspect of the atrial septum and membranous portion of the ventricular septum.
This is a crucial developmental step as the heart is the first organ to form, whose function
is required to support the rapidly growing embryo. This complex developmental process
involves many cell types and molecules including matrix-associated proteoglycans,
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growth factors, and transcription factors. The HA-synthase-2 (Has2) dependent
production of hyaluronan is critical for morphogenesis of the cardiac valves and
maturation of the four-chambered heart (109, 158). Although the activity of Has2 and
deposition of HA are known to support cardiac development, effects of depolymerized
native high molecular weight HA (HMW-HA) into small oligosaccharide fragments (oHA) are not understood. HA can exhibit new bioactivity once processed into o-HA. For
example, in vitro studies using cell lines demonstrate that o-HA (3-10 length) induces
migration and proliferation of endothelial cells (159, 160). In addition, it has been
previously noted that, during cardiac cushion development, hyaluronidase activity is
significantly elevated in the myocardial regions of increased mesenchymal migration
(161). Small o-HA induces tyrosine phosphorylation and protein kinase C activity
concomitant with proliferation of BAEC (162). In contrast, HMW-HA acts
antagonistically to this activity and subsequent angiogenic events (159, 163). The
mechanisms responsible for the disparate roles of the different forms of HA are not yet
known.
The role of removing HMW-HA by degrading it into o-HA in physiological
development is not understood, but speculated to have a substantial function during
organogenesis. We believe that during cardiogenesis, HA serves distinct bioactive roles
linked to each polymeric form of HA. We have previously shown native HMW-HA
obligate for both structural formation of the heart chambers and developmental EMT
within cardiac cushions to create the cells that form valves and septa (164). Here, we use
both an in vivo and an in vitro endocardial cushion morphogenesis model system to show

45

that depolymerized HA (o-HA) is antagonistic to developmental EMT. Furthermore, oHA induces VEGF mRNA and protein in primary endocardial cushion explants. We also
detect increased VEGF expression following introduction of o-HA into cardiac cushions
of AV canals. This results in abnormal endocardial cushion morphogenesis with a
concomitant block in production of mesenchymal cells. This phenotype is reversed in
vitro by soluble VEGF receptor-1 molecule (sFlt). sFlt acts as an extracellular sink to
sequester o-HA induced VEGF, restoring the production of cardiac mesenchyme. These
data define a functional link between o-HA and VEGF attenuation of developmental
EMT. These novel findings also define a molecular mechanism whereby o-HA is able to
promote angiogenic activity through a VEGF-mediated mechanism. Thus, o-HA and
VEGF mark a transition during heart valve development where they cause cessation of
EMT and promote angiogenic developmental processes required for proper
cardiovascular development.

2.3 RESULTS
2.3.1 Small oligosaccharide HA (o-HA) attenuates developmental EMT
Progress in understanding EMT during development has been facilitated by an in
vitro three-dimensional collagen gel culture system. This assay has been used as a model
of cardiac mesenchyme formation using chick embryonic tissues on hydrated type I
collagen gels (165). Runyan et al.. (166) modified this assay to show temporal and
regional specification for EMT in the endocardial cushions and a dependence of this
process on inductive signals from the adjacent myocardium. We previously established
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the parameters of this assay for recapitulating EMT events using endocardial cushions
derived from mouse embryos (34). Normal developmental EMT and mesenchymal cell
production is observed in naïve endocardial cushion explants derived from the
atrioventricular canal of E9.5 wild-type embryos (Fig. 2.1A, B). HMW-HA supports this
production of mesenchyme (Fig. 2.1C) (164). In contrast, culturing AVC explants in the
presence of o-HA results in a dramatic block in EMT and an uncharacteristic outgrowth
of endocardial cells (Fig. 2.1D). This reduction in mesenchymal cells is highly significant
when compared to control explant cultures (p=0.018x10-4, see figure 2.4). This
observation suggests that depolymerized forms of HA are antagonistic to developmental
EMT.

Figure 2.1: o-HA attenuates endocardial cushion EMT. (A) Schematic representation
of the endocardial cushion EMT assay. Cardiac cushion explants derived from the
atrioventricular canal (AVC) of E9.5 embryos show (B) normal EMT in naïve conditions
as well as (C) in the presence of HMW-HA. (D) EMT is attenuated in cultures treated
with o-HA. Arrows indicate areas of mesenchymal cells; e, endocardial outgrowth;
dashed lines outline the explant center (footprint where myocardium was removed).
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2.3.2 Upregulation of VEGF by o-HA
Following treatment of primary explant cultures with o-HA, VEGF mRNA
increases compared to control cultures (Fig. 2.2A). In multiple experiments, naïve
endocardial cushion cultures show little to no expression of VEGF message (Fig. 2.2A,
lanes 2, 5, 8). In contrast, cultures treated with o-HA exhibit a substantial increase in
mRNA for VEGF (Fig. 2.2A, lanes 4, 7, 10). We do detect elevated levels of VEGF
mRNA in HMW-HA samples. However, this less substantial increase in mRNA may
reflect endogenous hyaluronidase activity in the explant cultures leading to a slight
elevation in VEGF message from de novo o-HA production. In support of the effect of oHA on VEGF mRNA, we also detect significantly elevated levels of VEGF protein in the
media of o-HA treated cultures compared to naïve and HMW-HA-treated explants (Fig.
2.2B, p=0.007). o-HA treated cultures appear to phenocopy AVC explants derived from
E10.5 embryos or cultures treated with VEGF (167, 168). We previously defined the
physiological role of VEGF as a negative regulator of developmental EMT during
endocardial cushion morphogenesis. Specifically, VEGF expression is suppressed in the
myocardium lining the endocardial cushions until E10.5 in mouse embryos. At this
point, VEGF becomes enriched and provides signals for angiogenic activity concomitant
with cessation of EMT(167). Experimental conditions of hypoxia in cushion explant
cultures or Tetracycline-induced ectopic VEGF production by the myocardium in vivo
supports the ability of VEGF to block EMT within the endocardial cushions (167). Our
current observations suggest that o-HA may attenuate EMT through a VEGF-mediated
pathway.
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Figure 2.2: Regulation of VEGF by o-HA. (A) Three representative experiments shown
for RT-PCR detection of VEGF transcripts from RNA isolated from naïve (controls in
lanes 2,5,8), HMW-HA treatment (lanes 3,6,9) or o-HA treatment (lanes 4,7,10). Relative
levels are compared to rRNA transcripts (bottom panels). C, naïve controls; -RT, no
reverse transcriptase in first strand cDNA synthesis. (B) Levels of VEGF protein detected
by ELISA. There is a significant increase in VEGF production in the o-HA group over
controls (p=0.007). n= 10 for o-HA group; n= 18 for naïve ; n= 8 for HMW-HA.

2.3.3 o-HA induced phenotype rescued by sFlt
To confirm that the o-HA-stimulated VEGF activity is the central mechanism
mediating reduced levels of developmental EMT, o-HA treated explants were cultured in
the presence of soluble VEGF receptor-1 (sFlt). sFlt sequesters VEGF, acting as an
effective dominant negative inhibitor of VEGF signaling (167),(169). In the presence of
sFlt, the o-HA induced phenotype was fully reversed, displaying complete restoration of
EMT (Fig. 2.3 D, H). Primary explant cultures treated with o-HA and sFlt exhibit normal
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production of mesenchymal cells with characteristic stellate appendages consistent with
typical cushion EMT (166). These cells express alpha-smooth muscle actin comparable
to mesenchymal cells in control cultures (Fig. 2.3, compare panels E and H). The
decrease in overall percent of mesenchyme present in o-HA cultures (Fig 2.3 C and G) is
returned to normal levels in the presence of sFlt (Fig. 2.4; p = 0.042x10-4). This result
indicates that VEGF is the key regulator of o-HA-mediated attenuation of developmental
EMT in endocardial cushions. The ability of sFlt to negate the inhibitory effect of o-HA
on EMT strongly supports VEGF as a principle negative regulator of cardiac
developmental EMT.
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Figure 2.3: Soluble VEGF receptor (sFlt) rescues EMT in o-HA explant cultures.
Brightfield images show the extent of mesenchyme production in (A) naïve, (B) HMWHA, (C) o-HA, (D) or o-HA and sFlt. Fluorescent detection of α-smooth muscle actin in
explant cultures of (E) naïve/vehicle pbs/M199, (F) HMW-HA treated, (G) o-HA treated,
(H) or combined treatment of o-HA and sFlt. Arrows indicate areas of mesenchymal
cells; e, endocardial outgrowth; dashed lines outline original footprint (boundary) of
explant. Myocardiums were removed for analysis and imaging. Representative images
from three independent experiments are shown with a minimum of n=12 for each
condition.
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Figure 2.4: Significant overall reduction in formation of mesenchymal cells by o-HA
stimulated VEGF activity. o-HA treatment reduces the percentage of mesenchymal cells
by 6-fold (compare naïve to o-HA). Explants treated with o-HA and sFlt have a nearly 5fold increase in percent of mesenchymal cells relative to o-HA treated explants. Percent
mesenchymal cells calculated as described in material and methods. The average total
and mesenchymal cells are as follows (mesenchymal/total): Naïve – 64/584; niave+sFlt –
47/386; HMW-HA – 22/294; o-HA – 20/1047; o-HA+sFlt – 96/969

2.3.4 Ectopic o-HA effects VEGF expression and endocardial cushion morphogenesis in
vivo
To determine whether the in vitro effects of HA are maintained in vivo,
endocardial cushions of HH14-15 chick embryos were injected with either o-HA, HMWHA, or PBS as a control (Fig 2.5). Embryos were maintained in culture to stage HH18 at
which time we compared the expression of VEGF and development of the cardiac
cushions. Histological analyses show reduced expansion of the atrioventricular cushions
and altered morphology of the AV canals in o-HA treated samples compared to those
treated with HMW-HA or PBS (Fig 2.6). Alcian blue staining highlights the reduced
cushion volume in o-HA embryos (Fig. 2.6 D) compared to HMW-HA and PBS-control
cushions (Fig. 2.6 A, G). Hematoxylin and eosin staining shows mesenchymal cells
present in the endocardial cushions (ec) of HMW-HA and PBS treated cushions (Fig. 2.6

52

B, H). In contrast, there is a drastic reduction in mesenchymal cells present in o-HA
treated cushions (Fig. 2.6 E). Thus, o-HA injected endocardial cushions contain fewer
overall cells and show disrupted cushion morphology compared to those injected with
HMW-HA or PBS controls.

Collectively, this indicates a disruption in EMT and

reinforces the observations from the in vitro experiments that o-HA is antagonistic to
EMT.

Figure 2.5 Avian cushion injections. (A) A blue dye indicates location of AV cushion
injection. (B) Injected solution clearly visible within AC cushion following injection.
In addition, we detect changes in VEGF expression in the AV canal endocardial
cushions injected with o-HA (Fig. 2.6). o-HA injected into the cushions markedly
increases levels of VEGF in the myocardium lining the cushions (Fig. 2.6 F). There is
little to no detection of VEGF in the myocardial layer lining the endocardial cushions in
HMW-HA or PBS treated samples (Fig. 2.6 C and I). In contrast, VEGF is detected in an
extended pattern throughout the myocardium of the endocardial cushions in o-HA
injected embryos (Fig. 2.6, compare panels F with C and I). These data provide evidence
that the role of HA fragments in our explant cultures is similar to those found within in
vivo conditions. Collectively, these findings suggest that premature induction of VEGF in
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the AV canal inhibits endocardial cushion formation.

Figure 2.6: o-HA increases VEGF expression disrupting endocardial cushion
morphogenesis in vivo. HMW-HA injected AV canals have an abundance of Alcian
blue-positive staining ECM as well as an abundance of cushion mesenchyme (A, B). In
contrast, o-HA injected cushions (D, E) have reduced levels of extracellular matrix and
mesenchymal cells compared to PBS controls (G, H). No VEGF expression detected to
the myocardium of HMW-HA (panel C) or PBS samples (I). In contrast, the myocardium
expresses VEGF in o-HA injected cardiac cushions (F). Images A,C,E are stained with
Alcian blue and eosin counterstain (red); images B, D, F are stained with hematoxylin
and eosin (H&E). VEGF in situ images in panels C, F, I. a, atrium; v, ventricle; ec,
endocardial cushion; e, endocardium; m, myocardium

2.4 DISCUSSION
Diverse biological roles have been attributed to HA, including hydration and
expansion of extracellular spaces as well as binding to cell surface receptors to induce
cell signaling (109, 155). Studies by Baldwin et al.., (170) show that degradation of HA
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with hyaluronidase treatment of whole conceptus cultures results in abnormal endocardial
cushion formation.

The requirement for native HMW-HA in endocardial cushion

morphogenesis and developmental EMT was shown in the Has2 deficient mouse line
(164). Homozygote embryos die at E9.5 from cardiac failure due to malformed hearts as
a result of a complete absence of HA and defective EMT (109, 171). Hyaluronan has
previously been shown in in vitro studies to take on new biological roles once broken
down into small oligosaccharide fragments (o-HA) (163). These o-HA forms have
proinflammatory effects, primarily through monovalent interactions with its primary
receptor, CD44, thereby enhancing NFκB DNA binding activity (163). Although the
association of HMW-HA to CD44 is inhibited by o-HA between six and eighteen sugars,
there is no apparent function for CD44 in cardiovascular development (109, 118, 171). In
this report, we use both in vitro and in vivo assays to study developmental EMT and
present evidence that o-HA induces increased levels of VEGF, which is inhibitory to
EMT. In murine in vitro explant assays, VEGF levels are markedly increased at both the
mRNA and protein levels following treatment with o-HA compared to controls.
Production of mesenchyme is significantly decreased as a result of a block in EMT
following treatment with o-HA. This phenotype is reversed by treatment with a soluble
VEGF receptor, sFlt, with complete restoration of EMT. In vitro studies are supported by
in vivo avian embryo experiments. This is the first reporting of VEGF expression in chick
embryonic heart and shows exclusion of VEGF mRNA in the AV canal, thereby marking
the boundaries of the chambers. This supports the notion that the pattern of VEGF
expression indicates a role in heart partitioning. In addition, injected o-HA not only
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increases and extends the pattern of VEGF expression, but also decreases EMT within the
endocardial cushion regions compared to controls. Our data provide a direct functional
link between o-HA and VEGF in the regulation of developmental EMT. Furthermore,
cushion endocardial cells retain the competency to execute transformation as the effect of
o-HA is reversible in this system through the neutralization of VEGF by sFlt.
The ability of o-HA to displace activity of native HMW-HA suggests that an
unidentified HA-receptor may mediate this o-HA function. Alternatively, morphogen
gradients may be dramatically altered with disruption of HA-enriched extracellular
matrices in the cushions, causing attenuation of inductive signals for EMT. In this regard,
large polymeric forms of HA are reported to potentiate morphogen gradients as seen with
the activation of ErbB3-ErbB2 receptors following HMW-HA stimulation(172).
Similarly, changes in HA-matrices may facilitate liberating matrix-bound forms of
VEGF. Heparan sulfated proteoglycans (HSPG) can potentiate growth factor gradients
and transport (173, 174). It is appreciated that VEGF depends on HSPG for full
biological activity (175). Thus, a change from HMW-HA to o-HA may alter HSPG in the
matrix of endocardial cushions to mobilize the full activity of VEGF for post-EMT
events.
Our observations emphasize the importance of strict temporal and spatial control
of developmental EMT in cardiac cushion regions. Tight regulation of VEGF and
production of progenitor valve cells is dynamically dependent upon deposition and
processing of HA. The importance of appropriate timing and dosage of VEGF during
development is highlighted by shared cardiovascular developmental defects, including
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abnormalities in cushion regions, by both mice heterozygous for one VEGF allele and
transgenic mice which have a two to three fold increase in VEGF (176, 177). Recently,
Chang et al.., demonstrated that VEGF is repressed by a calcineurin/NFAT mechanism to
prevent VEGF production in the myocardium of AV cushions until E11 or after EMT
occurs (178). This finding is consistent with our previous work defining the expression of
VEGF in endocardial cushions (167). Our new data indicates o-HA acts as a stimulus to
induce VEGF expression that then limits EMT.
Alterations in endocardial cushion morphogenesis can lead to deficits in valvular
cell formation or, conversely, an overabundance resulting in stenotic valves. In vivo
VEGF becomes enriched in the myocardium that underlies the forming endocardial
cushions at the time when EMT ceases. In light of the present data, we propose a model
(Fig 2.7) that regulation of EMT during cushion development is sequentially regulated by
specific forms of HA. Initially, establishment of HMW-HA provides a hydrated matrix
for cellular migration and supports morphogen gradients required for EMT (164, 171).
Hyaluronan becomes degraded into small oligosaccharide fragments as cardiac cushion
volume is reduced during the remodeling phase of valve development (179).
Depolymerized HA stimulates production of VEGF. This regional VEGF drives an
epithelial phenotype within the endocardium, thereby terminating endocardial
competence for EMT. This o-HA-VEGF activity limits the extent of endocardial cell
delamination and subsequent formation of mesenchymal cells. This molecular control
over the magnitude of valve mesenchyme production is crucial because unabated EMT
can result in hyperproliferative and stenotic valves (180, 181). This is manifested in
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Noonan syndrome where inductive signals through MAP kinase mechanisms are
unchecked due to mutations in SHP-2 tyrosine phosphatase, leading to pulmonary
stenosis (182, 183). Thus, our observations provide the basis for consideration of an oHA-VEGF mechanism as a means for novel repair strategies to ameliorate
hyperproliferative or stenotic heart valves.

Figure 2.7. Model summarizing activities of HA and VEGF during endocardial
cushion-valve formation.

2.5 METHODS
2.5.1 Primary explant cultures and analysis
Timed pregnant Swiss webster mice were purchased from Taconic (Hudson, NY).
Pregnant female mice were euthanized under IACUC approved protocol and embryos
were collected at E 9.5. AV canals were microdissected away from the embryo bodies in
sterile 1x Tyrode's Salt buffer (Invitrogen-Gibco BRL, Eugene OR). Endocardial
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cushions were explanted and cultured on hydrated type I collagen (BD Biosciences,
Bedford MA) gels as previously described (34). Twenty hours after establishing the
cultures, explants were supplemented with a 150µl total volume of the indicated
treatments: M199 media (Invitrogen), M199 media with 0.5mg/ml high molecular weight
hyaluronan (Genzyme, Cambridge, MA), M199 media with 1mg/ml oligosaccharide
hyaluronan (Seikagaku Corp., East Falmouth, MA), or M199 with 1mg/ml o-HA plus
20.0 ng/ml sFLT (Fitzgerald, Concord, MA). HA and sFlt concentrations are consistent
with use of these reagents as previously reported(167, 184). Myocardial tissue removed
by rinsing the gels 48hours after treatment and explant samples were fixed with 2%
paraformaldehyde/PBS for twenty minutes. DIC image documentation was performed on
an inverted Olympus microscope (Leeds, Minniapolis, MN) with Hoffman optics using
an Olympus LH50S video camera and ImageJ software. Fluorescent images were taken
on a Leica microscope using ImagePro Plus software. Mesenchymal cells were
enumerated by three observers naïve to the culture conditions based on established
morphometric parameters, alpha-smooth muscle actin staining, and migration and
invasion into the collagen gels (173, 174). Total cell numbers were determined through
use of ImagePro Plus software using a macroprogram based on nuclear staining with bisbenzimide (Invitrogen). Mesenchymal cell production is shown as a percent, representing
final averaged scores of mesenchyme over total cell numbers. Statistical determination
calculated by two-sample Students T-test with 99% confidence interval.
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2.5.2 real time-PCR
Total RNA was extracted from the explant gel cultures using TRIzol (Invitrogen),
according to the manufactures protocol except for the use of 1ml TRIzol per gel. The
cDNA was synthesized using the Ambion Retroscript kit (Austin, TX) with 2ug of RNA
as template. The target amplicons were generated with 1U of Taq polymerase (Promega,
Madison WI) in conjunction with 0.25ul 100mM dNTP mix (Invitrogen), 12ul DEPC
H2O, 2.0ul 10x Taq DNA Polymerase Buffer w/MgCl (Promega), and 200ng
oligonucleotide primers designed to generate a 92bp product for VEGFA and a 341bp
product for 28S rRNA (rRNA forward primer: 5’ –TGG CGA CCC GCT GAA TTT
AAG- 3’; rRNA reverse primer: 5’ -GTT GAC TAT CGG TCT CGT GCC- 3’; VEGF
forward primer: 5’ –GCA GCT TGA GTT AAA CGA ACG-3’; VEGF reverse primer: 5’
–GGT TCC CGA AAC CCT GAG- 3’). Thermocycler conditions were as follows: 95oC
for 3min; then 30 cycles of 94oC for 30s, 57oC for 30s, and 72oC for 1min; followed by
72oC for 5min. Amplicons were separated on 2.0% TAE agarose gels and visualized by
ethidium bromide staining and imaged using a Gel Logic 100 Image system (Kodak).

2.5.3 Immunofluorescence
Immunofluorescent staining of cells was carried out as previously described
(172). Briefly, gels were rinsed with 1x PBS and permeabilized with 0.5% Triton X-100
(Fisher Biotech, Fairlawn NJ) in Pipes solution (Sigma). After blocking (3%BSA, 0.05%
Tween in PBS) gels were incubated overnight with primary antibodies at 4oC with mild
orbital rotation. Nonspecific binding of primary antibodies was reduced by a series of
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washes (x10) with 1x PBS containing 0.2% BSA/0.005% Tween20 followed by
incubation with the secondary antibodies at 4oC overnight. Washes were performed as
above and gels were mounted on slides using aqua polymount (Polyscience Inc.,
Warrington, PA). Antibody to α-Smooth Muscle Actin was purchased from Sigma
Chemical Co., and used at a 1:100 dilution. Goat anti-mouse conjugated to Alexa-546
(Invitrogen) was used as the secondary antibody at a 1:1000 dilution. Nuclei were stained
with bis-benzimide (1:500 dilution; Invitrogen) during the wash procedures for the
secondary antibody.

2.5.4 ELISA
VEGF protein detection was performed using a specific VEGF ELISA kit (R & D
Systems, Minneapolis, MN) per manufacturer’s protocol and as previously reported(168).

2.5.5 In vivo, chick cushion injections and VEGF mRNA detection
Fertilized chicken eggs (obtained from Hy-Line International, Spencer, IA) were
incubated at 37oC for 55-60 hours to stage 14-15, according to the developmental staging
series of Hamburger and Hamilton (185). Embryos were dissected from the egg and
placed in EC (Early Chick) culture on agar-albumin substratum as described by Chapman
et al. (186). Embryos were cooled to room temperature to slow the heart, then cardiac
cushions were injected with 20-25nl of 1mg/ml o-HA, 0.5mg/ml HMW-HA, or PBS as a
control. Solutions were prepared with 0.2% fast green dye (1:250 dilution; Sigma) for
easy visualization of injections (see supplemental information). Injections were
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performed under a Leica MZ APO dissecting microscope and images captured with Leica
FireCam 1.6 software.
Following injection, embryos were covered with high glucose Dulbecco’s
modified essential medium (Gibco/Invitrogen Corp.; Carlsbad, CA) supplemented with
penicillin (100 U/ml), streptomycin (100 mg/ml) and glutamine (0.29 mg/ml) solution
(Gibco/Invitrogen Corp), placed in a humid chamber within a sealed bag containing
95%O2 and 5%CO2, and incubated at 37oC for 15-18 hours until embryos developed to
stage HH 18.
Stage HH 18 embryos were carefully removed from the vitelline membrane,
rinsed with PBS, then fixed with 4% paraformaldehyde/PBS overnight at 4oC. Embryos
were rinsed with PBS, and then dehydrated through a graded methanol series. Embryos
were then either immediately prepared for sectioning and staining with alcian blue or
hematoxylin and eosin; or processed for whole-mount in situ hybridization according to
the methods described by Nieto et al. (187). Plasmid DNA encoding a 843bp fragment
corresponding to the gallus gallus VEGF cDNA sequence (Gen Bank Accession Number
BU269995) was obtained from the BBSRC ChickEST database (Clone ID
ChEST820k21; Geneservice Ltd, Cambridge, UK). RNA probe was prepared from DNA
linearized with Not1 using T3 RNA polymerase (Roche) and were detected by color
reaction with NBT (338µg/ml) and BCIP (115µg/ml). Digoxigenin (DIG)-labeled
riboprobes were generated according to manufacturer’s suggestions (Roche). Whole
mount embryos were post-fixed and processed for serial sectioning. VEGF mRNA was
detected and imaged using a Leica DM2500 microscope and Image-Pro plus software.
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CHAPTER THREE: DIFFERENTAL GROWTH AND
MULTICELLULAR VILLI DIRECT PROEPICARDIAL
TRANSLOCATION TO THE DEVELOPING MOUSE HEART
Laurel S. Rodgers, Sofia Lalani, Ray B. Runyan, Todd D. Camenisch
Developmental Dynamics 2008 Jan; 237(1):145-52
3.1 ABSTRACT
In the mammalian system the proepicardium (PE) arises from mesothelium of the
septum transversum prior to translocation to the heart where it forms the epicardium and
progenitor cells of the coronary vessels. Despite its importance, the process in which PE
cells translocate to the myocardium in mammals is not well defined.

The current

paradigm states that cellular cysts of PE float across the pericardial space and contact the
outer surface of the myocardium.

This mechanism does not provide a satisfactory

explanation for the directionality or localization of PE migration. In order to better
define PE migration, we performed a detailed study of mouse PE development. We
provide thorough documentation that redefines the size of the PE migratory field and the
mechanism of migration. Our new model incorporates differential growth and direct
contact between multicellular PE villi and the myocardium as mechanisms in formation
of the epicardium.

3.2 INTRODUCTION
The proepicardium (PE) is a cluster of transitional cells which, in the mammalian
system, arise from the mesothelium of the septum transversum. These cells play a critical
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role in heart development.

Prior to embryonic day 9.0 (E9.0) in the mouse and

Hamburger and Hamilton stage 14 (HH14) in the chicken, the heart contains only two
cell layers, the endocardium and the myocardium. The epicardium develops only after
the translocation of PE cells to the heart. Once attached to the heart, PE cells migrate
around the primitive myocardium, forming the epicardium (65, 67, 188). A small subset
of these epicardial cells undergoes an epithelial to mesenchymal transition (EMT) and
migrates into the primitive myocardium. After entering the primitive myocardium, the
mesenchymal cells differentiate into fibroblast cells and the vascular endothelial and
smooth muscle cells of the coronary vessels (49-54). A disruption in PE translocation to
the heart could lead to coronary vessel defects and a possible arrest in coronary vessel
and embryonic development (189-193).
For many years the dogma for the transfer of PE cells to the heart has been that
avian and mammalian PE cells relocate to the heart via two very different methods. In
avian models, migration has been well documented through histological and transmission
electron microscopy (TEM) imaging as occurring via the emergence of an extracellular
matrix bridge which links the PE to the primitive myocardium. Avian PE cells transverse
the pericardial space by first traveling along the matrix bridge as villus projections. Once
attached to the primitive myocardium the avian PE cells continue to travel to and
envelope the primitive myocardium as a single mass of cells (68, 70). Unlike the avian
system, the mammalian epicardium has been described as arising from the convergence
of epicardial islands across the myocardial surface (66, 74). It has been hypothesized that
clusters of PE cells bleb off from the main PE body and float across the pericardial cavity
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where they adhere to and flatten along the primitive myocardium, creating epicardial
islands (51, 57, 59, 66, 194-196). Komiyama et al. (66) provided one of the first
examinations of mouse PE translocation. These authors provided EM images depicting
clusters of PE cells on the mesothelial surface as well as on the surface of the primitive
myocardium. These authors concluded that the PE cells relocated to the heart either
through the detachment and flotation of villous apices or through the direct connection of
villous projections to the heart.

Additional reports have disregarded the second

hypothesis and have focused on the floating cyst model.
Although recent studies provide supporting evidence for the floating cyst model,
these findings are limited to EM studies or individual histological sections, and one report
of whole mount detection of a lacz-reporter for alpha four integrin marking patches of
primitive epicardium on the embryonic heart (51, 57, 59, 196). Although, Scanning
electron microscopy (SEM) images, have shown PE cysts present on the ventral surface
of ventricles, it does will not reveal direct evidence of floating cysts.

Individual

histological sections do not distinguish between tips of villous projections and free
floating cysts. Finally, this mechanism of free-floating cellular cysts within the coelomic
cavity does not account for the directionality or the efficiency of PE outgrowth towards
the heart. Recently, Nesbitt et al. (197) proposed that PE migration in rats occurs through
direct contact of the PE to the primitive myocardium in a manner similar to avian
migration. The incomplete model of floating cysts, in combination with the recent rat PE
findings, indicates a strong need to reexamine PE migration in mice and thus clear up
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conflicting evidence between the long withstanding floating cyst model and a model
involving the direct contact of the proepicardium to developing heart.
In this report we use multiple methods in order to develop a more complete,
multidimensional study of mouse PE development and translocation to the heart. We
propose a model in which multi-cellular villi expand towards the beating heart and come
into direct contact with the primitive myocardium. Instead of the PE cells directly
migrating to the primitive myocardium, we propose that the gap between the PE and the
primitive myocardium is reduced by the process of differential growth (198). We do not
rule out the presence of occasional floating cysts, but instead view them as a secondary
form of migration resulting from fluid and adhesion dynamics, shearing-off clusters of
PE cells in close proximity to the heart. Previous reports have not clearly determined the
area of PE translocation to the heart. Our observations suggest that PE translocation is
not within a limited region, but instead extends along the entire dorsal surface of the
heart. Our model for mouse PE translocation has similarities to that of the avian system
and is likely to be conserved among mammals.

3.3 RESULTS
3.3.1 Temporal & Spatial Restricted PE Structure
The PE is a transient population of progenitor cells important in cardiovascular
development, but its exact temporal existence within the mammalian system is only
beginning to be appreciated (195). We studied PE migration and epicardial formation in
mouse embryos, by use of H&E and SEM, defining PE migration to occur between E9.0
and E11.0. We first detect defined PE cells, as the embryo completes its rotation and the
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heart finishes looping (Fig 3.1A,B). Our observations using SEM show the morphology
of PE cells as individually arranged cuboidal cells, in a more compacted configuration
(Fig 3.1B).

The PE cells have not yet developed the typical grape-like cluster

morphology with matrix filled lumens. By E9.0 the PE has expanded and is organized as
an array of cell clusters with lumens (Fig 3.1C). The detection of Wilm’s tumor-1 (Wt-1)
confirmed the identity of this unique morphological structure as PE (Fig 3.2) (199). The
most active period of translocation is observed between E9.0 and E9.5, at a time when
there is complete expansion of the endocardial cushions in the AV canal (Fig 3.1C,D).
Based on these observations, we considered PE cells to be relocating when we observed
at least two of the following: cell clusters extending towards the primitive myocardium,
the presence of previously defined floating cysts, and the appearance of epicardial cells
contacting the primitive myocardium. Relocation begins to diminish after E10.0 and is
nearly complete by E10.5 (Fig 3.1E,F). The reduction in PE outgrowth is most clearly
seen by SEM in figure 3.1F, where a single cluster of PE cells is visible on the septum
transversum. There are rare observations of cysts in histological sections in embryos at
E11.0 that are floating within the pericardial cavity. However, we do not consider this
late translocation to play a significant role in epicardial development.
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Figure 3.1: Development of PE. At E8.5, PE cells are cuboidal in shape and maintain
individuality (A, B). By E9.0, PE cells swell and form multi-cellular clusters (arrow
heads) as migration begins (C, D). Between E10.0 and E11.0 the number of PE cells are
greatly reduced and migration is diminished (E). One solitary cluster of cells (arrow) is
seen on the septum transversum at E10.5 by SEM (F). A, C, E are stained with H&E. B,
D, F are SEM images. PE – proepicardium, m – myocardium. Scale bar = 100µm (applies
to A, C, and F).

It is generally believed that the PE forming field is restricted to the AV sulcus;
however, we observe the PE structure spanning close to the entire width of the embryo at
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E9.5. These results are consistent with recent findings reported by Schulte et al. (195).
The most commonly published images of the mouse PE are from sagital sections,
showing the PE opposite the AV sulcus. This has contributed to the idea of the PE being
restricted to the AV sulcus, however, these observations do not provide an accurate
measurement of the PE forming field. Here we report a more comprehensive assessment
of the entire PE field, including measurements of this region. Figure 3.2A shows an
H&E stained coronal section through the developing embryo, which highlights the
expanse of the PE structure at E9.0. The PE field extends 400µm in length, or nearly the
entire width of the embryo at this stage. This remarkable PE size is confirmed by
observations with SEM (Fig 3.3B). Note, the size of the embryo and PE appear smaller
in the SEM images due to shrinkage caused by the processing required for EM analysis.
Despite this contraction of the tissue, our observations by SEM support a PE structure
ranging from 325um to 400um in total width (Fig 3.3B, yellow bar). Collectively, these
data, and those reported by Schulte et al. (195), redefine the size of the PE to extend the
entire width of the pericardial cavity at the pinnacle of movement to the primitive
myocardium.
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Figure 3.2: Wt-1 detection identifies PE and epicardial cells. Anti-Wt-1 antibody was
used to confirm the morphological identification of the PE (arrows) at E9.5. The antiWt-1 also labels the new formed epicardial cells (arrow heads). PE – proepicardium, m –
myocardium. Scale bar equals 50µm.

Figure 3.3: Defined length of the PE forming field. Coronal sections of H&E stained
E9.5 embryos reveal the PE forming field to be 400 µm in length (yellow line) (A). The
PE, as seen by SEM, spans the entire width of the embryo, at least 300 µm (yellow line)
(B). Note SEM prepared embryos experience some shrinkage. PE – proepicardium, m –
myocardium.

3.3.2 PE Migratory Structures
Previous reports of floating cysts rely on presentations of single sections through
the PE forming field at the AV sulcus (51, 57, 59, 196). However, these studies did not
distinguish between a free floating cyst and a cellular villous captured in cross section.
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Therefore, we performed a detailed study of serial sections through multiple embryos,
combined with SEM analysis, to distinguish between free floating cysts and villi. Figure
3.4 A-C represents serial sections stained by hematoxylin and eosin (H&E) through an
individual floating cyst consisting of at least two cells in isolation from the PE main body
and the primitive myocardium. A small portion of the cyst is visible in panel A (arrow),
while panel B shows the entire cyst, located within the pericardial cavity with no obvious
connections to the heart or PE. Finally, in section C the cyst is not detected in the field of
view and has not adhered to the primitive myocardium. Each section is 8µm thick,
indicating that this cyst is between 16 and 24µm in diameter. The presence of unattached
floating cysts is supported further in figure 3.4D, where PE cysts are attached to the
myocardium near the AV groove and located over 100µm from the main PE body. Due
to this distance it is unlikely that these cysts were in continuous contact simultaneously
with the main PE body and the primitive myocardium. Based on these data, we define
cysts as clusters of two to five cells surrounding a lumen, which have separated from the
PE, and move freely in the pericardial cavity prior to contact and attachment to the
primitive myocardium. These PE cysts, or vesicles, appear to be mainly concentrated to
the AV sulcus region and the outer edges of the developing heart. Our data supports
earlier reports describing initial establishment of the epicardium by clusters of cells (66,
74).
In addition to floating cysts, we consistently observe multi-cellular villi extending
towards the primitive myocardium (Fig 3.5, serial sections and Fig 3.6, arrows). A
substantial portion of our sections through the PE forming field revealed villus
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projections extending from the PE, towards the heart, during the entire transitional period
of PE relocation to the primitive myocardium. These villi consist of between five and
twenty-five cells with a matrix filled lumen and are observed along all areas of the PE
forming field. The villi sizes, and their close proximity to the heart, are detected in detail
by SEM and TEM (Fig 3.6 B,C,E , yellow arrows). The villi are within 15µm of the
primitive myocardium, a distance short enough to increase the likelihood that these villi
may directly contact the primitive myocardium during relaxation phase of the beating
heart. This detection of cellular villi during mouse PE development is consistent with
recent observations of rat PE development, indicating similarities between the mammal
model systems (197).

Figure 3.4: PE Migration via cellular cysts at E9.5. H&E stained sections of
representative serial sections containing a floating cyst (arrows) at E9.5 (A-C). Note the
cyst is not visible by the third panel. An SEM image of two PE cysts (arrows) attached to
the myocardium and located more than 100µm from the main PE body (D) indicates the
unlikelihood that these cysts were ever in simultaneous contact with the PE and the
myocardium at their current location. PE – proepicardium, m – myoacardium, p –
pericardium. Scale bar = 50µm (applies to A-C).
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Figure 3.5: Serial sections of the PE forming field. H&E stained serial sections
through the PE forming field (red asterisk) reveals a field stretching 448µm across the
embryo. Very few cysts are identified in these sections. The overwhelming majority of
PE cells migrate via multi-cellular villi. Direct contacts between the PE and the
myocardium are seen frequently throughout more than three quarters of the forming field;
including contacts on the outflow tract, sinus venosus, atrium, and ventricle. Serial
sections are sequentially numbered. Sections are 8µm thick. oft – outflow tract, sv –
sinus venosus, a – atrium, v – ventricle, ta – truncus arteriosus. Scale bar equals 50µm.

Figure 3.6: PE form villous extensions towards outer myocardium. Large,
mulitcellular (5-25 cells) villi (arrows) extend from the PE towards the heart between
stages E9.5 (A-C) and E10.5 (D-E). These structures are visible in H&E stained sections
(A, D), by SEM (B, E) and by TEM (C). Scale bar = 50µm (applies to A, D).
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3.3.3 Direct Contact to PE
During PE development, PE villi are consistently observed in direct contact with
the primitive myocardium prior to detachment from the main PE body (Fig 3.7).
Multiple villi are frequently detected in simultaneous contact with the primitive
myocardium within the same section (Fig 3.7A,C, arrows). The points of direct contact
are also observed in greater detail under the high vacuum of SEM imaging (Fig 3.5B,D).
Here, we see direct contact by PE cell(s) to the primitive myocardium with a continuum
of PE cell(s) connected to the main PE body. The detection of Wt-1 highlights the
morphological villous structure as it contacts the primitive myocardium (Fig 3.7A arrow).
The continuous PE villus is contacting the outer primitive myocardium with Wt-1
positive cells spreading onto the surface to initiate formation of the epicardium. The
direct points of contact between the PE and the primitive myocardium were confirmed by
detection of Paxillin (Fig 3.8B arrow) and by TEM (Fig 3.8C arrow). Paxillin is a protein
that localizes to focal adhesions and as such highlights the cell contact points between the
PE cells and the fine layer of extracellular matrix on the surface of the primitive
myocardium (59, 75, 200). These PE cells are still attached to the main PE body while
simultaneously in contact with the primitive myocardium. Points of contact between the
PE and the primitive myocardium are most frequently seen where the distance between
the heart and the main PE body is the least. For example, direct contacts are seen on the
atrium and the ventricle, but not within the AV sulcus. In examination of more than 50
embryos, the groove itself typically has the cellular cysts migrating within the coelomic
cavity to contact the outer primitive myocardium. More importantly, direct contacts to
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the myocardial surface are observed throughout more than half the width of the PE
forming field. In addition to contacting the ventricle and the atrium (Fig 3.9A,B), PE
villi contact both the outflow tract and the sinus venosus (Fig 3.9C,D). Points of contact
on the outflow tract are detected in detail by TEM (Fig 3.9G, H). Collectively, these data
provide detailed evidence that the previous assumption that PE cells migrate via floating
cysts is incomplete. Instead, PE translocation relies more heavily on the direct contact
between PE villi and the primitive myocardium as the heart is executing mechanical
contractions.

Figure 3.7: Direct contact between PE and myocardium. PE villi are observed
maintaining connection (arrows) with the main PE body while in simultaneous contact
with the myocardium between E9.25 and E10.5. Observed areas of contact were made
both in H&E stained sections (A, C) and by SEM (B, D). PE – proepicardium, m –
myocardium. Scale bar = 50µm (applies to A, C).
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Figure 3.8: Confirmation of PE to myocardium direct conctact at E9.5. Anti-Wt-1
(red) labeled cells outline a villous in contact with the myocardium as well as newly
formed epicardial cells (A). Sites of contact are confirmed detection of paxillin (red) (B)
as well as by TEM (C). The PE cell viewed by TEM is in contact with a recently
developed epicardial cell. Arrows indicate areas of direct PE to myocardium contact.
Hoescht nuclear stain (Blue). Scale bar = 100µm (applies to A, B). Scale bar = 2µm
(applies to C)
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Figure 3.9: Points of simultaneous contact between PE and myocardium occur
across much of the heart. Sequential H&E stained sections reveal direct, simultaneous
contacts (green arrow heads) between the PE (red asterisk) and the myocardium
beginning at the atrium and ventricle (A-B) and existing as far out as the outflow tract
and the sinus venosus (C-E). Panel F is a diagram indicating the location within the
embryo where the sections were located. Contact with the outflow tract was confirmed
by TEM (G, H). Panel H is the TEM thin section magnification of the black box located
on the toluidine blue stained thick section (G). For the complete serial section series see
Supplemental figure 2. oft – outflow tract, sv – sinus venosus, a – atrium, v – ventricle,
ta – truncus arteriosus. Scale bar = 50µm (applies to A-D). Scale bar = 10µm (applies to
H).
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3.4 DISCUSSION
As gene-disruption studies in mice have created models with phenotpyes
involving the epicardium and/or the coronary vessels, the role of proepicardial cells
during heart development has been studied with increased frequency. However, we have
a limited understanding of how PE cells relocate to the mouse embryonic heart to form
the epicardium prior to coronary vasculogenesis. The mammalian model, in which free
floating clusters of PE cells attach to the primitive myocardium, seems unsatisfactory and
incomplete. The avian system depicts a direct, transient ECM-bridge between the PE
body and the primitive myocardium, followed by a transient cellular migration of the PE
cells (70). This model provides both directionality and efficiency of migration, which is
not the case with the mammalian PE model.

In this study we have revisited the

suggestion made by Komiyama et al. (66) that the observed epicardial islands on the
primitive myocardium during epicardial development could be the result of multiple
contacts between the PE body and the primitive myocardium. We provide evidence of
multi-cellular villi projections extending toward the primitive myocardium during PE
development (Fig 3.6). We also show that these villi can develop points of contact with
the primitive myocardium prior to detachment from the main PE body (Fig 3.3A and Fig
3.9). Due to the high frequency of villi present, we conclude the villi formation is the
prominent form of outgrowth during PE development. However, we do not rule out the
presence of free floating cysts of PE cells within the pericardial cavity. Instead, we
believe it to be a consequence of villi formation subjected to the dynamic fluid forces
shearing-off cellular tips of the villi into the coelomic cavity. It is these fragmental
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clusters, or PE cysts, that traverse the cavity to adhere to the heart in the AV groove
region. We also provide evidence supporting recent findings that the PE forming and
translocation fields are significantly larger than previously described (195).
Collectively our data support the following model for mouse PE cell colonization
of the epicardium. As the PE matures, PE cells arrange as villi extending towards the
beating heart (Fig 3.10a). Once a critical length is reached, the beating heart is able to
touch the PE villi, allowing PE cells to adhere to the primitive myocardium (Fig 3.10b).
These interactions are likely through adhesion interactions between VLA-4 on the
proepicardial surface and VCAM on the myocardial surface(59). When contact is made,
PE cells are pulled from the villi and begin forming the epicardium.

This can be

considered a “Velcro” type mechanism. However, the distance between the heart and the
PE varies depending on the location within the pericardial cavity. At points where the
distances are the greatest, such as at the AV sulcus, there is less of a chance for direct
contact between the heart and the PE. Instead, we suggest that the villi reach a critical
length in which they are weakened, allowing them to succumb to forces applied by flow
of fluid within the pericardial space. Due to this mechanical stress, the cellular tips of
villi break off, forming isolated free floating cysts (Fig 3.10c). Peristaltic-like movement
within the cavity allows for floating cysts to come in contact with, and attach to, the
primitive myocardium.

This secondary mechanism of the cysts also results in the

“seeding” of epicardial islands. A rapid expansion and migration of these epicardial cells
creates the intact epicardium.
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Based on this model, we propose that PE translocation to the heart is not actually
migration, but instead differential growth. Gasser (198) described differential growth as
“changes in the size and shape of the embryo and its parts.” Several events during
mammalian embryogenesis, which have been labeled as requiring migration in the past,
are in fact a result of structures growing towards or away from each other. A prime
example of this growth process is PE expansion and translocation to form the epicardium.
Our model of PE translocation is not based on the movement of cells across a defined
matrix to the heart. Instead, the PE and the heart are growing towards each other,
allowing for contact to occur and the transfer of PE cells from the area of the septum
transversum to the heart, where active cellular movement then occurs over the surface of
the primitive myocardium to form the intact epicardium. This cellular outgrowth is likely
to be in part due to the high rate of proepicardial proliferation previously described in
several reports (57, 74, 201)
A clear understanding of the basic method of relocation of the PE cells to the
developing heart will allow researchers to more easily interpret the signaling pathways
and mechanics involved for the outgrowth and translocation of the PE to the developing
heart. Several studies have developed mouse models which lack or have incomplete PE
translocation. For example, α4 integrin null mice are reported to have an incomplete
release of floating cysts and very little attachment to the primitive myocardium (59).
Mouse embryos which lack VCAM-1 or Wt-1 do not form a complete epicardium and
lack efficient coronary vessel development (56, 58) . PAR-3 deficient embryos also do
not form an epicardium and have very little cyst formation (57). These studies focused
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on a lack or inefficient formation of PE cysts. Due to our revised model of PE and
epicardium formation, it would appear that the study of the transfer of PE cells to the
heart should now focus on villi formation and differential growth of the PE.

An

understanding of the molecular cues responsible for PE villi formation will likely be
more informative than those required for cyst formation when studying PE development.
Previous studies have also provided data which suggest that our findings are
consistent throughout the mammalian systems for this mechanism of epicardial formation
by the PE. Kuhn and Liebherr (74) used serial sections to determine the presence of
floating cysts in Tupaia belangeri (tree shrew). Perez-Pomares et al. (51) suggested the
possibility of PE migration occurring not only at the AV junction, but also at the atrium,
ventricle, and the proximal outflow tract in the Syrian hamster. As mentioned earlier,
recent studies show direct contact of PE villi to the primitive myocardium in rat embryos
(197). Finally, Hirakow (202) described villus protrusions developing from the PE in
human embryos. Our model also shares similarities to that of the avian system (67, 202).
Both rely on the direct contact of the main PE body to the primitive myocardium for the
transfer of PE cells to the heart to colonize and form the epicardium. In conclusion, our
studies of PE development have provided an in depth, evolutionarily conserved model for
PE translocation to the heart which will allow investigators to more effectively study the
mechanisms involved for epicardial development.
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Figure 3.10: Proposed model of PE translocation in mouse development. We
propose that PE cells initially grow towards the heart as multi-cellular villous extensions
(A). The beating of the developing heart will constantly alter the distance between the
myocardium and the PE. The villi will reach a necessary length to make direct contact
with the relaxed heart (B). When the heart retracts the tips of the villi, which are attached
to the myocardium, will be pulled from the PE (C). Villi at the AV sulcus and outer
edges of the heart will be unable to contact the heart. Once a critical length is reached the
villi become unstable and the tips are sheared off due to the fluid dynamics within the
coelmic cavity, creating a free floating cyst. Arrows indicate direction of heart
movement. PE – proepicardium, m – myocardium.

3.5 METHODS
3.5.1 Mouse Embryos
Timed pregnant Swiss Webster mice were purchased from Taconic (Husson, NY).
Pregnant female mice were asphyxiated with CO2 prior to perfusion under IACUC
approved protocals. The female mice were first perfused with 1xPBS for 10 minutes prior
to perfusion with fixative for 30 minutes. Litters used for histological analysis were fixed
with 4% paraformaldahyde (PFA) and litters used for electron microscopy were fixed
with 4% PFA/1% glutaraldahyde. After dissection embryos were fixed ex vivo for an
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additional 30 minutes, followed by two ten minute washes with 1XPBS. Embryos were
stored in 1XPBS at 4oC until processed for analysis.

3.5.2 Histology and Immunostaining
Fixed embryos were dehydrated through a series of methanol and embedded in paraffin
wax. Sections were cut at 8µm and stained with Hematoxylin and Eosin (Richard Allen
Scientific, Kalamazoo, MI).

Paraffin sections for immunofluorescent labeling were

subjected to a 30 minute heat-treatment in antigen retrieval reagent Retrievit 6
(innoGenex) in the microwave.

Sections were rinsed 3 times for 10 minutes in

PBS/0.05% Tween 20 (PBST), followed by a 30 minute rinse in 50mM Ammonium
Chloride (Sigma, St. Louis, MO). Next, the sections were washed 3 times for 5 minutes
in PBST and blocked for 30 minutes with 3% Donkey Serum (Gibco, Carlsbad, CA). All
slides were incubate 90 minutes at room temperature with primary antibodies, extensively
washed 3 times for 5 minutes PBST, and incubated 45 minutes at room temperature with
secondary antibodies. Finally, sections were rinsed were incubated with Hoescht dye
(Molecular Probes, Eugene, Oregon) 1:500 for 5 minutes and rinsed 3 times for 5 minutes
with PBS prior to mounting with Aqua PolyMount (Polysciences, Inc, Warrington, PA).
Wt-1 detection was done using mouse anti-human WT-1 antibody (Dako, Carpinteria,
CA) at 1:500 and Alexa 594 donkey anti-mouse IgG (Molecular Probes) at 1:1000
dilutions. Paxillin detection was done using goat anti-mouse Paxillin antibody (Santa
Cruz Biotechnology) at 1:100 and Alexa 594 donkey anti-goat (Molecular Probes)
antibodies at 1:1000 dilutions. Control sections were labeled treated with secondary
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antibodies only. All sections were photographed with a Leica DMLB 100S microscope
(Bannockburn, IL) fitted with a Qimaging Retiga 2000R camera (Surrey, BC Canada)
using Image-Pro Plus software (Media Cybernetics, Inc, Bethesda, MD).

3.5.3 Scanning Electron Microscopy
Fixed embryos were washed 3 times for 10 minutes in distilled H2O prior to 1hr
post-fixation in 2% OsO4 (Electron Microscope Sciences, Hatfield, PA) in distilled H2O.
After three additional 5 minutes washes in distilled H2O the embryos are rinsed for one
hour in 2% uranyl acetate (Ted Pella, Redding, CA) in distilled H2O. Finally, embryos
are dehydrated through a graded Ethanol series into hexamethyldisilazane (HMDS) 2 X
10minutes. HMDS was removed and the tissues were air dried overnight. Tissues were
mounted on aluminum stubs with silver paint and sputter-coated with gold to a thickness
of 20nm. In order to maintain the structural integrity of the PE during processing, the
pericardium and heart were left covering the PE throughout the entire process. Just prior
to sputter coating, the pericardium was carefully removed for the study of direct contact
between the PE and primitive myocardium, or the pericardium and heart were removed
for study of PE size. Embryos were imaged in a Philips XL30 microscope at 15kV. 45
embryos were observed by SEM.

3.5.4 Transmission Electron Microscopy
After fixation embryos were rinsed with 0.1M phosphate buffer and post-fixed in 2%
OsO4 (Electron Microscopy Sciences) in phosphate buffer for 1hour at room temperature.
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Embryos were then dehydrated through a graded ethanol series. Samples were infiltrated
with Spurr resin (Electron Microscopy Sciences) for 48hrs at 4oC, followed by
embedding in Spurr resin.

Thin sections (60-90nm) were cut on a Leica UCT

ultramicrotome using a diamond knife and picked up on 200 mesh thin bar copper grids
(Electron Microscopy Sciences). The grids were stained with uranyl actate (Ted Pella)
and lead citrate (Ted Pilla) (203). The samples were examined on a Philips CM-12
electron microscope at 80KV and images captured using an AMT XR40 CCD camera
(Advanced Microscopy Techniques, Corp., Danvers, MA). Thick sections (1µm) were
stained with 1% aqueous toluidine blue (Ted Pella) and imaged on a Leica DM2500
microscope fitted with a Leica DFC3200 camera using Image-Pro Plus software (Media
Cybernetics, Inc). Eight embryos were observed by TEM.
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CHAPTER FOUR: METHODOLOGY DEVELOPMENT FOR THE
IN VITRO STUDY OF CORONARY VESSEL DEVELOPMENT.

4.1 ABSTRACT
We designed improved in vitro cell culture methods in order to more effectively
study coronary vessel development. An improved method for the isolation of embryonic
myocyte cells allows researchers to study myocyte proliferation in vitro. These myocytes
are also used in combination with primary epicardial cells within a co-culture system in
order to study the direct effect(s) of myocardial derived soluble factors on the epicardial
EMT and mesenchymal cell differentiation within a 3D collagen gel system. Finally, the
recent development of an embryonic epicardial cell line allowed us to develop clonal
populations of epicardial cells. These clones provide evidence that the epicardium is not
homogeneous, but rather is composed of a heterogeneous population of cells. Each cell
type can be studied individually in order to understand the signaling dynamics required
for endothelial and smooth muscle cell differentiation. Collectively these methods have
broadened the in vitro scope of studies available for coronary vessel development
research.

4.2 INTRODUCTION
Two questions need to be addressed in coronary vessel development. The first
question is, “What is the role of the myocardium during epicardial EMT and
mesenchymal differentiation?”

The second question is “Is the epicardium a
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homogeneous or a heterogeneous population of cells?”

In order to address these

questions we needed to first develop new in vitro tools.
Previous studies analyzing the relationship between the epicardium and the
myocardium were limited to knockout mice and avian assays. FOG-2 knockout mice
demonstrate that changes within the myocardium affect the proper development of
coronary vessels. These mice have a fully developed epicardium, but lack epicardially
derived mesenchymal cells and coronary vessels (55, 83). Stuckmann et al. (81) used the
chicken model to demonstrate the dependency of the myocardium on signals from the
epicardium for survival. Inhibition of epicardial derived retinoic acid or erythopoietin
signaling lead to a decrease in myocyte proliferation.
The knockout mouse system is an effective tool for studying the necessity of an
protein of interest, however it is limited for sorting out signaling pathways and isolating
novel regulatory mechanisms. An in vitro mouse system would allow researchers to
more easily identify unknown soluble factors as well as allow researchers to quickly
manipulate multiple effectors of a regulator pathway. This chapter presents a method in
which epicardial cells are cultured on a type I collagen gel polymerized on the surface of
a 12-well plate insert. The insert is then placed in a well containing cultured myocytes
which allows for the free exchange of soluble factors without direct contact between the
two primary embryonic cell types. This allows for the manipulation of each cell type as
well as the system as a whole, providing a valuable tool for the exploration of the
relationship between the myocardium and the epicardium during development.
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While developing the protocol for myocyte isolation, it became clear that this
method would also allow for the study of myocyte proliferation. Post birth, overall heart
growth can be accounted for by hypertrophy rather than hyperplasia of already existing
cardiomyocytes, making wound healing difficult after a cardiac infarction. However,
cardiac muscle cells proliferate rapidly throughout embryonic development (204, 205).
Through the study of primary embryonic myocyte cells, which continue to proliferate in
vitro, we will be able to gain insight into the factors required for inducing adult
cardiomyocyte proliferation. This chapter presents a protocol for the isolation of primary
embryonic myocyte cells.
The final method presented focuses on analyzing the heterogeneity of epicardial
cells. Epicardial cells are discussed within the current literature as if they consist as a
uniform, or homogeneous, cell type; however, we know that only a subset of these cells
become mesenchymal and that these mesenchymal cells differentiate into fibroblast,
endothelial, and smooth muscle cells (49, 50, 82, 95). Therefore, it is likely that the
epicardial layer is made up of a heterogeneous population of cells, each with a specific
contribution to heart development. Thus far, all identified epicardial and proepicardial
markers appear to be expressed by all cells within these layers, making the identification
of one cell type over another difficult.

An ideal method for analyzing epicardial

heterogeneity would be to prepare a single cell isolate and subsequent clonal expansion
as a homogenous population of epicardial cells. The phenotypes of these clones and their
behavior under treatments could then be monitored and compared. If the epicardium is a
homogeneous population, then all clones should behave nearly identically. However, if

90

the epicardium is a heterogeneous population, multiple phenotypes will be seen between
different clonal isolates. Unfortunately, primary cells will not withstand the stress of this
method nor will they survive long term culture divisions for analysis. Austin et al. (206)
recently developed an embryonic mouse epicardial cell line from the ImmortoMouse.
These cells are conditionally immortal when cultured at 33oC in the presence of
interferon gamma (207). The immortal epicardial cell line allowed us to develop single
cell clonal isolations of epicardial cells. This chapter presents the development of these
clones as well as the initial results indicating the heterogeneity of epicardial cells.

4.3 AN IMPROVED PROTOCOL FOR THE ISOLATION AND CULTIVATION OF
EMBRYONIC MOUSE MYOCYTES.

Laurel S. Rodgers, Daniel C. Schnurr, Derrick Broka, Todd D. Camenisch
Cytotechniques: conditionally accepted 2009

4.3.1 Abstract
In vitro cultures of cardiomyocytes have proven to be a useful tool for
toxicological, pharmacological, and developmental studies, as well as for the study of the
cellular and molecular mechanisms responsible for proper myocyte function.

One

deficient area of research is that of myocyte proliferation. Cardiomyocyte proliferation
dramatically diminishes soon after birth and has a very limited occurrence within the
adult heart, thus limiting the use of adult cells for proliferation studies. An improved
understanding of the requirements for myocyte proliferation would allow for the
development of improved approaches to repair damaged heart tissue. Here, we provide a
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protocol for the reliable isolation of embryonic mouse myocytes.

These myocytes

behave similarly to those in vivo, including their ability to proliferate, providing an
improved system for the study of cardiomyocyte proliferation.

4.3.2 Introduction
Cardiomyocytes have been studied in vitro for more than forty years. In vitro
cultures are useful for the study of myocytes because they allow for elimination of
hemodynamic influences and control over the factors surrounding cardiac muscle cells.
Due to the fragility of myocytes, isolation of these cells requires careful washes with
enzymatic solutions and diligent adherence to purification steps. Previous protocols for
myocyte isolation have been successful with adult and neonatal hearts; however, they
have been less so with embryonic hearts.
In vitro studies with cardiomyocytes have been instrumental in advancing our
knowledge into the causes of cardiac diseases, including myocyte cell death, but have
been limited for understanding the dynamics of myocyte cell proliferation.

One

important key to the heart’s survival after cardiac infarction is the ability to induce
myocyte proliferation as part of the repair process. Myocytes proliferate rapidly during
development, but rely predominantly on cell growth for heart enlargement after birth
(204, 205). Recent studies of myocyte proliferation have focused on zebrafish, myocytes
induced from stem cells, knockout mice, and myocyte cultures from neonatal rats (208213). Adult and neonatal rat myocytes are the predominant source of myocytes for
cardiac muscle studies. However, the direct, in vitro study of mouse embryonic myocyte
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proliferation would provide further insight into the requirements for myocyte
proliferation and a valuable tool for myocyte maturation studies. Due to the difficulty of
isolating embryonic myocytes, very few myocyte studies focus on embryonic myocytes.
Here we provide an enhanced protocol for the consistent and efficient collection and
cultivation of embryonic myocytes. These in vitro cultures are comparable to in vivo
myocytes due to their pervasiveness for proliferation, as well as for the production of
growth factors necessary for proper heart development and regeneration.

4.3.3 Materials
Solutions
Isolation Media: 250mg Fetuin (Sigma, St. Louis, MO, #F-2379), 20mg Ascorbic Acid
(Sigma #A2218), 10g Bovine Serum(Gemini Bio Products, West Sacramento, CA., #100106), 10ml pen/strep (Invitrogen, Carlsbad, CA, #600-5140) was added to 1L liquid
Ham’s media (Thermo Fisher, Waltham, MA, #SH30026.02).

1.176g NaHCO3

(Mallinckrodt Baker, Phillipsburg, NJ, #3506) adjusting the pH to 7.4. The solution was
filter-sterilized through a 0.23µm pore filter.
Culture Media: 250µl Non-essential Amino Acids (MediaTech #25-025-l) and 250µl
Pen/Strep was added to 250ml DMEM (MediaTech, Manassas, VA, #15-017-CM) with
25ml Fetal Bovine Serum. The solution’s pH was adjusted to 7.4 and filter-sterilized.
Enzyme Buffer: The following reagents were dissolved in 1L 1X PBS: 8.0g NaCl
(VWR, West Chester, PA, #BDH0286), 2.0g Dextrose (Sigma #DP434), 200mg KCl
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(Fisher #P217), 5.75mg NaH2PO4.H2O (Thermo Fisher #S374), and 1.0g NaHCO3. pH
was adjusted to 7.4 and filter sterilized.
Enzyme Solution: 100ml enzyme buffer was combined with 1ml 2.5mg/ml Pancreatin
(Invitrogen 02-0036DG). The solution’s pH was adjusted to 7.4 and filter sterilized.
This solution was made fresh for each use.
Tyrodes Buffer (Sigma #T2145) and 1X PBS solution (MediaTech #55-0310PC) were
prepared according to manufacturers’ directions.

pH was adjusted to 7.4 and filter

sterilized.
Supplies
Cell culture plates (10cm) were purchased from Sarstedt (Nümbrecht, Germany,
#831802). Tissue culture dishes (35mm) and conical tubes (50mL) were purchased from
Corning (Lowell, MA, #430165, #430829). Anti-α-sarcomeric actin primary antibody
was purchased from Sigma (#A2547). Anti-phosphorylated histone H3 primary antibody
was purchased from Millipore (Billerica, MA, #06-570). Vascular endothelial growth
factor (VEGF) and transforming growth factor-beta two (TGF-β2) ELISA kits were
purchased from R&D biosystems (Minneapolis, MN, #MMV00, #DB250).

Murine

laminin was purchased from Sigma (#L2020). Donkey anti-mouse and goat anti-rabbit
secondary antibodies conjugated to alexa-flourescence were purchased from Invitrogen
(#A21203, #A11034) and used at the indicated concentration.
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4.3.4 Procedures
Preparation of embryonic cardiomyocyte culture
At least 48hrs prior to myocyte cell collection, culture dishes were coated with laminin
and incubated at 37oC until the day of collection. For a twelve well plate, 500µl 1X PBS
and 6µl laminin (6µg) were added per well. On the morning of cell collection the
laminin solution was removed and the plate was returned to 37oC until needed. To isolate
sufficient numbers of myocytes, a minimum of six timed-pregnant Swiss Webster mice
were anesthetized in a CO2 chamber. E12.0 embryos (average 10 embryos per litter)
were removed and rinsed in Tyrodes salts buffer. Embryonic hearts were microdissected
away from the embryo and placed in a 35mm diameter dish containing culture media
prewarmed to 37oC.

The hearts were maintained at 37oC in culture media until

completion of collection of all hearts.

Once all hearts were collected, they were

combined and rinsed five times with culture media.
After rinsing, the hearts were placed in 10mLs of enzyme solution in a 50mL
conical tube (Tube A). The tube was slowly rotated for ten minutes in a 37oC incubator.
Myocyte cells were not removed during this first incubation period and therefore the
solution was discarded without removing the hearts. Next, fresh 10mLs of enzyme
solution was added to Tube A (containing the heart samples) and incubated at 37oC with
slow rotation for ten minutes. After this incubation, the solution (excluding the heart
samples) was transferred to a new 50mL tube (Tube B), and 10mL culture media was
added to Tube B in order to stop the enzymatic reaction. Tube B was spun for ten
minutes at 1000rpm. After centrifugation, the supernatant was removed from Tube B.
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The cells were resuspended in 1mL culture media and stored in a third 50mL tube (Tube
C) at 37oC. Concurrently, fresh 10mLs of enzyme solution was added to Tube A and
rotated for ten minutes at 37oC.
These incubation and centrifugation steps were repeated six to eight times until
the heart cells were completely removed and the heart structures were reduced to a single
matrix conglomerate. All cell collections were combined into Tube C at the end of each
centrifugation. After the enzymatic incubations were complete, Tube C was spun for ten
minutes at 1000rpm. The supernatant was removed and cells were resuspended with
10mLs isolation media. The resuspended cells were then placed in a 10cm culture dish
and incubated at 37oC for 2-3hrs.
During this two to three hour period the non-myocyte cell types (predominantly
fibroblast cells) adhered to the culture dish.

After incubation, the isolation media,

containing predominantly myocyte cells, was removed and spun for ten minutes at
1000rpm. The cells were then resuspended in culture media and counted using a trypan
blue exclusion assay and a hemocytometer. Two and a half to three million cells were
cultured per well in a twelve well plate with 1ml culture media. Due to the presence of
red blood cells, cells which will not survive, and residual fibroblast cells, this number
does not represent the final myocyte cell count.

However, it will yield 50-60%

confluency of adherent cells. Due to cell proliferation 100% confluency will be reached
within 24-48hrs.
After 24hrs incubation, the culture media containing red blood cells and dead cell
material was removed.

The cells were rinsed and then given fresh culture media.
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Primary embryonic myocyte cultures were given 1-2mLs of culture media per well. Half
of the media was replaced every 48hrs. If desired, confluent myocyte cultures can be
divided 1:2 after one week of culture by use of the above enzymatic steps.
Immunoflourescent labeling assay and cell counts
Cells used for immunofluorescent staining were cultured on four well chamber
slides (Thermo Fisher, #177437). Anti-α-sarcomeric actinin (diluted 1:100) and antiphosphorylated histone H3 (diluted 1:100) antibodies labeled myocytes and proliferating
cells in embryonic myocyte culture. Donkey anti-mouse alexaflor-594 (diluted 1:1000)
and goat anti-rabbit alexaflor-488 (diluted 1:1000) were used as secondary antibodies. All
immunostaining was performed as previously reported by Rodgers et al. (214). Cells
were fixed with four percent paraformaldehyde for 10 minutes and permeabilized for five
minutes with 0.5% (v/v) Triton-X-100 (Fisher #BP151) in 10mM Pipes (Sigma #P1851)
solution. Slides were blocked with 3% (w/v) BSA (Sigma #A3311) and 0.05% (v/v)
Tween20 for two hours at room temperature and incubated overnight at 4oC with the
primary antibodies. After eight hours of washing with 0.2% (w/v) BSA and 0.05% (v/v)
Tween20 the slides were incubated overnight with the secondary antibodies. Following
another eight hours of washes with the above washing solution, the slides were mounted
with aquapolymount mounting media (Polyscience Inc, Warrington, PA, #H3569). A
single wash with bis-benzymide (1:500, Invitrogen #18606) was included during the
second day of washes. The percentages of myocyte cells (actinin positive cells) were
calculated based on the total number of nuclei within the culture.
Proliferation Analysis
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Myocyte proliferation was determined by labeling with an anti-phosphorylated
histone H3 antibody. The cultures were co-stained with anti-α-sarcomeric actin per the
above procedure.

The percentage of proliferating myocyte cells was calculated by

comparing the total number of phosphorylated histone H3 labeled myocyte cells to the
total number of myocyte cells.
Real time PCR
Total cell and tissue RNA was isolated using an RNeasy Mini Kit (Qiagen,
Valencia, CA, #74104) according to the manufacturer’s instructions.

cDNA was

synthesized from 2 µg RNA using a Transcriptor First Strand cDNA kit (Roche,
Indianapolis, IN, # 04379012001) with an anchored oligo-dT primer.

Reverse

transcription PCR products were generated using 1 µg cDNA, 1 U Taq polymerase
(Promega, Madison, WI, #M3008), 0.25 µL of 100 mmol/L dNTP mix (Invitrogen
#10297-018), 2.5 µL 10X Taq buffer (Promega #M190G), 1.5 µL of 25 mM MgCl2
(Promega #A351H), 2 µL of 10 µM forward and reverse primers, and 17.5 µL dH2O.
Amplicon sizes and primers were as follows: 343 bp α-actinin 2 (forward: 5’-GAA ATA
GTC GAT GGC AAT GTG A-3’, reverse: 5’-CAA TGT CTT CAG CAT CCA ACA T3’), 389 bp cardiac Troponin I (forward: 5’-GTT CTC TGC CTC TGG AGA TCA T,
reverse: 5’-GTT CTT GGT GAC TTT TGC TTC C-3’), and 335 bp GAPDH (forward:
5’-GAT GAC ACT AAG AAG GTG GTG A-3’, reverse: 5’-AAT TGT GAG GGA
GAT GCT CAG T-3’). The thermocycling conditions were 94oC for two minutes; then
26 cycles of 94oC for 15 seconds, 55oC for 30 seconds, and 72oC for 30 seconds,
followed by a five minute 72oC final extension. PCR products were separated on 1% tris-
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borate-EDTA (TBE) agarose gels, stained with ethidium bromide, and visualized using a
Gel Logic 100 Image system (Kodak).
ELISA analysis
Detection of VEGF and TGF-β2 was by ELISA analysis. Cultured media for this
assay was collected two, six, and nine days after isolation of cells and used immediately
without dilution.

The ELISA analysis was carried out per manufacturer’s directions

(R&D Systems). The activation step was included for accurate detection of TGF-β2.

4.3.5 Results and Discussion
Although our protocol is similar to other myocyte isolation procedures, we have
made several key improvements which allow for the enhanced and consistent isolation of
primary embryonic myocytes. Of most significance, we found that embryonic myocytes
are highly susceptible to cellular damage from enzymatic solutions in standard isolation
protocols. Trypsin is frequently used for the digestive step during isolating of myocyte
cells (215-218). Many enzymatic steps also involve lengthy digestive time periods (215,
217, 219, 220). While determining the modifications necessary for reliable of embryonic
isolation, we identified that cell viability is greatly reduced by the use of trypsin or
extensive incubation periods with pancreatin.

Either one of these methods, or the

combination of both, will lead to few or no viable cells. Previous researchers keep the
harvested myocyte cells on ice until all digestive reactions are completed (216, 218, 220,
221).

We determined that cell viability can be doubled by incubating the primary

myocytes in complete culture media at 37oC during the procedures (Tube C). Past
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studies have used serum levels varying from 5% to 20% of either FBS or Horse serum
(215-217, 220). We found that embryonic myocyte cultures grow well in 10% FBS.
More importantly, the addition of nonessential amino acids was essential for long term
viability of cells. Nonessential amino acids are not often reported as required additive for
the culture of cardiomyocyte cells (216, 220). Though Sreejit et al. (216) and Song et al.
(219) report using 1% gelatin and Ahuja et al. (222) reported using fibronectin as a precoat for myocyte culture dishes, such pre-coat steps are not often reported (217, 218, 220,
221, 223). We, however, determined that a pre-coating with laminin was absolutely
necessary for effective embryonic myocyte adhesion. Table 4.3.1 provides a summary of
these changes.

Table 4.3.1: Summary of major improvements in our isolation procedure over
previous methods.

In our cultures, attachment of the embryonic myocyte cells occurs overnight and
the cells are beating within the first 24hrs. During the first week of culture, the myocytes
reach confluency and ultimately synchronize their beating throughout the entire culture.
Bright field images of myocyte cell cultures after one, two, seven, and fourteen days post
isolation are shown in figure 4.3.1. These images clearly demonstrate these cultures at
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confluency within 48hrs. Beating myocytes from this procedure have been maintained
for up to four weeks and can withstand at least one division into new culture dishes.

Figure 4.3.1: Bright field images of embryonic myocyte cultures 24hrs (A), 48hrs
(B), one week (C), and two weeks (D) after isolation.
Immunofluoresent detection for α-sarcomeric actin is used to identify myocyte
cells (figure 4.3.2) and to calculate the percentage of myocytes to total cells. The
expression of myocyte expressing components troponin and a-actinin is also confirmed
by rt-PCR (figure 4.3.3). We calculated the total percentage of myocyte cells to be 86%
24hrs post-isolation. A percentage of fibroblast cells is necessary during the initial
culture period in order to support proper cardiomyocyte growth and function (personal
communications, Dr. Carol Gregorio and Dr. Joe Bahl). Even with the presence of
fibroblast cells, we observe that the majority of the cells proliferating within the culture
are myocyte cells. Therefore, we believe our concentrations of cardiomyocytes are
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sufficient for the in vitro study of myocyte cell proliferation and dynamics of myofibrillar
assembly.
In order to study myocyte proliferation, it is important to know the percentage of
cells which undergo proliferation in vitro as well as whether these cells behave similarly
to their in vivo counterparts. We assessed proliferation over time based on presence of
the mitotic marker anti-phosphorylated histone H3 (PH3) antibody (figure 4.3.4, table
4.3.2).

Previous studies have reported successfully using PH3 as an indicator of

proliferation within their system (224-227) In our cultures, an average of seven percent
of observed myocyte cells are PH3 positive after 24hrs in culture. A maximum of fifteen
percent labeled cells is observed at early time points. This percentage does not decrease
until the two week time point, at which time only two percent of the myocyte cells are
PH3 positive. Though the fibroblast cells are also PH3 positive, they represented less
than half of the total positive cells during the first week of culture. It may be possible to
maintain the myocyte rate of proliferation by passaging the cells weekly. Though our
percentage of positive cells is not as high as in vivo BrDU studies, it is still sufficient for
the productive study of proliferation and myocyte dynamics (208)

Of interest, the

sarcomeric striations become more organized as myocyte proliferation decreases. The
sarcomeres themselves appear to disassemble while a myocyte cell is undergoing mitosis
(Figure 4.3.2 and 4.3.4).

Our observations are consistent with Ahuja et al. (222),

demonstrating that myofibrils need to be disassembled during proliferation.
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Figure 4.3.2: Immunofluorescent images of embryonic myocytes labeled for αsarcomeric actinin. Sarcomere striations can clearly be seen at 24hrs (A,B), 48hrs
(C,D), one week (E,F), and two weeks (G,H) after isolation (arrow heads in higher
magnification images) Scale bar = 100µm.
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Figure 4.3.3: Expression of myocyte markers were confirmed using rt-PCR. The
molecular weight of the ladder band is 400bp.

Table 4.3.2: Percentage of phospho histone H3 positive cells in culture over time.
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Figure 4.3.4: Immunofluorescent images of embryonic myocytes co-labeled for
phospho histone H3 (green, mitosis marker) and a-sarcomeric actinin (red, myocyte
marker). Phospho histone H3 cells are seen for up to two weeks after isolation. Nuclei
(blue) are labeled with bis-benzimide. Images were taken at 24hrs (A,B), 48hrs (C,D),
one week (E,F), and two weeks (G,H) after isolation Scale bars = 100µm
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We were also able to demonstrate that our embryonic myocyte cells produce
VEGF and TGF-β2 (Figure 4.3.5) in vitro. Both of these growth factors are known to be
present within the myocardium of the developing heart and to be necessary for proper
heart development (34, 35, 37, 85, 228). From these results, we conclude that our in vitro
embryonic myocyte cultures recapitulate cardiac gene expression and growth factor
production related to proliferative potential and myocyte maintenance.

Figure 4.3.5: Expression of TGF-β2 and VEGF protein by primary embryonic
myocytes in culture over time.
Primary cardiomyocyte cultures are a valuable tool for toxicological,
pharmacological, and developmental studies.

In vitro studies allow researchers to

explore the molecular and cellular mechanisms for proper cardiomyocyte function.
Typically, there is limited to no proliferation of cardiomyocytes after parturition. Two
recent studies show the potential for myocyte proliferation within adult rats and
transgenic mice under normal conditions as well as after cardiac infarction (229, 230). A
comprehensive understanding of how myocyte cells proliferate during development will
allow for the development of improved methods for inducing proliferation within the
injured mature heart.

Here we provide a model system for the study of myocyte
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proliferation without the limits of in vivo assays or the potential artifacts of in vitro
transformed myocyte cell lines. The ability to culture embryonic mouse myocytes will
prove to be a valuable tool for studying and understanding myocyte proliferation and has
the potential for the development of myocyte repair therapeutics after cardiac infarction.

4.4 EPICARDIAL/MESENCHYMAL CELL CO-CULURES
4.4.1 Abstract
Previous research exploring the relationship between the myocardium and the
epicardium was limited to avian models and knockout mouse studies. The inability to
effectively culture embryonic myocyte cells in vitro is a major impediment of studing the
relationship between myocyte derived soluble factors on epicardial cell biology. Upon
developing the successful method for consistent embryonic myocyte isolation, we
designed a co-culture system which allows for the culture of epicardial cells in the
presence of primary embryonic myocyte cells. This system allows consistent to perform
manipulations and repetitions of experiments which were not possible in vivo.

4.4.2 Introduction
Proper coronary vessel development is dependent on the interactions between
different cell types and related factors. All three cell types within the E11 mouse heart,
the epicardium, the myocardium, and the endocardium, are possible sources of factors
necessary for the regulation of epicardial EMT and mesenchymal cell differentiation.
The epicardium and the myocardium are both known to produce signals required for
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heart development. Mice lacking the transcription factor FOG-2 have a fully developed
epicardium, but lack epicardially derived mesenchymal cells and coronary vessels (55,
83). In vivo inhibition of epicardially produced retinoic acid or erythropoietin within the
chick system leads to decreased myocyte proliferation.

Until now, in vitro studies

exploring the dynamics between the epicardium and myocardium within the mouse
system were limited to knockout mouse studies.

Here we present a method in which

primary, embryonic epicardial cells are cultured in the presences of primary, embryonic
myocyte cells. The epicardial cells are cultured on a type I collagen gel within a 12-well
plate insert. The insert is placed within a well containing cultured myocyte cells. This
system allows for the direct study of the requirements for soluble factors derived from the
myocardium on epicardial and coronary vessel development.

Identified regulatory

pathways can then be quickly targeted in order to identify their roles during each stage of
coronary vessel development.

4.4.3 Materials and Methods
Supplies
Myocyte cells: Primary cultures of myocytes were prepared two days in advance as per
the protocol described in 4.3.3 and maintained with 2mls of myocyte culture medium in
12 well plates (BD Falcon #353503).
Collagen gels: 2mls Solution A (3mls sterile water, 1ml Rat tail type one collagen (Fisher
# CB-40236)) were mixed with 400 µl Solution B (400ul 10x M199 media (Gibco #
31100-027) and 400µl 2.2% sodium bicarbonate (Sigma #5-5761)) in 15ml tubes (VWR
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#89039-670). 200uls of the combined solutions were carefully added to 12-well plate
inserts (BD Falcon 353103), without swirling. Working quickly was crucial to prevent to
collagen from polymerizing prior to being placed in the insert. After adding the mixed
solutions to each insert, gels were allowed to polymerize at room temperature
undisturbed for fifteen to thirty minutes. Once polymerized, gels were hydrated with
myocyte culture medium (see 4.3.3) overnight at 37oC.
Procedure
E12 embryos were removed from euthanized timed pregnant Swiss Webster mice
(Tacnic, Hudson, NY) and placed into chilled tyrodes buffer (Sigma #T2145). Using a
dissection microscope, hearts were microdissected away from embryos and placed, apex
down, on the surface of collagen gels. The hearts were allowed to adhere to the gel for a
minimum of one hour prior to hydration with 40µl of myocyte culture media on the gel
surface and 1ml of myocyte culture media beneath the insert.

The purpose of the

hydration step is to prevent the heart from desiccating and to sustain contractions
overnight. However, if excess media was added to the surface of the collagen gel, the
heart would detach from the gel surface prior to epicardial cell adherence.

After

overnight incubation, the hearts were removed by carefully rolling the heart off the gel
surface with forceps. The layer of epicardial cells remaining attached to the gel surface
was rinsed twice with 1XPBS (MediaTech 55-0310PC). Inserts were then placed in
wells containing cultured embryonic myocyte cells. 200µls of media from the well was
added to the gel surface. Inserts placed in naive wells (no myocyte cells) were fed 2mls
of myocyte culture media beneath the insert and 200µls of medium on the gel surface.
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Co-cultures were maintained at 37oC for the desired incubation time. Half of the media
was replaced every 48hrs.
Immunofluorescence
Epicardial

cells

used

for

immunofluorescence

were

fixed

with

4%

paraformaldehyde for ten minutes and permeabilized five minutes with 0.5% (v/v)
Triton-X-100 (Fisher #BP151) in 10mM Pipes (Sigma #P1851) solution. After rinsing
two times with 1XPBS, the cells were blocked with 3% (w/v) BSA (Sigma #A3311) and
0.05% (v/v) Tween20 (Sigma #P1379) for two hours at room temperature. Following
blocking, the cells were incubated overnight at 4oC with primary antibodies. Overnight
incubation was followed with eight hours of washes with 0.2% (w/v) BSA and 0.05%
(v/v) Tween20, and incubation overnight at 4oC with the secondary antibody. Following
another eight hours of washing with 0.2% (w/v) BSA and 0.05% (v/v) Tween 20 slides
were mounted with aquapolymount mounting media (Polyscience Inc, Warrington, PA,
#H3569). A single wash with bis-benzimide (1:500, Invitrogen #18606) was included
during the washes prior to mounting to label the nucleus. Primary antibodies used
targeted the following proteins: β-catenin (Santa Cruz Biotechnology #SC7199), αsmooth muscle actin (α-SMA) (Sigma # D1033), and desmin (Sigma # A2547). The
corresponding secondary antibodies were as follows: donkey anti-mouse alexaflor 488
(Invitrogen #A21203) binding to the β-catenin antibody, and donkey anti-mouse
alexaflor 594 (Invitrgen #A11034) binding to the α-SMA and desmin antibodies. All
primary antibodies were used at a 1:100 dilution and all secondary antibodies were used
at a 1:1000 dilution.
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Cell invasion quantification
48hr epicardial cultures and co-cultures were fixed with 4% parformaldeyhde/PBS
followed by two ten minute washes with 1XPBS. After fixation cell nuclei were labeled
with bisbenzimide (1:500), for 20minutes, followed by two thirty minute washes with
1XPBS. Next, gels were mounted on slides using aqua polymount (Polyscience Inc.,
Warrington, PA). Serial fluorescence images were taken with an Olympus inverted
microscope through appropriate fluorescence filters using a 40x objective. Individual
images were stitched together using SoftWorx software.

Z-stacks of images were

collected using an Applied Precision RT microscope system (Applied Precision,
IIssaquah, Washington). A 3µm z-step was used beginning at the surface of the gel and
ending just past the deepest nucleus. Once images were stitched, the total number of
cells on the surface of and within the gel was hand counted using Adobe PhotoShop CS3.

4.4.4 Results and Discussion
Prior to placing the primary epicardial cells within the co-culture system we
determined the purity of the cultures. Because antibodies against the standard epicardial
markers do not produce accurate results within the collagen gel system, we assessed
culture purity by the absence of muscle cell markers immediately after isolation (Fig
4.4.1). The three main cell types which could come from the heart during isolation are
epicardial, myocyte, and mesenchymal cells. Endocardial cells are located within the
develo/ping heart and are not exposed to the collagen gel. Our cultures do not express αSMA (mesenchymal cell maker) or desmin (myocyte cell marker), indicating that our
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cultures are devoid of muscle and mesenchymal cells and thus consist solely of epicardial
cells.

Figure 4.4.1: Epicardial cell cultures lack markers for mesenchymal and myocyte
cells after isolation. A is labeled for β-catenin (green, epicardial cells) and α-SMA (red,
mesenchymal cells). B is labeled for β-catenin (green, epicardial cells) and desmin (red,
cardiomyocyte cells). Nuclei (blue) are labeled with bis-benzimide. Scale bars = 50µm

Once we established the purity of our isolated epicardial cells, the epicardial cell
inserts were placed in co-culture with myocytes and assessed for epicardial EMT after a
48hr incubation period. For the purpose of these studies, EMT was calculated as the
percentage of invaded cells over the total cells. Epicardial cells would migrate away
from the epicardial sheet edges, but these cells did not invade the gel. The only cells that
invaded the collagen gel were those from within the epicardial sheet. These invading
cells are more significant for our studies because they represent the progenitor cells
which eventually develop into coronary vessels. Our results indicate a trend for increased
epicardial EMT when cultured within the presence of embryonic myocyte cells compared
to cells cultured under naïve conditions. Epicardial cells cultured in the presence of
myocyte cells have increased expression of α-SMA, a marker of mesenchymal cells, as
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seen by immunofluorescence (Fig 4.4.2), as well as an increase in the percentage of total
cells found within the collagen gel (Fig 4.4.3).

Figure 4.4.2: Epicardial cells show increased α-SMA expression when cultured in
the presence of myocyte cells. Epicardial cells were cultured in the absence of myocyte
cells (A) or in co-culture with myocyte cells (B). Cells are labeled for α-SMA (Red) and
the nuclei (blue) are labeled with bis-benzimide.

Figure 4.4.3: Epicardial cells show increased invasion into collagen gels when
cultured in the presence of myocyte cells. Epicardial cells were cultured for 48hrs
under naïve (without myocyte cells) or co-culture (with myocyte cells) conditions. Total
cells within the collagen gel were counted and compared to the total number of cells in
the culture.
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Collectively, our results indicate a trend in which myocardium derived soluble
factors have an inductive effect on epicardial cell invasion, demonstrating the value of
this system as a tool for researchers within the field of coronary vessel development.
Epicardial cells can be easily studied in the presence and absence of myocyte cells and/or
target proteins in order to observe the effect on epicardial EMT. Target proteins within
identified regulatory pathways can be quickly and easily manipulated within the system
in order to identify whether they are necessary or sufficient for epicardial EMT induction
without the time and expense of knockout mouse development. Cultures can also be
maintained for extended periods of time in order to explore the role of the myocardium
during mesenchymal cell differentiation into vascular cells (evidence presented in section
4.5). Our co-culture system has clearly broadened the range of in vitro experiments
available to researchers for the study of coronary vessel development within a timely
fashion.

4.5 EPICARDIAL CLONAL CELLS
4.5.1 Abstract
Despite the fact that epicardial cells are capable of differentiating into endothelial,
fibroblastic, and vascular smooth muscle cells, the embryonic epicardial cell layer is
typically discussed as a homogeneous population of cells. In order to address this
discrepancy, we have used an immortal, embryonic, epicardial cell line to develop clonal
colonies of epicardial cells. We documented their morphology, mRNA expression, and
behavior in culture in order to determine whether every epicardial cell has the same
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differentiation abilities.

These clones display varied morphological characteristics,

mRNA expression profiles, and cell phenotypes in culture, indicating that the epicardial
layer is a heterogeneous population of cells.

4.5.2 Introduction
Despite the fact that a subset of embryonic epicardial cells are known to
differentiate into fibroblast, smooth muscle, and endothelial cells, they are frequently
discussed as a homogeneous population of cells (49, 50, 82, 95). However, based on
results from Mikawa and Fischman (49) and Mikawa and Gourdie (50), it is more
reasonable to assume that the epicardial layer of the heart consists of a heterogeneous
population of cells.

In these studies individual proepicardial cells within chicken

embryos were labeled and the resulting lineages were traced through development.
These researchers demonstrated that the progeny of an individual cell results in only one
final cell type within the heart(epicardium, endothelial, or smooth muscle), indicating the
likelihood that cell lineages are established within the proepicardium. The establishment
of cell lineages within the proepicardium would indicate that the developing epicardium
is not multipotent, and is instead a heterogeneous population of cells.
Known epicardial and proepicardial cell markers cannot be used to study
heterogeneity because, based on qualitative results, they are expressed equally by all cells
within the epicardial layer. However, due to the acquisition of an embryonic epicardial
cell line recently developed from the ImmortoMouse by Austin et al. (206), we have
developed clonal colonies of epicardial cells. These epicardial cells are conditionally
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immortal when cultured at 33oC in the presence of interferon gamma and can thus
withstand the stress of single cell isolation and multiple culture divisions. Of importance
to our studies, these cells have shown to behave in the same manner as primary epicardial
cells when cultured in vitro (206). Through the examination of our clonal colonies we
provide evidence that the epicardium is made up of a heterogeneous population of cells.
We also demonstrate that these cells have varied responses when cultured in the presence
of embryonic myocyte cells. Our results demonstrate that these cells are an invaluable
tool for the study of epicardial EMT and mesenchymal cell differentiation

4.5.3 Materials and Methods
Supplies
33oC culture media: 50mls fetal bovine serum (VWR, West Chester, PA #16777-538),
5mls antibiotic-antimycotic solution (VWR #45000-616), 50ml ITS (Invitrogen,
Carlsbad, CA #41400-045), and 2.255ml INF-Gamma (Peprotech Inc, Rocky Hill, NJ
#315-05) was added to DMEM (MediaTech, Manassas, VA, #15-017-CM) for a final
volume of 500mls. Media was filter sterilized and the pH was adjusted to 7.4.
37oC culture media: 50mls fetal bovine serum and 5mls antibiotic-antimycotic solution
were added to DMEM for a final volume of 500mls. The media was filter sterilized and
the pH was adjusted to 7.4.
Immortalized Epicardial cells
Immortalized epicardial cells (IEC) were provided to us as a generous gift from
Dr. Joey Barnett of Vanderbilt University in Nashville, TN. Isolation of the cells is
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described by Austin et al. (206). These epicardial cells are conditionally immortal when
cultured at 33oC in the presence of interferon gamma.
Clonal Isolation of Immortalized Epicardial Cells
IECs were diluted to a concentration of two cells per µl of 33oC culture media. Two
microliters of the diluted cell solution were added to each well of a 96 well plate (Sarstedt
#83.1835.300). More dilute concentrations of cells were previously tried with limited
success. The cells were incubated at 33oC until confluency was reached. Cells were
observed daily and the number of start cells per well was recorded. After confluency was
reached, cells were transferred to a single well within a 6 well plate and allowed to reach
confluency within the plate.

Again, cells were observed daily.

Growth rates and

morphological traits were recorded. Once confluency was reached a second time the
cells were transferred into and maintained within 100mm tissue culture plates (Sarstedt,
Numbrecht Germany #83.1802).
Real time PCR

mRNA was isolated from confluent clones grown in a 100mm dish using RNA Stat60
(Tel-Test, Inc., Friendswood, TX #CS-120) per the manufacturer’s directions. cDNA
was made using a first strand cDNA synthesis kit (Roche, Indianapolis, IN) and
quantitative PCR was performed according to the Roche protocol using a Taqman Master
Mix (Roche) and a Roche 480 Light Cyler. Primers were designed using the Universal
Probe Library for mouse (Roche). Primer sets and their corresponding probes are listed
in Table 4.5.1.
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Table 4.5.1: Primer sequences and probes used for real time PCR.

Immunofluorescence
Epicardial clones used for immunofluorescence were cultured on collagen gels under naïve or coculture conditions as described above (See section 4.4). Clones were cultured on collagen gels
for 24hrs at 33oC prior to being placed in co-culture or naïve conditions at 37oC. After one week
in culture, cells were fixed with 4% paraformaldehyde for ten minutes followed by a five minute

permeabilization with 0.5% (v/v) Triton-X-100 in 10mM Pipes solution. Cells were
rinsed two times with 1XPBS and blocked with 3% (w/v) BSA and 0.05% (v/v) Tween20
for two hours at room temperature. After blocking, the cells were incubated with primary
antibodies overnight at 4oC. Cells were then washed for eight hours with 0.2% (w/v)
BSA and 0.05% (v/v) Tween20 and incubated overnight with the secondary antibody at
4oC. Following incubnation, cells were rinsed another eight hours with 0.2% (w/v) BSA
and 0.05% (v/v) Tween 20 and mounted with aquapolymount mounting media. Bisbenzimide was included in one wash during the second day of washes.

Primary

antibodies used targeted β-catenin (1:100, Santa Cruz Biotechnology) and α-smooth
muscle actin (α-SMA) (1:100, Santa Cruz Biotechnology). The corresponding secondary
antibodies were goat anti-rabbit alexaflor (1:1000, Invitrogen #A21203) and Donkey
anti-mouse alexaflor (1:1000, Invitrogen #A11034).
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4.5.4 Results and Discussion
Eighty-seven epicardial clones were established after limiting dilution and single
cell isolation of the immortalized epicardial cell line. Each of these clones was assessed
and categorized based on morphological characteristics (Table 4.5.1). The categories
were determined as follows. Clones which form tight epicardial sheets with limited to no
cellular separation at the sheet edges were categorized as “forms a tight sheet.” Cells
labeled as “moderately migratory” demonstrate a limited ability to separate at the sheet
edges and migrating cells were found within short distances of the sheet edge. Many of
these moderately migratory cells were also observed forming tight sheets at periodic
points during culture. “Highly migratory cells” were clones which rarely displayed tight
sheet edges and migrating cells were frequently found at great distances from the main
sheet. In addition to their 2D migratory tendencies, cells were also categorized based on
their behaviors within the epicardial sheet. Clones which formed organized patterns
within their sheets were labeled as “forms organized patterns.” These patterns were areas
in which the cells no longer had a random “cobblestone” organization, and instead
demonstrated organization and directionality. If these patterns became 3D (cells were
organized on top of each other) in nature the cells were labeled as “forms 3D structures.”
“Multilayered” clones were clones in which the entire epicardial sheets consisted of
multiple layers of cells instead a typical single cell layer. Of note, several epicardial
clones could be classified in more than one category, thus the total number of cells in
table 4.5.1 is greater than 87. Most of the epicardial clones formed tight sheets or were
only moderately migratory. Only twelve out of the 87 clones were observed as highly
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migratory within a culture dish. Also of interest, less than fifteen percent of the clones
were observed to form organized patterns or 3D structures. All of these observations were
made within culture dishes at 33oC (immortalized), so it is unclear as to whether the
ability to form a multilayered sheet is a characteristic of a subset of epicardial cells, or if
it is a consequence of being immortalized. Based on the variation of morphology, these
observations alone demonstrate that not all epicardial cells are created equal and thus the
epicardial layer within the developing heart is made up of a heterogeneous population of
cells.

Table 4.5.2: Categorization of epicardial clone morphological characteristics. The
sum of the clones in this table is greater than the total number of clones isolated because
some clones fit within more than one category.
In addition to morphological traits, we used real time PCR (rtPCR) to analyze the
mRNA expression of twelve clones, each of which fit into a different combination of
categories. We chose a mesenchymal cell marker (Vimentin), an endothelial cell marker
(Flk-1), a smooth muscle marker (Caldesmon), and an epicardial cell marker (Wt-1) to
initially characterize these cells. All of these markers are used by researchers in the study
of coronary vessel development. mRNA was isolated from cells grown to confluency at
33oC. As expected, each clone demonstrated a different mRNA expression pattern (Fig
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4.5.1). All results were normalized to the house keeping gene RSP7. Clone 8H9 showed
the highest expression levels of vimentin, caldesmon, and Wt-1 mRNA. Clone 8D8
demonstrated the highest expression levels of Flk-1. Based on these results, 8H9 would
be a candidate clone for the study of vascular smooth muscle development and clone 8D8
would be a candidate clone for the study of vascular endothelial cell development. The
varied expression of Wt-1 between clones was unexpected because Wt-1 is traditionally
used as an epicardial cell marker. Over-all, these rtPCR results are consistent with the
hypothesis that the embryonic epicardium is a heterogeneous population of cells and have
varying levels of Wt-1 antigen.

Figure 4.5.1: Relative mRNA expression of vimentin, Flk-1, caldesmon, and Wt-1 in
epicardial clones and a mixed population. All expression levels were normalized to
the house keeping gene RSP7.
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Our previous studies have demonstrated the potential for soluble factors from
myocytes to affect the behavior of epicardial cells cultured on a collagen gel (see section
4.4). These studies used primary epicardial cells from E12.5 hearts, which is after
epicardial EMT begins in the mouse heart. Thus, these cells may already be under the
influence of developmental cues from the intact heart. We wanted to determine whether
epicardial cells which have not previously been exposed to a myocardial layer are
responsive to inductive signals from myocyte cells in a co-culture system (8G9, 8E10,
8F11) and one highly migratory clone (7D12). These clones were allowed to adhere to
collagen gels at 33oC prior to being cultured at 37oC under naïve or co-culture conditions
for one week. Under co-culture conditions our four clones demonstrated three different
phenotypes (Fig 4.5.2).

Clones 8E10 and 8F11 both became highly invasive and

developed into long, multicellular vessel-like networks (Fig 4.5.2 A, B). We did not
determine whether these structures were tubes or cords, but they were organized in a
capillary type pattern.

These structures and networks were not observed at high

frequency under naïve conditions (data not shown). 7D12 was also highly invasive, but
did not form multicellular structures (Fig 4.5.2 C). Instead, these cells were elongated
and had many appendages extending into the collagen. This clone was also invasive
under naïve conditions, but the degree of migration appeared reduced compared to cocultures (data not shown). The final clone, 8G9, was not invasive under naïve conditions
and demonstrated very limited invasion when in co-culture. Those cells which did invade
did not travel deep within the gel (Fig 4.5.2 D). The depth of a cell within the gel can be
observed by whether the gel surface (epicardial sheet) is in focus within the image of the

122

invasive cell. The gel surface can easily be seen within the image of clone 8G9, but not
within the other clone images, indicating a general invasive depth for each clone cell.
These results clearly demonstrate a varied ability of epicardial cells to respond to stimuli
from myocyte cells. It can be hypothesized that cell lineages destined to become vascular
cells have a greater ability to respond to migratory stimuli than cell lineages destined to
remain epicardial. A complete survey of the expression of endothelial, smooth muscle,
and fibroblast cell markers needs to be performed on these clones after co-culture with
myocytes in order to verify mesenchymal cell differentiation and cell phenotypes. In our
hands, final differentiation and organization of epicardially derived mesenchymal cells
has not been easily established using a mixed population of cells. The ability to study
individual epicardial cell lineages in vitro allows researchers to more easily determine the
regulatory mechanisms responsible for each step of coronary vessel development.
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Figure 4.5.2: Morphological and invasive tendencies of four clones when cultured in
the presence of myocyte cells. The clones used are 8E10 (A), 8F11 (B), 7D12, (C), 8G9
(D). Cells were labeled for β-catenin (green), a marker of cell adhesion, and the nuclei
(blue) were labeled with bis-benzimide. Scale bars = 50µm
In addition to its limited migration phenotype, clone 8G9 also demonstrated a
reduced ability to form an epicardial sheet when cultured under naïve conditions (Fig
4.5.3). The cells within the epicardial sheet cultured in the absence of myocyte cells were
detached and frequently found as individual cells (Fig 4.5.3 A). In contrast, the same
clonal cells cultured in the presence of myocyte cells formed a tight sheet in which all
cells formed cellular junctions into a cobblestone appearance (Fig 4.5.3 B). These are the
first results presented indicating a potential role for the myocardium in the maintenance
of the epicardial sheet.
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Figure 4.5.3: Epicardial sheet formation of clone 8G9 when cultured under naïve
(A) and co-culture (B) conditions. Cells were labeled for b-catenin (green), a marker of
cell adhesion, and the nuclei (blue) were labeled with bis-benzimide. Scale bars = 50µm
Collectively our results demonstrate that the embryonic mouse epicardium
consists of a mixed population of cells capable of a range of behaviors.

Most clones

demonstrate only a limited migratory ability; however a small number are capable of a
significant level of migration. These results are consistent with the understanding that
only a small subset of epicardial cells will undergo EMT and migrate into the developing
heart. In addition, we demonstrate that, like primary epicardial cells, these clones will
react to the presence of myocyte produced soluble factors. The difference in invasive
phenotypes on a 3D gel suggests the possibility that specific cell lineages within the
epicardium are pre-programmed for the final differentiation into endothelial, smooth
muscle, and fibroblastic cells. Based on previous results these cell lineages are likely to
be established just prior to or immediately after the formation of the epicardium (49, 50).
The establishment of these epicardial clones provides researchers with an invaluable tool
for the exploration of epicardial heterogeneity and the lineages required for proper
coronary vessel development.

Each cell lineage can now be cultured and treated
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separately, allowing for the isolation of regulatory pathways necessary for EMT and
differentiation of each lineage.
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CHAPTER FIVE: CANONICAL WNT SIGNALLING INHIBITS
EPICARDIAL EMT IN VITRO.

5.1 ABSTRACT
Previous studies focused on Wnt requirements for cardiac lineage specificity
during gastrulation. However, recent studies have suggested a potential role for the Wnts
during coronary vessel development. In this study we explore the potential role of Wnts
during epicardial EMT. First, we present a complete survey of the expression of eighteen
Wnts within the heart during coronary vessel development. Based on this data, we
investigate the effects of both canonical and non-canonical Wnt pathways on in vitro
epicardial EMT. We demonstrate that the canonical Wnt pathway is both necessary and
sufficient for inhibiting epicardial EMT and the non-canonical Wnt pathway has no effect
on epicardial EMT. Collectively our results demonstrate a novel role for the canonical
Wnt pathway during EMT.

5.2 INTRODUCTION
During the establishment of the epicardial layer, cell lineages that will give rise to
the coronary vessels undergo EMT and migrate into the developing heart. These cells
represent a small subset of the total epicardial cells (51, 52, 54, 231). Ultimately these
progenitors will differentiate into either cardiac fibroblast cells or into vascular
endothelial or vascular smooth muscle cells (49, 50, 82, 95). Migrating mesenchymal
cells continue to express Wilms tumor-1 (Wt-1), a marker of proepicardial and epicardial
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cells, until they begin differentiating into their final cell type. VEGF, FGF, TGF-β,
PDGF, FOG2, GATA4, and alpha-4 integrin have all been shown to play potential roles
in the regulation of epicardial EMT (55, 89, 90, 94, 232). However, the exact cues or
combination of cues required to signal each step of epicardial EMT is still being
explored.
Wnts are soluble ligands which can act in two distinct pathways, canonical and
non-canonical. In the canonical pathway Wnt ligands bind to the Frzd receptor which in
turn forms a complex with LRP. The formation of this complex activates Disheveled
which subsequently deactivates the GSK3β/AKC complex. This complex targets βcatenin for the ubiquitin mediated degradation pathway. Once inactivated, β-catenin is
free to enter the nucleus and form a complex with the TCF family of transcription
proteins, thus leading to the increased expression of target genes (139). Previous EMT
studies using cancer cell models have demonstrated that nuclear β-catenin leads to the
increased expression of slug, which down-regulates E-cadherin, and allows cells to lose
contact with their neighbors and become migratory (233).
The non-canonical Wnt pathway is less understood. It also requires the binding of
a Wnt ligand to a Fzd receptor, but does not involve the formation of a complex with
LRP. Once bound one of two possible pathways is activated. The first is the planar cell
polarity (PCP) pathway which activates small GTPases. The second possibility is the
calcium pathway which leads to the release of calcium (144). Calcium release induced
by non-canonical Wnts promotes endothelial cell proliferation and migration (142, 143).
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Previous studies have reported the retinoid x receptor α (RXRα) deficient mouse
to be embryonic lethal by E15 due to cardiac failure (234-236). However, mice with
RXRa conditionally deleted within the ventricles are viable (237). Using a mouse model,
Merki et al. (238) conditionally knocked-out RXRα in the epicardium. These mice have
reduced survival before birth, and those mice which do survive have a shorter lifespan
than their wild type littermates. RxRα deficient mice have thin myocardial walls and
abnormal branching of the coronary vessels. When cultured in vitro, epicardial cells
from these mice have a reduced ability to undergo EMT. In addition, they develop tubelike structures when compared to control epicardial cells. mRNA levels of β-catenin
were the same in both normal and mutant epicardial cells; however β-catenin protein
levels were significantly reduced within mutant epicardial cell cultures. The authors also
determined that the mutant epicardial cells had reduced expression of Wnt9a; which is
likely the reason for reduced β-catenin protein levels. These results indicate a likely role
for Wnt9a and RxRα in the regulation of epicardial EMT and mesenchymal cell
maturation.
The conventional knockout of β-catenin in the mouse leads to embryonic death
during gastrulation and the embryos fail to form a mesodermal cell layer (239). Zamora
et al. (240) recently created a proepicardial specific β-catenin knockout mouse, allowing
for the study of β-catenin during coronary vessel development.

This conditional

knockout mouse is embryonic lethal during the second half of gestation. The embryos
develop a normal PE and epicardium, but have a thin myocardium, lack a subepicardial
space, and contain abnormal coronary vessel development, consistent with mice
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containing defects within the epicardium.

The authors report that the coronary vessel

defects appear to be linked to an inefficient epicardial EMT and impaired differentiation
into vascular smooth muscle cells.
Based on these results it appears that the Wnts may play a significant role in
epicardial EMT and subsequent coronary vessel development; therefore our lab has
begun a comprehensive study of the effects of Wnts on in vitro epicardial EMT. We first
performed a quantitative real-time PCR (rtPCR) survey of all Wnt proteins within the
heart in order to determine which Wnts are present during coronary vessel development
and whether they are being produced by the epicardium or the myocardium. Next, we
treated epicardial cell cultures with either canonical (Wnt3a, LiCl, or GSK3β inhibitor) or
non-canonical (Wnt5a) Wnt pathway activators in order to determine if either pathway is
sufficient to induce epicardial EMT. Finally, we treated epicardial cell cultures with
broad inhibitors of the canonical (CTGF or DKK) or noncanonical (sFrp) Wnt pathways
in order to determine whether either pathway is necessary for the induction of epicardial
EMT. Our results present a potentially novel role for Wnt ligands during the regulation
of epicardial EMT.

5.3 RESULTS
5.3.1 Presence of Wnt mRNA within the developing mouse heart
Though previous studies have explored the expression of Wnts within the developing
mouse heart, many of these studies focus on time points prior to heart looping. A
complete comprehensive survey of all Wnts within the developing heart has not
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previously been performed. Therefore, we began our studies by analyzing the expression
of eighteen Wnts within the developing heart by real time PCR (rtPCR). The Wnts
surveyed were 1, 2, 2b, 3, 3a, 4, 5a, 5b, 6, 7a, 7b, 8a, 8b, 9a, 9b, 10b, 11, and 16. The
relative expression levels of each Wnt was examined in whole hearts collected from
embryos at E8.5, E9.5, E10.5, E11.5, E12.5, E13.5, E14.5, and E15.5. This time course
was selected because it includes all stages of initial coronary vessel development,
beginning with proepicardial development (E8.5) and continuing through establishment
of blood flow (E13.5) and into the beginning of vessel maturation. Of these eighteen
Wnts, eleven Wnts were found to be expressed within the heart during this time period
(Fig 5.1). All mRNA expression levels were normalized to the house keeping gene
RSP7. The eleven Wnts expressed within the heart can be divided into three categories:
highly expressed, moderately expressed, and low expression levels. These categories are
relative to each other and thus all categories are worth examining. The biologically
relevant concentration of each Wnt needed is not known and a low expressing Wnt could
be equally as important as a high expressing Wnt. Wnt 2, 4, 5a, and 11 were all highly
expressed in at least one time point between E8.5 and E15.5. Wnt 5b and 9b were both
moderately expressed and Wnt 1, 2b, 7a, 9a, and 16 were all expressed at low levels
within the mouse heart between E8.5 and E15.5. The expression levels of all remaining
Wnts are too low to be considered reliable and are thus considered not to be expressed
during our developmental time period within the heart (data not shown). Whole embryos
as well as established cell cultures were used as positive controls in order to confirm that
negative results were not due to faulty primers or probes.
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Figure 5.1: Relative mRNA expression of Wns within the developing mouse heart.
rtPCR was performed on mRNA collected from the hearts of embryos at E8.5, E9.5,
E10.5, E11.5, E12.5, E13.5, E14.5, and E15.5. Expression of each Wnt was normalized
to the house keeping gene RSP7. A represents Wnts which are highly expressed within
the heart relative to other expressed Wnts. B represents Wnts which are moderately
expressed with in the developing heart relative to other expressed Wnts. C depicts the
Wnts which are expressed at low levels during mouse heart development relative to the
other expressed Wnts. Two mRNA samples were collected for all points except for E8.5
and the results were averaged. E8.5 represents one mRNA sample.
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Of interest, there is a relative spike in Wnt expression present in six of the
expressed Wnts (Wnt 2b, 5a, 5b, 7a, 9a, and 9b) at E12.5 and a relative expression spike
of Wnt 1 at E11.5. These points of increased expression are at times in which EMT is
likely to be down-regulated and mesenchymal cell differentiation is likely to be upregulated during coronary vessel formation. Also, the high expression levels of Wnt 2
and Wnt 11 at E8.5 followed by a decrease in expression through E15.5 is typical of
Wnts which are required for the initial induction of cardiac cell differentiation (152, 241).
Collectively, these results indicate the presence of Wnt ligands within the developing
heart and time points relevant to epicardial EMT and coronary genesis.

5.3.2 Cell type specific expression of Wnts in vitro.
Next, we used rtPCR to determine whether Wnts are expressed by the epicardial
and mesenchymal cells within the heart. mRNA was isolated from epicardial cells
immediately after isolation and from cultured embryonic myocyte cells (Fig 5.2). Both
cell types were isolated from E12 embryonic hearts. A summary of the traditional role of
each Wnt is provided in table 5.2. The non-canonical Wnts 5a and 11 both had higher
expression levels within epicardial cells compared to myocardial cells. The canonical
Wnts 1, 7a, 9a, and the non-canonical Wnt 16 were expressed within the myocyte cells,
with little to no expression within epicardial cells. Wnts 2b and 5b were both expressed
within the epicardial cells at a slightly higher level than seen within myocytes. Wnt 2b is
considered a canonical Wnt and Wnt 5b is considered a non-canonical Wnt.

The

remaining Wnts, 2, 4, and 9b, had little expression differences between myocyte and
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epicardial cells. The low expression levels of Wnt 2 and 4 were expected because these
Wnts were not highly expressed within in the whole heart by E12.5 (see Fig 5.1). These
results indicate a trend in which the Wnts more highly expressed by epicardial cells are
non-canonical Wnts and the canonical are Wnts more highly expressed by myocyte cells.

Table 5.1: The traditional categorization of each Wnt ligand expressed within the
heart.
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Figure 5.2: Wnt expression within epicardium and myocyte cells in vitro. A
represents the Wnts shown to be highly expressed in the whole heart during coronary
vessel development. B represents the Wnts shown to be moderately expressed in the
whole heart during coronary vessel development. C represents the Wnts with low level
expression within the whole heart during coronary vessel development. All expression
levels were normalized to the house keeping gene RSP7.
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5.3.2 Non-canonical Wnt pathways are neither necessary nor sufficient to induce
epicardial EMT.
We next explored whether Wnts have a positive effect on epicardial EMT. To
address this question, we used primary epicardial cells cultured on collagen gels. The
primary cells were isolated by allowing whole hearts from E12.5 embryos to incubate on
collagen gels overnight.

The hearts were then removed, leaving behind sheets of

epicardial cells. The adherent cells were treated for 48hrs with the selected treatment
conditions. The collagen gel provides a 3D matrix for mesenchymal cells to invade after
they dissociate from the epicardial sheet. EMT was measured as the percent of total cells
which invaded the collagen gel.
Our results indicate that epicardial cells express non-canonical Wnts; therefore,
we first treated epicardial cells with recombinant mouse Wnt5a protein (Fig 5.3).

There

was no significant difference in invasion between Wnt5a treated and untreated epicardial
cells. These results demonstrate that Wnt5a is not sufficient to induce epicardial EMT,
however, the assay does not address whether it is necessary for EMT.
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Figure 5.3: Wnt5a was not sufficient to induce Epicardial EMT. Primary epicardial
cells were treated with the recombinant protein Wnt5a for 48hrs immediately following
isolation. EMT is measured as the percentage of the total cells which were present within
the collagen gel. n values are as follows: untreated = 26, 50ng/ml Wnt5a = 9, 50ng/ml
Wnt5a = 6.

In order to determine whether the Wnts in general are necessary for epicardial
EMT, we blocked Wnt pathways with sFRP3 (Figure 5.4). sFRPs are soluble factors
known to inhibit both the canonical and the non-canoncial pathways by binding Wnt
proteins prior to their adhesion to the Frzd receptors. sFRP3 was specifically used
because it has been previously shown to be expressed within the developing epicardium
and has also been shown to block Wnt5a activity during development (242-244). Again,
there was no significant effect on invasion after treatment with sFRP3. These results
indicate that Wnts, and Wnt5a in particular, are not necessary for the induction of
epicardial EMT in vitro.
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Figure 5.4: sFRP3 does not induce epicardial EMT. Primary epicardial cells were
treated with recombinant protein sFRP3 for 48hrs following isolation. EMT is measured
as the percentage of total cells which are present wihin the collagen gel. n values are as
follows: 0ng/ml = 26, 50ng/ml = 4, 100ng/ml = 5, 200ng/ml = 5.

5.3.3 The Canonical Wnt pathwy inhibits epicardial EMT.
Our results indicate that the canonical Wnts tend to be expressed within the
myocardium during coronary vessel development; however both Wnt5a and Wnt11 have
been shown to be capable of inducing both the canonical and the non-canonical Wnt
pathways (245). Though sFRP3 treatments did not affect epicardial EMT, Wnt pathways
have the potential for crosstalk, and the balance between the two may be of significance.
In addition, it is not clear whether sFRP3 is inhibiting both the canonical and the noncanonical Wnts equally. Therefore, we next explored the activities of the canonical Wnt
pathway alone.
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We first inhibited the canonical Wnt pathway with connective tissue growth
factor (CTGF) (Fig 5.5). CTGF is a soluble factor, present within the myocardium of the
developing heart, which binds to the LRP receptor, preventing it from dimerizing with
Frzd, and thus blocking canonical Wnt activity (246). Epicardial explants were treated
with a truncated recombinant CTGF (rCTGF) containing only the binding domain known
to interact with LRP.

Concentrations of 100ng/ml or less of rCTGF do not affect

epicardial EMT. However, a concentration of 200ng/ml rCTGF significantly induces
epicardial EMT. These results indicate that the canonical Wnts may have a suppressing
effect on EMT, because their inhibition increases the EMT response.

Figure 5.5: High doses of rCTGF induce epicardial EMT. Primary epicardial cells
were cultured with recombinant rCTGF protein for 48hrs after isolation. EMT is
measured as the percentage of the total cells which are present within the collagen gel. n
values are as follows: 0ng/ml = 26, 50ng/ml = 17, 100ng/ml = 20, 200ng/ml = 5. * p =
0.02
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To address whether the canonical Wnt pathway inhibits EMT we treated
epicardial cells with each of the following canonical Wnt pathway activators: LiCl,
GSK3β inhibitor, or Wnt3a. LiCl activates the canonical Wnt pathway by inhibiting
GSK3β and preventing β-catenin from being degraded. Unfortunately, LiCl’s effects are
not specific to the canonical Wnt pathway. It can also affect the activity of other
molecules such as PKC and PI3 kinase (247, 248). Therefore, we also used a compound
demonstrating specific inhibition of GSK3β without affecting other pathways. Finally,
recombinant protein Wnt3a was used because it is a commercially available canonical
Wnt. LiCl, GSK3β inhibitor, and Wnt3a all significantly inhibited mesenchymal cell
invasion into collagen gels (Fig 5.6). Both LiCl and the 0.5mM GSK3β inhibitor reduced
mesenchymal cell invasion with a high degree of significance. Collectively, these results
indicate that the canonical Wnt pathway appears to inhibit epicardial EMT.
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Figure 5.6: Activation of canonical Wnt pathway inhibits EMT. Epicardial cells were
treated for 48hrs after isolation with LiCl, Gsk3β inhibitor, or Wnt3a. EMT was
calculated as the percentage of total cells present within the collagen gel. n values are as
follows: untreated – 26, 10mM LiCl – 6, 10mM LiCl – 4, 0.25mM Gsk3β inhibitor – 4,
0.5mM Gsk3β inhibitor – 6. * p values are as follows: 10mM LiCl- 0.00055, 20mM LiCl
– 0.001, 0.5mM GSK3β inhibitor – 0.0077, Wnt3a – 0.021.

5.4 DISCUSSION
Coronary vessel development is dependent on two key steps: epicardial EMT and
mesenchymal cell differentiation. The complete understanding of both of these steps is
required for the development of improved treatments of coronary vessel diseases. A
recent report has indicated beta-catenin as being required for effective EMT during
coronary vessel development (240). However, this study does not address whether this
beta-catenin activity is acting through the Wnt pathway. Therefore, we designed a series
of in vitro experiments to investigate the role of Wnts during epicardial EMT.
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We determined that both canonical and non-canonical Wnts are present within the
developing heart during coronary vessel development at varying degrees of expression.
The canonical Wnts tend to be expressed within the myocardium and the non-canonical
Wnts tend to be within the epicardium. β-catenin is a downstream effector of the
canonical Wnt pathway. Based on these expression patterns, the decreased level of
epicardial EMT in the absence of β-catenin presented by Zamora et al. (240) is likely to
be due to either a non-canonical Wnt switching roles and acting in the canonical Wnt
pathway, or to be due to β-catenin’s role within other pathways.
Treatments with Wnt5a and sFRP3 demonstrate that the non-canonical pathway is
neither necessary nor sufficient to induce epicardial EMT. Though sFRP’s can act on
both canonical and non-canonical pathways, they have been shown to bind particular
Wnts preferentially over other Wnts (249). Previous reports specifically demonstrated
the ability of sFRP3 to inhibit the activity of Wnt5a (242-244). Though our results do not
demonstrate whether sFRP3 is acting on both pathways, based on these reports it is likely
to at least be blocking Wnt5a produced by epicardial cells.
Due to the possibility that sFRP3 may not be acting on the canonical Wnt
pathways, and the possibility that one of the non-canonical Wnts within the epicardium
could be switching roles by activating canonical signaling, we investigated the ability of
the canonical pathway to induce epicardial EMT. Treatment with a high concentration of
rCTGF, a canonical Wnt inhibitor, induced increased levels of epicardial EMT. This
result suggests that canonical Wnts may be negative regulators of epicardial EMT. When
epicardial cells are treated with the canonical Wnt activators, LiCl, GSK3β inhibitor, and
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Wnt3a, epicardial EMT was significantly reduced, further confirming that canonical Wnt
signaling negatively regulates EMT.

Figure 5.7 provides a summary of these

observations. Based on these results, it would appear that the positive EMT regulation by
β-catenin presented by Zamora et al. (240) is not due to its role within the canonical Wnt
pathway.

Figure 5.7: Summary of results for canonical Wnt signals to downregulate
epicardial EMT. CTGF inhibits canonical Wnts, resulting in epicardial EMT. LiCl and
GSK3β inhibitor activate canonical Wnts, resulting in decreased epicardial EMT.
Although our results are not consistent with the role of canonical Wnts during
tumorgenesis for the induction of EMT, our results are consistent with the expression
patterns of Wnts within the developing heart.

During atrioventricular cushion

development, the inhibition of EMT is equally important as the activation of EMT. Both
excessive and reduced EMT during valve formation will lead to valvular defects. It is
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likely that epicardial EMT also needs to be tightly regulated and inhibited at the
appropriate time point. Our results indicate a spike in Wnt signaling at the E12.5 time
point.

With the exception of Wnts 5a and 5b, the Wnts which demonstrate this

expression pattern (Wnts 1, 2b, 7a, 9a, and 9b) are canonical Wnts. Epicardial EMT
begins around E10.0, peaks around E11.5, and forms a capillary plexus by E13.5 when
blood flow through the vessels is established. E12.5 is a time point in which epicardial
EMT is being downregulated and mesenchymal cell differentiation is being upregulated.
Because our experiments are carried out in the absence of myocyte cells, the canonical
Wnt source responsible for downregulating EMT is likely to be produced by the
epicardium itself. If the source was myocardial, the CTGF would not have had an effect
on epicardial migration because Wnts would not have been present to inhibit. Of the
canonical Wnts found within the heart which demonstrate increased expression at E12.5,
Wnt2b is the only one which is predominantly expressed within the epicardium. Future
studies of epicardial EMT inhibition should focus on the possible role of Wnt2b in this
dynamic regulatory process.
Our results are also consistent with previous studies of kidney tubular epithelial
EMT. In these studies, CTGF was found to be a positive inducer of EMT (250-252). Liu
et al. (90) demonstrated that CTGF’s ability to induce EMT is specific to its fourth
binding domain. Kidney epithelial cells treated with the fourth binding domain had
significantly increased levels of EMT compared to cells treated with one or all of the
other three domains. Binding domain four, which binds to LRP, is the domain used in
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our studies. Based on our data, it can be hypothesized that epicardial EMT is regulated
by the balance between inhibition and activation of canonical Wnt signaling.
Collectively our data represent one of the first demonstrations of the canonical
Wnt pathway as an inhibitor of developmental EMT. Combined with our CTGF results,
it can be hypothesized that regulation of epicardial EMT is dependent on the timing and
dose of canonical Wnt activity during heart development. Though non-canonical Wnts
do not appear to play a role in epicardial EMT, based on their expression pattern, they
should not be ruled out as having a potential role in subsequent mesenchymal cell
differentiation. Future studies are required in order to fill in the gaps pertaining to the
role of β-catenin during epicardial EMT. Exactly which canonical Wnt(s) are down
regulating epicardial EMT, the potential role of Wnts in mesenchymal cell
differentiation, and the role of myocyte produced Wnts in coronary vessel development
remain to be elucidated.

5.5 MATERIALS AND MEHODS
5.5.1 quantitative real time PCR
RNA was isolated from whole hearts and cell cultures using an RNeasy mini kit
(Qiagen, Velencia, CA).

cDNA was made using a Transcriptor first strand cDNA

synthesis kit (Roche, Indianapolis, IN, #04379012001). rtPCR was performed according
to the Roche protocol using a Taqman Master Mix (Roche, #04535286001) and a Roche
480 Light Cycler. Primers were designed using the Universal Probe Library for mouse
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(Roche). Primer sets and their corresponding probes are listed in Table 5.2. A single
mRNA sample represents the combined hearts from a single litter of pups (8-12 hearts).

Table 5.2: Primer sequences and probes used for rtPCR.

5.5.2 Primary Epicardial Cell Isolation and Culture
Primary embryonic epicardial cells were isolated and cultured on Type I collagen
gels as described in section 4.4.3. In brief, gels were made with 10xM199 media, Type I
collagen, 2.2% Sodium Bicarbonate, and distilled water as previously described (34,
253). Gels were hydrated overnight with culture media prior to use. Timed pregnant
Swiss Webster mice were purchased from Taconic (Hudson, NY). Pregnant female mice
were euthanized under IACUC approved protocol and embryos were collected at E12.5.
The embryonic hearts were dissected from embryos and placed, apex down, on collagen
gels. Hearts were incubated overnight with 50µl culture media. The epicardial cells
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were cultured in DMEM containing 10% FBS. After overnight incubation at 37oC, the
heart was removed, leaving behind a layer of epicardial cells. Epicardial cells were
rinsed 2x with 1XPBS and used immediately for rtPCR. For treatments, cells were rinsed
2x with 1XPBS and then treated with the desired treatment added to culture media and
incubated at 37oC for 48hrs. Fresh media was applied after 24hrs. The treatments were
as follows: 50ng/ml, 100ng/ml, and 200ng/ml of CTGF (Invitrogen, PHG0286); 50ng/ml
Wnt3a (R&D Systems, Minneapolis, MN, 1324-WN); 50ng/ml and 200ng/ml Wnt5a
(R&D Systems, 645-WN); 10mM and 20mM LiCl (Sigma, St. Louis, MO, L-8895),
0.25µM and 0.5µM GSK3b inhibitor (EMD, Gibbstown, NJ,

#361547); 50ng/ml,

100ng/ml, 200ng/ml sFRP3 (R&D systems, 592-FR).

5.5.3 EMT assay
48hr epicardial cultures were fixed with 4% paraformaldeyhde/PBS as previously
described (Rodgers 2006). After fixation, cell nuclei were labeled with bisbenzimide
(1:500, Invitrogen, #18606) for 20minutes, followed by two thirty minute washes with
1XPBS. After rinsing, gels were mounted on slides using aqua polymount (Polyscience
Inc., Warrington, PA, #h3569).

Fluorescence images were taken with an Olympus

inverted microscope through appropriate fluorescence filters using a 40x objective.
Individual images were stitched together using SoftWorx software. Z-stacks of images
were collected using an Applied Precision (Applied Precision, IIssaquah, Washington)
RT microscope system. The z-step was 3µm beginning at the surface of the gel and
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ending just past the deepest nucleus. Once images were stitched the total number of cells
on the surface of and within the gel were hand counted using Adobe PhotoShop CS3.
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CHAPTER SIX: CONCLUSIONS AND FUTURE STUDIES
Two significant structure formations required for the development of a functional
heart are the heart valves and the coronary vessels. Defects in either of these structures
can lead to either embryonic lethality or severe cardiac birth defects. The purpose of my
studies was to explore the signal requirements needed for endocardial and epicardial
EMT. EMT is a tightly regulated process which is essential for populating the heart with
mesenchymal cells. Endothelial derived mesenchymal cells populate the developing
cushions and regulate valvular development.

Epicardial derived mesenchymal cells

populate the developing myocardium and differentiate into coronary vessels. Insights
into the regulation of these two EMT processes are essential for the development of
future heart disease treatments.

6.1: O-HA REGULATES EMT INHIBITION
The extracellular matrix within developing organisms is necessary for the
establishment and maintenance of a cell’s environment. This matrix provides a substrate
for cell migration, cell adhesion, and signal gradients.

A major component of the

extracellular matrix within the developing heart is hyaluronan (HA) (109). Elimination
of Hyaluronan synthase 2 (Has2) in mice leads to embryonic death by E10.0 due to
severe cardiac abnormalities (109). Hyaluronan is found in vivo as two different forms: a
high molecular weight form (HMW-HA) and a low molecular weight, or oligosaccharide,
form (o-HA). Past studies reported altered biological activity following the degradation
of HMW-HA into o-HA (119). Based on the evidence that hyaluronidase activity and o-
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HA levels increase within the developing cushions following endothelial EMT, we
explored the role of o-HA during AV cushion development (161).
We presented evidence that o-HA is a negative regulator of endothelial EMT
through its induction of VEGF. The presence of o-HA leads to decreased endocardial
EMT and increased expression of VEGF both in vitro and in vivo. EMT inhibition by oHA was reversed by treatment with sFlk, soluble receptor for VEGF. Tight regulation of
endothelial EMT is required for the prevention of hypoplastic (inefficient EMT) or
stenotic (excessive EMT) valves. This study is the first to demonstrate a direct link
between o-HA and VEGF expression and provides novel information about the
regulation of endocardial EMT.
These results call for further exploration into the method in which o-HA regulates
VEGF expression. In order to better understand this process, future studies should focus
on the following two questions. Is this regulatory mechanism universal to all EMT
processes, or is it unique within the AV cushion system? Does o-HA directly activate
VEGF mRNA levels through receptor binding, or does the hyaluronidase activity release
a bound signal previously retained within the HMW-HA? Answers to these questions
will provide great insights into the regulation of EMT and cushion development.

6.2 MIGRATION OF THE PROEPICARDIUM
It is well accepted that the proepicardium migrates via direct contact of an
extracellular matrix between the proepicardium and the myocardium within the avian
system (70). However, the model for the mammalian system involved the release of free
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floating cysts of proepicardial cells which transverse the pericardial space and adhere to
the developing myocardium (51, 57, 59, 66, 194-196). Upon further contemplation, one
can realize that this method is wasteful and risky for a developmental process.
Proepicardial cells are essential for coronary vessel and heart development.

The

inhibition of proepicardial migration ultimately leads to embryonic death due to cardiac
failure.

A direct contact mechanism of migration would ensure that a majority of

proepicardial cells would reach the myocardium and form the epicardium.
Though we are not the first group to suggest a method of direct contact via
multicellular villi, we are the first group to provide evidence that these direct contacts
occur (66). We provided histological, SEM, and TEM images of direct contacts between
the heart and the proepicardium. Additionally, we carefully collected serial sections
through the entire proepicardium and many embryo specimens. These sections allowed
us to both define the size of the proepicardium and confirm that the commonly observed
“floating cysts” are actually cross sections through proepicardium villous extensions.
Based on our data, we propose a new model for mammalian proepicardial
migration to the developing heart in which multicellular villi extend from the
proepicardium towards the beating heart in part through differential growth. Once these
villi reach a critical length they come into contact with and adhere to the beating
myocardium via integrin/matrix binding. When the heart muscle contracts, the tip of the
villus is pulled from the epicardium, leaving a structure on the heart which researchers
had previously mislabeled as a floating cyst. These colonies of cells flatten onto the
myocardium to begin formation of the epicardium.

Based on our model, previous
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reports, indicating defects in floating cyst formation during proepicardial development,
need to be re-evaluated. These results are instead likely to be due to incomplete villus
formation or growth towards the myocardium.
Throughout this study it was clear that these proepicardial villi grow in a directed
manner towards the developing heart. This directionality begs the question of, “is the
myocardium

secreting

a

chemoattractant

for

guiding

the

migration

of

the

proepicardium?” This question could easily be addressed by culturing proepicardial cells
on a collagen gel in the presence of E9.5 heart explants. The identification of a soluble
signal produced by the myocardium as a chemoattractant for proepicardial cells would be
a significant finding for the field of heart development and would advance our
understanding of directional proepicardial development and epicardium formation.

6.3 CANONICAL WNTS INHIBIT EPICARDIAL EMT
A key step in the development of coronary vessels is epicardial EMT. Both
inefficient epicardial EMT and the absence of epicardial EMT can lead to a lack of
coronary vessel formation followed by embryonic death. Though several growth factors
have been shown to be required to induce epicardial EMT, the sufficiency of each is still
in question. The regulation of epicardial EMT, in particular its down regulation, is an
area which still requires extensive investigation.
Wnts are soluble ligands which have been explored in other EMT processes as
well as vascular development (3, 254-257). Based on evidence that beta-catenin is
required for effective epicardial EMT, it was reasonable to predict that at least one Wnt
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would play a role in coronary vessel development at either the EMT and/or the
differentiation steps.

We initially performed a survey of eighteen Wnts within the

developing heart. mRNA was isolated from whole hearts beginning at the early onset of
proepicardial development and ending after coronary vascular connection to the aorta.
rtPCR analysis revealed eleven Wnts expressed at varying intensities throughout heart
development. In general, canonical Wnts are expressed by the epicardium and noncanonical Wnts are expressed by the myocardium.

This data set presents the first

comprehensive study of Wnt expression levels within the developing heart showing this
differential expression profile.
Upon confirmation of Wnt expression, we set out to determine whether the
canonical or the non-canonical Wnt pathways were necessary or sufficient to induce
epicardial EMT. We treated epicardial explants cultured on collagen gels with either
activators or inhibitors of each pathway.

Our results reveal the noncanonical Wnt

pathway as neither necessary nor sufficient to induce epicardial EMT. Surprisingly, the
canonical Wnt pathway appears to inhibit epicardial EMT in vitro. Pharmacological
activation of the canonical Wnt pathway by LiCl, GSK3β inhibitor, or with recombinant
Wnt3a significantly reduces epicardial cell invasion. In contrast, inhibition of canonical
Wnt signaling by a high concentration of rCTGF increased epicardial invasion.
The expression patterns of the canonical Wnts within the developing heart support
the hypothesis that canonical Wnts inhibit epicardial EMT. Five canonical Wnts show
increased expression at the E12.5 in the heart.

During this time the migrating

mesenchymal cells are differentiating into endothelial cells and forming a capillary
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plexus which has an established blood flow by E13.5. E12.5 is a time point in which
epicardial EMT is likely to be down regulated in order to prevent excessive mesenchymal
migration and allow for the differentiation of the mesenchymal cells into their final cell
type.

These results are the first direct evidence for canonical Wnt signaling being

necessary during coronary vessel development.
Typically Wnts have been implicated as inducers of EMT. Our data suggests a
role for Wnts during EMT which has not previously been reported. However, this
hypothesis is consistent with in vitro studies of kidney epithelial tube EMT. Liu et al.
(258) provide direct evidence that the fourth binding domain of CTGF is responsible for
CTGF induction of EMT. The fourth domain inhibits the canonical Wnt pathway by
binding to LRP; it is also the domain used in our studies. CTGF has also previously been
demonstrated to be expressed within the myocardium of the developing heart and
confirmed by our studies.
Two key observations have been made throughout our studies. The first is that
EMT of both primary epicardial cells and immortal epicardial cells is observed in the
absence of myocytes. The second is that inhibition of epicardial EMT by the canonical
Wnt pathway also takes place in the absence of myocardial cells because a percentage of
our untreated cells migrated into the collagen gels. These two observations imply that
both the activation and the inhibition of epicardial EMT is under autocrine control by the
epicardial layer itself.

Based on these observations and our CTGF treatments, we

propose a model in which CTGF from the myocardium enhances the autocrine induction
of epicardial EMT by inhibiting the activity of canonical Wnts. Then, around E12.5,
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canonical Wnt expression is significantly increased within the heart, tipping the balance
and activating canonical Wnt inhibition of epicardial EMT (Fig 6.1).

Figure 6.1: Canonical Wnt model of EMT inhibition. Between E10.5 and E11.5
epicardial EMT is up regulated by an autocrine signal. CTGF inhibits Canonical Wnt inhibition
of EMT. By E12.5 canonical Wnt expression is significantly up regulated, tipping the balance of
CTGF inhibition and allowing for the inhibition of epicardial EMT. The difference between bold
and regular text and large and small text depicts a change in expression levels. Bold, large text
has a higher expression level then regular, small text.

Prior to drawing final conclusions, several experiments need to be performed.
First, the rtPCR results depicting Wnt expression need to be confirmed by in situ
experiments. This data would also allow for a clear determination of which tissues
express each Wnt.

Second, identification of which canonical Wnt has the greatest

inhibitory effect on epicardial EMT would be beneficial to understanding the source and
activity of the canonical Wnt signal. Also, EMT inhibition assays may be more effective
if they were to be carried out with specific epicardial clones (see chapter 4) which are
highly migratory. These clones are anticipated to produce more consistent results than
primary epicardial cells
.
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In addition to these experiments, it would also be useful to explore the expression
patterns of Wnt inhibitors and receptors within the developing heart.

It has been

hypothesized that Wnts are tightly regulated during development, because their inhibitors
are frequently found to be co-expressed within developing tissues.

As previously

mentioned, sFRP3 and CTGF are both expressed within the developing heart, but these
are not the only inhibitors present in the heart during coronary vessel development. For
example, DKK is expressed by the epicardium during development and is known to
prevent canonical Wnt signaling in a manner similar to CTGF (259).

Finally, the

potential role of Wnts during mesenchymal cell differentiation needs to be investigated.
In addition to inhibiting epicardial EMT, the rise in Wnt expression at E12.5 also
indicates a possible role of Wnts during mesenchymal cell differentiation. Our current
studies were completed within a 48hr time point. Carrying out the experiments to latter
time points will help determine the impact Wnts have on cell mesenchymal cell
differentiation.

6.4 EPICARDIAL CELL LINES
While investigating the signaling requirements for epicardial EMT it became
apparent that, though most researchers assume the epicardium is a heterogeneous
population of cells, there is no direct evidence for this hypothesis within the mammalian
system.

This assumption is based on the fact that epicardially derived cells can

differentiate into one of three cell types as well as two studies performed by Mikawa et
al. (49, 50) which provide evidence for heterogeneity within the avian model system. In
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these investigations proepicardial cells were labeled prior to migration to the developing
heart and their descendents were observed within developed heart. The authors present
data demonstrating that a single cell within the proepicardium will only give rise to one
cell type within the developed heart; indicating that epicardial cell lineages are
predetermined within the proepicardium. Studies have not been performed within the
mammalian system to confirm these results.
To address this question we acquired an immortalized epicardial cell line from the
laboratory of Dr. Joey Barnett and performed single cell isolations in order to develop
epicardial clonal colonies.

This epicardial cell line was developed from the

ImmortoMouse by isolating epicardial cells from E11.5 mouse hearts and was therefore
originally a mixed population of epicardial cells (206, 207). Primary epicardial cells
would not have been useful for this study because primary cells cannot withstand single
cell isolation.
Eighty seven clonal colonies were isolated and defined for their morphological
phenotypes. The majority of clones displayed limited migration on a 2D surface. Twelve
of the isolated clones displayed a highly migratory phenotype. The small number of
highly migratory clones is consistent with our understanding that only a small subset of
epicardial cells undergoes EMT during coronary vessel development. Thirteen clones
with different overall phenotypes were selected for rtPCR evaluation. We demonstrated
that each clone had a unique mRNA expression pattern for markers of endothelial,
smooth muscle, epicardial, and mesenchymal cells, underscoring the heterogeneity, or at
least the plasticity, of the original epicardial cell popluation. Finally, four clones were
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cultured in co-culture with embryonic myocyte cells. Each clone displayed a different
migratory and differentiation phenotype when cultured in the presence of isolated
myocyte cells compared to naïve conditions. Our results demonstrate a role for myocyte
cells in the induction of increased epicardial EMT as well as the maintenance of
epicardial sheet integrity.
These clones also provide a valuable tool for future in vitro studies of coronary
vessel development.

Experiments which use primary epicardial cells are frequently

completed on a small scale and can be inconsistent. In order to gain sufficient cell
numbers for PCR analysis thirty primary epicardial explants must be harvested whereas,
the epicardial cell clones provide sufficient numbers of cells. Also, quantitative protein
analysis is nearly impossible because of the inability to isolate a sufficient number of
cells. Variation in initial cell numbers also presents a challenge when analyzing invasion
and differentiation data. The epicardial clones allow researchers to use a consistent
number of cells for each experiment, as well as providing them with the ability to
investigate one epicardial lineage at a time. Clones which produce endothelial, smooth
muscle, or fibroblast cells can each be studied separately instead of within a mixed
population, enhancing our ability to isolate the regulatory mechanisms needed for
mesenchymal cell differentiation.

Epicardial clones which do not undergo EMT also

provide a valuable tool for EMT studies as well as understanding the dignals to maintain
the integrity of the epicardium. Similar to the use of ventricle endocardium within AV
cushion studies, these clones can be used to identify factors which are sufficient to induce
epicardial EMT.

Finally, the differences in morphological and mRNA expression
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patterns of these clones suggest that cells within the epicardium are already
predetermined as to the final cell lineage and phenotype. I would propose repeating this
same procedure with proepicardial cells from the ImmortoMouse in order to determine
when these cell lineages become determined.
6.5 FINAL REMARKS
Cardiac birth defects occur in five percent of human births and coronary heart
disease is one of the leading causes of death within the United States. Our investigation
of EMT during cardiac development provides valuable information for the development
of more effective treatments for cardiac disease, such as the in vitro culture of cardiac
valves or coronary vessels for transplant into diseased hearts. We describe two models
for the down regulation of EMT during cardiac development; a process necessary to
prevent an overpopulation of mesenchymal cells.
Within the developing ventricles HMW-HA induces endocardial EMT between
E9.5 and E10.0. At E10.5 a switch from HMW-HA to o-HA induces increased VEGF
expression, effectively inhibiting continued EMT and enhancing mesenchymal cell
maturation and valve remodeling. These studies present the first evidence of a direct link
between o-HA and VEGF expression.
During coronary vessel development epicardial EMT is induced by an autocrine
signal between E10.5 and E11.5. CTGF produced by the myocardium inhibits canonical
Wnt inhibition of EMT. Around E12.5 canonical Wnt expression levels reach sufficient
levels to overcome CTGF inhibition and epicardial EMT is down regulated. This study
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provides the first evidence for the down regulation of epicardial EMT during
development as well as a novel role for Wnts during EMT processes.
This model does not a rule out a role for the myocardium during coronary vessel
development, but instead shifts the focus of these studies. The focus of myocardial
research within coronary vessel development should be redirected on the stabilization of
the mesenchymal phenotype, chemoattractant properties for enhanced mesenchymal
migration, and/or mesenchymal cell differentiation into vascular endothelial smooth
muscle cells.
During these investigations into EMT, we found it necessary to diverge into
proepicardial growth and formation of the epicardium. We present solid evidence for a
model in which proepicardial cells migrate through differential growth to the developing
heart by direct contacts of multicellular villi to the outer myocardium surface. This result
is contrary to the previously accepted model in which proepicardial cells traversed the
pericardial space as free floating cysts.
Finally, we presented several enhanced protocols for the in vitro study of
coronary vessel development and myocyte proliferation. Through the development of
these methods we provide the first evidence of epicardial heterogeneity and
predetermined epicardial cell lineages within the mammalian system. We also provided
the first evidence for the stabilization of the epicardial sheet by the myocardium.
Collectively our studies have laid a solid foundation in method development,
cleared up several controversial topics, and enhanced our understanding of EMT
regulation during cardiac development.
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