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ABSTRACT 

Previous studies have identified two signaling interactions regulating 

cardiac myogenesis in avians, a hypob last-derived signal acting on epiblast 

and an endoderm-derived signal acting on mesoderm. In this study, 

experiments were designed to investigate the potential role of TGpp 

superfamily members in regulating these early steps of heart muscle cell 

development. While activin or TGPP can potently induce cardiac 

myogenesis in pregastrula epiblast, they show no capacity to convert 

noncardiogenic mesoderm toward a myocardial phenotype. Conversely, 

BMP-2/BMP-4 can induce cardiac myocyte formation in mesoderm in a 

variety of contexts, but show no capacity to induce cardiac myogenesis in 

epiblast cells. Activin/TGPp and BMP-2/BMP-4 therefore have distinct and 

reciprocal inducing capacities that mimic the tissues in which they are 

expressed, the pregastrula hypoblast and the anterior lateral endoderm, 

respectively. Experiments with follistatin and noggin provide additional 

evidence that BMP signaling lies downstream of activin signaling in the 

cardiac myogenesis pathway. BMP-2 or BMP-4 inhibit cardiac myogenesis 

prior to stage 3, demonstrating a dual role for BMPs in mesoderm induction. 
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These and other published studies suggest a signaling cascade in which a 

hypoblast-derived activin/TGFp signal is required prior to and during early 

stages of gastrulation, regulated both spatially and temporally by an 

interplay between BMPs and their antagonists. Later cardiogenic signals 

arising from endoderm, and perhaps transiently from ectoderm, act on 

emerging mesoderm within cardiogenic regions. These signals, mediated in 

part by BMPs, activate or enhance expression of cardiogenic genes such as 

GATA and cNkx family members, leading to cardiac myoc5^e 

differentiation. Members of the FGF and the EGF-related CFC families may 

also participate in this pathway. FGF-2/FGF-4 can induce posterior region 

epiblast to form heart muscle cells, and the CFC family member Cripto can 

convert posterior lateral mesoderm to a myocardial phenotype. The role of 

these factors in the cardiac myogenesis pathway is unclear. 



12 

CHAPTER ONE 

INTRODUCTION 

I. Mesoderm Induction and Patterning in Amphibians 

The multilayered body plan of the vertebrate organism is established 

during gastrulation by the generation of the three germ layers: the inner 

endoderm, outer ectoderm, and interstitial mesoderm. The endoderm 

generates the digestive and respiratory tracts, the ectoderm gives rise to skin 

and nervous tissue, and the mesoderm produces a host of derivatives which 

form the organs that lie between the ectodermal wall and the endodermal 

center of the embryo, including the heart. The mesoderm can be divided 

roughly into five types. Chordamesoderm extends from the organizer along 

the future dorsal side of the embryo and gives rise to the notochord, a 

transient organ important for the induction of the neural tube and 

establishment of the anterior-posterior axis. The head mesenchyme 

contributes to the connective tissues and musculature of the face. Somitic 

dorsal mesoderm, or paraxial mesoderm, gives rise to the somites and their 

derivatives, the bone, muscle, cartilage, and dermis of the back and 

musculature of the limbs. Intermediate mesoderm forms the urinary system 
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and genital ducts. The lateral plate mesoderm forms the heart, blood vessels, 

and blood cells of the circulatory system, as well as the lining of the body 

cavities and the non-muscular mesodermal tissues of the limbs. In amniotes, 

the lateral plate mesoderm also produces the extraembryonic membranes 

that are critical for exchange of nutrients and waste between the embryo and 

its external environment. 

Amphibian mesoderm induction assays such as the animal cap assay 

have provided a wealth of information about the induction and patterning of 

the mesoderm and the molecules involved in this process. The animal cap 

assay (Nieuwkoop, 1969) uses recombinant explants from blastula stage frog 

embryos to elicit mesoderm induction. Cultured in isolation, the vegetal 

pole gives rise to endoderm, whereas the animal pole produces ectoderm. 

When these two regions are recombined without the intervening marginal 

zone, however, several mesodermal cell types are induced to form in the 

animal pole cells (Nieuwkoop, 1969). Furthermore, subdivision of the 

vegetal pole results in the induction of distinct subsets of mesoderm. The 

dorsal vegetal region induces notochord and skeletal muscle, while the 

ventral vegetal region induces blood, mesenchyme, and endothelium 

(Nieuwkoop, 1969). The inductive effects of vegetal cells can be mimicked 
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by culturing the animal pole cells, or animal cap, in the presence of a 

number of growth factors or antagonists. This in vitro assay has been an 

invaluable tool for the investigation of the signaling events that regulate 

mesoderm induction and patterning in vertebrates. 

Both dorsalizing signals from the organizer and ventralizing signals 

from vegetal cells are important to achieve the correct gradient of 

mesodermal cell types (Kimelman, 1992). Candidate mesoderm inducing 

factors include members of the transforming growth factor P (TGPP) 

superfamily and their antagonists, as well as members of the fibroblast 

growth factor (FGF) family. Activin, a member of the TGF(3 superfamily, 

has potent mesoderm inducing capacity that is similar to the dorsalizing 

activity of the Spemann organizer (Green and Smith, 1990; Green et al., 

1992; Gurdon et al., 1994; Nascone and Mercola, 1995), and it has been 

proposed to play a central role in dorsalizing mesoderm in amphibians. At 

low levels activin can induce ventrolateral mesoderm, such as vascular 

epithelium and blood, whereas progressively higher concentrations of activin 

produce progressively more dorsal types of mesoderm (Gurdon et al., 1994). 

Furthermore, markers representing different types of mesoderm are 
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differentially expressed mXenopus assays based upon the absolute number 

of occupied activin receptors (Dyson and Gurdon, 1998). 

Other members of the TGpp superfamily, including the bone 

morphogenetic proteins (BMPs), have been implicated in the induction of 

ventral mesoderm. BMPs induce ventral mesoderm derivatives such as 

blood in animal caps (Koster et al., 1991; Dale et al., 1992). Elimination of 

endogenous BMP signaling results in the conversion of ventral mesoderm to 

a more dorsal character (Schmidt et al., 1995). Recently, two organizer 

proteins, noggin and chordin, have been identified in Xenopus that 

antagonize BMP signaling (Piccolo et al., 1996; Zimmerman et al., 1996), 

and it has been proposed that dorsalization of the mesoderm may be 

generated in large part via inhibition of ventral BMP signals (reviewed by 

Graff, 1997), rather than solely by the action of dorsalizing signals such as 

activin. Noggin and chordin have no known receptor signaling complexes 

of their own, but rather exert their functional effects by binding directly to 

BMPs (Piccolo et al., 1996; Zimmerman et al., 1996). 

In addition to the BMPs, members of the FGF family have been 

implicated in ventral mesoderm induction in a variety of contexts. FGFs, 

like BMPs, can induce ventral mesoderm derivatives such as blood in 
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amphibian animal cap assays (Slack et al., 1987), and expression of 

dominant negative FGF receptors disrupts mesoderm formation (Amaya et 

al., 1991). In addition to its importance for ventral mesoderm development, 

FGFs also seem to play a role in the induction of dorsal mesoderm. 

Expression of truncated FGF receptors which inhibit FGF function can 

prevent activin from inducing its full range of activin-response mesodermal 

genes mXenopus animal cap (Cornell and Kimelman, 1994; LaBonne and 

Whitman, 1994) and vegetal pole cells (Cornell et al., 1995). FGF has 

therefore been hypothesized to act as a competence factor for early activin-

type signals during amphibian mesoderm induction (Cornell and Kimelman, 

1994; LaBonne and Whitman, 1994; Cornell et al., 1995). 

Amphibian mesoderm induction assays have provided a great deal of 

information which has expanded our understanding of the induction of 

numerous mesodermal cell types, including head mesenchyme, notochord, 

paraxial mesoderm, kidney, blood, and vascular epithelium. Placing the 

development of heart muscle cells into this context has been difficult, 

however, as the animal cap fails to generate differentiated cardiac myocytes 

or to express known cardiac-specific markers in standard assays. Activin 

can induce heart muscle in isolated animal caps (Logun and Mohun, 1993), 
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but only at activin concentrations in large excess of those needed to induce 

notochord, considered the most dorsal mesodermal cell type. The amphibian 

model system has therefore been of limited use for investigating the 

regulation of cardiac myogenesis. 

II. Origins of Cardiac Muscle 

Fate maps in zebrafish (Stanier et al., 1993), amphibians (Keller, 

1976; reviewed in Jacobson and Sater, 1988), mammals (Parameswaran and 

Tam, 1995), and birds (Rawles 1943; Rosenquist, 1966; Hatada and Stem, 

1994) have revealed considerable conservation in the location and 

movements of cells that ultimately give rise to cells of the heart muscle 

lineage. In zebrafish, cells fated to form the heart can be identified in the 

early blastula within bilateral bands of the marginal zone. These then 

involute early during gastrulation to form paired heart primordia which later 

fuse to form the primitive heart tube (Stanier et al., 1993). Paired rudiments 

fated to give rise to the heart are also distinguishable prior to gastrulation in 

amphibians, located dorsolaterally in the deep zone adjacent to the 

preinvoluted marginal zone (Keller, 1976) and moving through the 

blastopore during gastrulation to form bilateral cardiogenic regions at the 
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anteriolateral edge of the mesodermal mantle (reviewed in Jacobson and 

Sater, 1988). 

In the mouse, cells that will give rise to mesodermal derivatives are 

found within the posterior and lateral epiblast (Parameswaran and Tam, 

1995). During gastrulation, the midstreak mesoderm is displaced to 

extraembryonic sites, and the remaining mesoderm layer contains only 

embryonic mesoderm precursors, such as heart. The regionalization of cell 

fate within the primitive streak at later stages reflects the spatial relationship 

of precursors fate mapped within the epiblast prior to gastrulation, 

suggesting a role for the streak region in patterning the mesoderm of the 

embryo. 

In chick, the distribution and movements of cardiac precursors are 

similar to those described for other species, especially the mouse (Figure 1). 

Cells with cardiogenic potential are widely dispersed throughout the caudal 

half of the pregastrula epiblast (Rawles, 1943; Hatada and Stem, 1994). The 

position and size of this presumptive heart territory remains relatively 

unchanged at the onset of gastrulation (stage 2; Hatada and Stem, 1994). 

Cells that contribute to the heart progressively localize toward the midline as 

gastmlation commences and involute early within a broad region of the 
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Figure 1. Timecourse and distribution map of avian cardiac myogenic lineages. 
Cells fated to form heart are found scattered within a broad region in the posterior half of 
the embryo at pregastrula stages. These cells involute early during gastrulation, and are 
found at mid-gastrula stages within the anterior portion of the primitive streak, just caudal 
to Hensen's node. Specification begins while these cells are still within the streak. As 
gastrulation proceeds, premyocardial cells migrate anteriolaterally out of the streak to 
form bilateral presumptive cardiac regions on either side of the anterior midline. 
Continued migration of these cells, along with overall flexion and folding of the embryo, 
bring the heart primordia together, where they fuse to form the primitive heart tube on 
the ventral side of the embryo. Differentiation takes place as the primordia are fusing. 
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primitive streak, just caudal to Hensen's node (Schoenwolf et al., 1992; 

Garcia-Martinez and Schoenwolf, 1993). As gastrulation proceeds, 

mesodermal myocardial precursors migrate out of the streak and form 

bilateral precardiac regions on either side of the anterior midline. Continued 

cell migration, along with overall flexion and folding of the embryo during 

neurulation, brings the presumptive heart primordia together, where they 

unite to form a single tube composed of an outer myocardium surrounding 

an inner endocardium (DeHaan, 1963a,b; Rosenquist, 1966). Differentiation 

of cardiac myocytes occurs during this process, such that by the time fusion 

is complete the heart is a functional contractile organ. 

Although fate mapping studies provide valuable information 

concerning the localization of cells that will give rise to the muscle of the 

heart, they do not address important questions about the developmental state 

of presumptive myocardial cells. Specification is operationally defmed by 

the ability of presumptive cells to differentiate in defined culture conditions 

in the absence of external inducing factors (Slack, 1993), and is considered 

the first critical stage of myocardial cell development. Differentiation is 

characterized by the activation of genes which define the morphology and 

fimction of a cell lineage. In the case of cardiac myocytes, these would 
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include the structural and contractile proteins such as the myosins and 

troponins. 

Specification maps generated in a number of amphibian and avian 

species show considerable disparity regarding the timing of myocardial cell 

specification. In urodele ("tailed") amphibians, precardiac mesoderm is not 

capable of self-differentiation in isolation until mid- to late gastrula stages 

(Jacobson and Sater, 1988; Muslin and Williams, 1991). In anuran ("tail

less") amphibians such as Xenopus laevis, however, specification of 

precardiac mesoderm takes place during early to mid-gastrula stages, since 

precardiac cells become self-differentiating in culture as soon as cells can be 

isolated following involution (Sater and Jacobson, 1990; Nascone and 

Mercola, 1995). 

Explantation studies in chick and quail have demonstrated that 

myocardial cell specification has also commenced in avians by early to mid-

gastrulation (Figure 1; Gonzalez-Sanchez and Bader, 1990; Antin et al., 

1994; Montgomery et al., 1994; Gannon and Bader, 1995; Yatskievych et 

al., 1997). Some isolated precardiac cells are already capable of self-

differentiating in culture when excised at stage 3b, a time at which 
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cardiogenic cells are still localized within the primitive streak (Yatskievych 

etal., 1997). 

Although the onset of specification is evident by this time, 

premyocardial cells retain some plasticity. The muscle cells of the 

diversified atria and ventricles express distinct subsets of contractile proteins 

and display different conductive and contractile properties (DeHaan, 1965). 

The atrial or ventricular character of cardiac myocytes reflects their position 

along the anterior/posterior axis, with atrial/ventricular diversification 

becoming apparent by mid-gastrulation (DeHaan, 1965; Stalsberg and 

DeHaan, 1969; Yutzey et al., 1994). This character can be altered prior to 

differentiation, however, by treatment with retinoic acid, an agent known to 

influence anterior/posterior identity (Yutzey et al., 1994, 1995). This 

suggests that final determination occurs concomitantly with terminal 

differentiation, some time following the initial decision to enter the 

myocardial lineage (Figure 1). Differentiation itself proceeds in an anterior 

to posterior direction within the cardiogenic mesoderm during neurula stages 

(stage 7 to 12; Gonzalez-Sanchez and Bader, 1990; Bisaha and Bader, 

1991). 
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III. Inductive Interactions Regulating Cardiac Mvogenesis 

Many studies have sought to elucidate the interactions required for the 

induction of myocardial cell lineages. In Xenopus, roles in cardiac lineage 

determination have been identified for both the organizer region at the dorsal 

blastopore lip and the deep dorsoanterior endoderm (Sater and Jacobson, 

1990; Nascone and Mercola, 1995). Endoderm has also been implicated in 

regulating cardiogenesis in urodeles. Removal of anterior endoderm at early 

neurula stages prevents heart formation in several species (Jacobson, 1960, 

1961; Nieuwkoop, 1947; Chuang and Tseng, 1957), and an activity in the 

anterior dorsolateral region increases the rate and frequency of cardiac 

differentiation (Jacobson and Duncan, 1968). 

In birds, two cell layers have also been shown to possess cardiogenic 

inducing capacities, suggesting that, as in amphibians, dual signals are 

required for premyocardial cell identity. As in amphibians, endoderm 

appears to influence the fate of mesodermal cells that give rise to heart. The 

anterior lateral endoderm, which subtends the precardiac mesoderm at late 

gastrula stages, has heart inducing capacity and can convert responsive 

mesoderm which otherwise would not form heart to a myocardial lineage 

(Orts-Llorca, 1963; Orts-Llorca and Gil, 1965; Schultheiss et al., 1995; Sugi 
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and Lough, 1995; Yatskievych et al., 1997). It has been suggested that this 

activity may reflect the continuation of specification signals arising from 

emerging endodermal cells early in gastrulation. 

In addition to signals originating in the endoderm, the pregastrula 

hypoblast has been identified as a source of inducing signals. The 

hypoblast has been implicated in axis formation in the epiblast (Azar and 

Eyal-Giladi, 1981; Mitrani and Eyal-Giladi, 1981; see however BQianer, 

1995) and may have mesoderm inducing activity analogous to the Xenopiis 

pregastrula ventral region. Recently, the role of the pregastrula hypoblast in 

heart muscle cell development was investigated for the first time 

(Yatskievych et al., 1997). In this study, explantation experiments provided 

evidence that interaction with the hypoblast was both required for and 

sufficient to induce cardiac myogenesis in the epiblast. When the cardiac 

inducing capacities of the pregastrula hypoblast and gastrula stage anterior 

lateral endoderm were compared, it was clearly demonstrated that hypoblast-

derived and endoderm-derived signals are not equivalent. The hypoblast can 

potently induce cardiac myogenesis in responsive epiblast but only weakly 

in mesodermal cells, whereas the endoderm can readily convert 

nonprecardiac mesoderm to a cardiac phenotype but has no ability to induce 
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heart development in epiblast cells (Schultheiss et al., 1995; Yatskievych et 

al., 1997). 

IV. An In Vitro Assay for Studying Early Cardiac Mvogenesis 

The demonstration that interactions with the pregastrula hypoblast 

influence cardiac development (Yatskievych et al., 1997) has for the first 

time opened a line of investigation into the earliest inductive events which 

take place prior to the onset of myocardial specification. This investigation 

is facilitated by the development of an in vitro culture assay system derived 

from pregastrula avian embryos. This assay is described in detail in 

Yatskievych et al. (1997). Bilaminar explants from the posterior region of 

pregastrula chick embryos (stages XI-XIV) consistently give rise to cardiac 

myocytes when cultured in defined, serum-free medium. The appearance of 

heart muscle cells is restricted to the posterior region, which is the region 

that contains cells fated to become heart (Rawles, 1943; Hatada and Stem, 

1994). The timing of cardiac myocyte differentiation in these explants 

corresponds to the onset of heart muscle differentiation in vivo. 

Recombination experiments showed that the explants arise from the epiblast 

layer in response to a signal provided by interaction with the hypoblast. 
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Taken together, these results demonstrate that this in vitro assay faithfully 

recapitulates key aspects of cardiac myogenesis in vivo, and provides 

responding and inducing cell layers that are easily separable for 

experimental manipulation at stages preceding myocardial cell specification. 

V. Growth Factors Which Regulate Myocardial Cell Development 

A multistep model of myocardial induction can now be proposed: An 

early signal derived from the hypoblast acts on the epiblast prior to 

gastrulation, then as the epiblast involutes to give rise to the germ layers, a 

later signal derived from the endoderm acts on the nascent mesoderm 

(Figure 2). Recent studies have identified molecules that may be responsible 

for these inductive signals. Candidates for mediating early hypoblast-

derived signaling include activin and transforming growth factor (3 (TGF(3). 

High concentrations of activin can induce cardiac myogenesis in the 

amphibian animal cap assay (Logan and Mohun, 1993), although as the 

concentrations required are higher than those needed to induce notochord, 

presumed to be the most dorsal mesodermal cell type, it is not clear how 

these findings in amphibian systems relate to signaling interactions 

regulating cardiac myogenesis in vivo. Activin mRNA is present in the 
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Figure 2. Signaling interactions involved in induction of myocardial cell lineages. 
(A) Prior to gastrulation, cells fated to give rise to heart muscle are localized in the 
posterior half of the epiblast (Hatada and Stem, 1994). The hypoblast has an inductive 
influence on the epiblast at this dme. Epiblast cells can give rise to heart muscle cells in 
vitro, but require an interaction with the hypoblast to do so (Yatskievych et al., 1997). 
Regional differences exist, such that the hypoblast in the posterior region has greater 
cardiogenic capacity than hypoblast in the anterior region. Likewise, epiblast cells in the 
posterior region have a greater ability to respond to heart-inducing hypoblast-derived 
signals than epiblast cells from the anterior region (Yatskievych et al., 1997). (B) 
Specification of myocardial precursors (specified cells indicated in red) appears to 
commence at stage 3 while cells fated to form heart are within the primitive streak in a 
broad region posterior to Hensen's node. (C) By stage 6, precardiac mesoderm (shown 
in red) has migrated to an anterior lateral position. The anterior lateral endoderm that 
direcdy subtends the precardiac mesoderm is known to have an inductive influence on 
the mesoderm, and in recombinations can convert non-cardiogenic mesoderm to a 
myocardial phenot3^e. This inductive activity is qualitatively distinct from earlier 
hypoblast-derived signals. The axial structures, including the notochord (shown in blue), 
are known to inhibit cardiac myogenesis (Jacobson, I960; Jacobson and Duncan, 1968; 
Climent et al., 1995; Schultheiss et al., 1997), and may help to define the heart 
morphogenetic field. Abbreviation: HN; Hensen's node. 
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chick pregastruia hypoblast (Mitrani et al., 1990b) and can induce an 

embryonic axis in chick pregastruia epiblast (Mitrani and Shimoni, 1990; 

Mitrani et al., 1990b; Ziv et al., 1992), as well as a number of mesodermal 

cell types, including notochord and both smooth and skeletal muscle (Stem 

et al., 1995). TGPP proteins have been detected in the marginal zone region 

of the chick pregastruia embryo and in some cells of the hypoblast (Sanders 

et al., 1993, 1994). Although TGpps have also been shown to induce some 

mesodermal cell types in amphibian animal caps (Rosa et al., 1988), the 

potential role of TGPP molecules in early steps of cardiac myogenesis in 

amniotes has not been examined. 

Anterior lateral endoderm secretes a variety of signaling molecules 

which may be involved in the cardiac myogenesis pathway. Among these, 

growth factors such as insulin, insulin-like growth factor II, activin, and 

FGFs appear to promote survival and replication of specified premyocardial 

cells and differentiating myocytes (Kokan-Moore et al., 1991; Parlow et al., 

1991; Sugi et al., 1993; Sugi and Lough, 1995; Antin et al., 1996; Zhu et al., 

1996). Other molecules, such as the BMPs, may play an inductive role. 

At mid- to late gastrula stages in chick, BMP-4 is expressed in a ring 

of ectoderm surrounding the future neural plate adjacent to migrating 
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precardiac mesoderm cells (stage 4; Schultheiss et al., 1997). By stage 6, 

BMP-2 expression is detectable in anterior lateral endoderm subtending the 

precardiac mesoderm (Schultheiss et al., 1997; Streitetal., 1998). Ectopic 

application of BMP-2 to the anterior medial (non-precardiac) region of stage 

6 chick embryos can induce local mesoderm expression of some 

transcriptional cardiac markers, and treatment of explanted stage 6 anterior 

medial mesendoderm with either BMP-2 or BMP-4 can induce full cardiac 

differentiation in vitro (Schultheiss et al., 1997; Andree et al., 1998). While 

BMP-2 alone cannot induce the posterior lateral mesoderm, another non-

precardiac mesoderm, to become cardiogenic, a combination of BMP-2 and 

FGF-4 is sufficient to mimic anterior lateral endoderm in converting this 

mesoderm to a myocardial cell fate (Lough et al., 1996). BMPs are further 

implicated in the myocardial pathway by the ability of noggin, a natural 

BMP antagonist, to inhibit differentiation of premyocardial cells in cultures 

of chick heart forming region explants (Schultheiss et al., 1997). 

In addition to members of the TGF|3 superfamily and the FGF family, 

other secreted factors may play a role in the establishment of cardiac 

myocytes. Studies in mouse have implicated an EGF-related factor called 

Cripto in this process. Cripto is a member of the Cripto/FRL/Cryptic (CFC) 
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family (Shen et al., 1997), defined by a novel cysteine-rich motif and a 

divergent EGF-like motif that fails to bind to the EGF receptor or other 

known ErgB family receptors (Brandt et al., 1994; Kannan et al., 1997). 

CFC family members are expressed during gastrulation with limited 

expression at later embryonic stages, and act through as yet unidentified 

receptors to influence early developmental patterning. Cripto can been 

detected in pre-streak and primitive streak stage mouse embryos in epiblast 

and forming mesodermal cells, but later is restricted to the developing heart 

(Dono et al., 1993; Johnson et al., 1994; Ding et al., 1998). Ablation of 

Cripto-1 (Crl) in mouse embryonic stem cells leads to a specific block lq the 

differentiation of cardiac myocytes in vitro (Xu et al., 1998), and Crl null 

mice exhibit embryonic lethality due to severe deficiency of embryonic 

mesodermal derivatives, including cardiac muscle (Ding et al., 1998; Xu et 

al., 1999). In these mutants, the anterior-posterior axis does not form (Ding 

et al., 1998; Xu et al., 1999), suggesting that the inability of the heart tube to 

differentiate may be due to failure to generate the precardiac field within the 

mesoderm fi^om which the heart would normally develop. An inductive role 

for Cripto in the cardiac myogenesis pathway has not previously been 

examined in an amenable non-mammalian system. 



32 

VI. Transcriptional Regulation of Myocardial Cell Development 

The growth factor-mediated signaling events involved in cardiogenic 

induction presumably exert their effects on a target cell by regulating the 

expression and/or activity of transcription factors within the cell, which then 

modulate genes responsible for its phenotypic characteristics. Numerous 

transcription factors have been implicated in the regulation of cardiac 

myogenesis, including the Drosophila homeobox gene tinman and its 

vertebrate homologs, the GATA-4/5/6 family, the MEF2 genes, and the 

bHLH transcription factors of the HAND family. All of these transcription 

factor families are expressed in precardiac mesoderm prior to or concurrent 

with terminal differentiation into cardiac myocytes, but none of these factors 

are expressed exclusively in the heart, and the specific roles that these 

factors play in myocardial cell specification, commitment, and 

differentiation remain unclear (Lints et al., 1993; Laverriere et al., 1994; 

Cseijesi et al., 1995; Edmondson et al., 1995; Schultheiss et al., 1995). 

The importance of the tinman gene in embryonic heart development 

was first suggested in Drosophila, where it was observed that null mutants 

completely lacked the muscle of the dorsal vessel, the fly equivalent to the 

vertebrate heart (Bodmer, 1993). In fish (Chen and Fishman, 1996), frog 
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(Tonissen et al., 1994), chick (Schultheiss et al., 1995), and mouse (Komuro 

and Izumo, 1993; Lints et al., 1993) the vertebrate homolog of tinman, 

called Nkx-2.5, is expressed during gastrulation in the lateral plate 

mesoderm, and currently represents the earliest and most commonly used 

marker of presumptive heart cells. Targeted ablation of Nkx-2.5 in mice 

does not prevent myocardial cell differentiation, although it does lead to 

morphogenetic defects in the heart tube at later stages (Lyons et al., 1995). 

The presence of multiple members of the Nkx-2 family in most vertebrate 

species suggests some functional redundancy likely exists in the 

determination of cardiac cell fate in vertebrates. Injection of dominant 

inhibitory XNkx-2 constructs which block multiple Nkx-2 family members 

into Xenopus embryos results in the complete elimination of myocardial 

gene expression and the absence of a morphologically distinguishable heart 

(Grow and Krieg, 1998; Fu et al., 1998). This phenotype is rescuable by 

coinjection with wild type tinman homologs (Grow and Krieg, 1998; Fu et 

al., 1998). Overexpression of Nkx-2.5 in frog or zebrafish embryos results 

in abnormally large hearts in otherwise normal animals, suggesting Nkx-2.5 

may be involved in determining the heart field (Chen and Fishman, 1996; 

Cleaver et al., 1996). Nkx-2.5 is insufficient to specify myocardial cell fate. 
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however, as ectopic hearts are never observed. Several putative downstream 

target genes for Nkx-2.5 have been identified in the cardiac myogenesis 

pathway, including structural myofibril proteins such as M2C-2v (O'Brien et 

al., 1993; Lyons et al., 1995) and other transcriptional regulators such as 

eHAND (Srivastava and Olson, 1996). 

Like Nkx-2.5, GATA-4 is also found in precardiac tissues at gastrula 

stages, and can bind to consensus sites in several myofibrillar protein genes 

in the cardiogenic program (Heikinheimo et al., 1994; Morrisey et al., 1996). 

Both cNkx-2.5 and GATA-4 overlap with the anterior expression domains of 

the BMPs in the chick gastrula embryo, and are induced in response to 

ectopic BMP-2 in regions medial to their normal domains of expression 

(Schultheiss et al., 1997; Andree et al., 1998). Inhibition of BMP signaling 

by noggin represses cNkx-2.5 expression in cultured precardiac 

mesendoderm (Schultheiss et al., 1997). These results suggest that cNkx-2.5 

and GATA-4 lie downstream of inductive BMP signaling in the cardiac 

myogenesis pathway, although it cannot be concluded whether BMPs 

directly activate these transcriptional regulators, or rather initiate a cascade 

which leads to their upregulation. 
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Members of the MEF2 family been implicated in early steps of both 

cardiac and skeletal myogenesis (Edmondson et al., 1995). MEF2 proteins 

bind to A/T-rich sequences in the promoters of several cardiac and skeletal 

muscle-specific genes (lannello et al., 1991; Navankasattusas et al., 1992, 

1994; Olson, 1992; Zhu et al., 1993). In Drosophila, the loss of the single 

D-mef2 gene ablates cardiac, visceral, and skeletal muscle (Lilly et al., 

1995). In vertebrates, multiple family members are often expressed in 

precardiac mesoderm, and their functional importance is not yet understood. 

For example, in mice MEF2B and MEF2C are expressed in precardiac 

mesoderm at e7.75, followed by MEF2A and MEF2D (Edmondson et al., 

1994; Molkentin et al., 1996). MEF2B'''" mice display normal cardiac 

development, while the expression of a small subset of cardiac genes is 

disrupted in MEF2C"'^" mice (Q. Lin and E. Olson, personal communication 

cited in Fishman and Chien, 1997). 

In skeletal muscle, the MyoD family of basic helix-loop-helix (bHLH) 

proteins act as transcriptional regulators. Recent studies suggest another 

subclass of HLH proteins may play a role in cardiac development. eHAND 

and dHAND are novel bHLH genes expressed in the lateral plate and heart 

tube, as well as other embryonic tissues (Srivastava et al., 1995; Sparrow et 
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al., 1998). If antisense oligonucleotides to both of these HAND genes are 

added simultaneously to chick embryos, heart development arrests at the 

looping stage (Srivastava et al., 1995). dHAND-deficient mice also show 

morphogenetic defects in the heart (Srivastava and Olson, 1996). Thus, 

early myocardial cell fate decisions can progress without the HAND 

proteins, but later stages of cardiac moiphogenesis may require these factors. 

In Xenopus, eHAND is strongly induced in animal cap assays by ectopic 

BMP-2 and BMP-4, but this induction can be blocked by dominant negative 

BMP receptors (Sparrow et al., 1998). This indicates that XeHAND 

expression is regulated by BMP signaling, and may reflect a continued role 

for BMPs in later stages of heart development. High doses of activin A 

capable of inducing cardiac differentiation in animal caps also potently 

induced XeHAND expression in these explants (Sparrow et al., 1998), 

suggesting activin may also regulate HAND proteins in the cardiogenic 

pathway. 

In addition to the factors discussed above, it is highly probable that 

other transcription factors in the cardiac myogenesis regulatory pathway 

have yet to be identified. No cardiogenic transcription factor has yet been 

found that is expressed prior to stage 5 in the avian embryo, although some 
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cells are known to be specified by stage 3b (Yatskievych et al., 1997). Thus, 

these cells possess premyocardial identity by this time, but it is unknown 

what conveys that identity to the cells. The lack of adequate specification 

markers has been one of the major constraints on the elucidation of the 

regulatory events leading to the establishment of the myocardial cell 

lineages. Further dissection of this molecular pathway will be required to 

more fully understand how cell fate decisions are made during heart 

formation in the embryo. 

The findings summarized in the previous section suggest that these 

myocardial cell fate decisions are regulated by at least two temporally 

distinct signaling events: an early signal derived from the hypoblast acting 

on epiblast and mediated by activin and/or TGF{3, and a later endoderm-

derived signal acting on mesoderm involving BMPs. Other factors, such as 

members of the FGF and CFC families, may also be involved in this 

inductive pathway. In this study, experiments were performed to test this 

model, and explore multiple roles for BMPs in cardiogenic mesoderm 

development. 
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CHAPTER TWO 

MATERIALS AND METHODS 

I. Embryo Explantation and Culture 

Embryos were removed from fertile chick {Gallus domesticus, 

Rosemary Farms, Santa Maria, CA; or SPAFAS, Inc., Preston, CT) and 

quail (Strickland Quail Farm, Pooler, GA) eggs following 0-30 hours of 

incubation at 37°C in a humidified incubator and staged according to Eyal-

Giladi and Kochav (1976) for pregastrula stages (XI-XIV) and according to 

Hamburger and Hamilton (1951) for stages from the beginning of 

gastrulation (stage 2) onward (see Appendix I). 

Eggs were cracked open with forceps, the albumin poured off, and the 

unbroken yolk mass with accompanying embryo placed in a dish containing 

sterile 123 mM sodium chloride. At pregastrula stages, a small section of 

the yolk mass surrounding the embryo was excised using curved surgical 

scissors and transferred with a spoon under saline to a petri dish containing 

salt solution. The overlying vitelline membrane, which does not adhere to 

the embryo at these early stages, was peeled back and attached yolk was 

cleaned from the embryo using a single bristle hair brush. Embryos were 
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oriented with ventral (hypoblast) facing up in the dish for fiirther 

manipulations. Staging was based upon the degree of hypoblast formation 

(Eyal-Giladi and Kochav, 1976). Anterior/posterior orientation was 

determined by the position of Koller's sickle and the direction of hypoblast 

extension. Excision of anterior or posterior tissues and separations of 

epiblast and hypoblast cell layers were performed using the hair brush. For 

experiments requiring epiblast alone, care was taken to remove any adherent 

hypoblast cells by scraping the epiblast after separation. 

At gastrula stages, embryos adhere to the vitelline membrane, and so 

eggs incubated to stage 2 or older required a different excision technique. 

With the embryo positioned at the pole, the yolk mass was bisected 

equatorially with curved scissors. The membrane with embryo attached 

was peeled back with forceps and transferred under saline to a petri dish. 

The embryo was placed ventral side up (membrane side down) and cleaned 

with a hair brush. A glass ring was placed over the membrane, centering the 

embryo. The membrane was pulled taut and excess fluid was removed from 

the surface with a pasteur pipet. Defined regions and cell layers were then 

separated and excised using an electrolytically sharpened tungsten needle. 
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All explants were transferred to fibronectin-coated (Boehringer-

Mannheim, Indianapolis, IN) Lab Tek chamber slides (Naperville, IL) and 

cultured in defined medium (75% Dulbecco's Modified Eagle's Medium: 

25% McCoy's 5A medium, supplemented with 10' M dexamethazone and 

50 |J.g/ml gentamycin) in a humidified incubator at 37°C and 7% carbon 

dioxide for 72 (pregastrula stage explants) or 48 hours (gastrula stage 

explants), unless otherwise noted. 

II. Growth Factors and Antagonists 

Parental Chinese hamster ovary (CHO) cells and CHO cells stably 

expressing noggin (Smith and Harland, 1992) were kindly provided 

by R. Harland (University of California, Berkeley). Parental chick 

embryonic fibroblast (CEF) cells and CEF cells infected by RCAS(A) 

retrovirus both with and without expression constructs containing mouse 

cripto were generously provided by M. Shen (UMDNJ-Robert Wood 

Johnson Medical School, Piscataway, NJ). CHO and CEF cells were grown 

to confiuency in 100 mm" tissue culture plates and washed twice with sterile 

phosphate buffered saline (PBS) prior to addition of defined medium. 

Fifteen milliliters of defined medium was added to each plate, conditioned 
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by culturing for 72 hours, spun down in a clinical centrifuge to remove dead 

cells, aliquotted, and stored at -80°C. Conditioned media were mixed 1:1 

with fresh defmed medium supplemented with BSA to a final concentration 

of 0.25 mg/ml prior to final use. 

Heparin (Fluka BioChemika, Ronkonkoma, NY) was prepared as a 10 

mg/ml stock in water and then diluted to working concentrations in defined 

medium. Suramin (National Cancer Institute, Bethesda, MD) was diluted 

with defined medium from an initial stock of 0.01 M dissolved in Hank's 

balanced salt solution. Sodium chlorate and chondroitin sulfate-C (Sigma 

Chemicals, St. Louis, MO) were dissolved directly in defined medium. 

Follistatin (National Hormone and Pituitary Program, Bethesda, MD) was 

prepared as a 1 mg/ml stock in 0.1 N HO Ac and diluted to working 

concentrations in defined medium plus 0.25-0.5 mg/ml bovine serum 

albumin (BSA; Sigma, St. Louis, MO). Human recombinant activin A 

(Genentech, San Francisco, CA; and National Hormone and Pituitary 

Program), porcine TGF(3-1 (R&D Research, Minneapolis, MN), human 

recombinant BMP-2 and BMP-4 (Genetics Institute, Cambridge, MA), and 

human recombinant FGF-2 and FGF-4 (R&D Research) were diluted to 

working concentrations in defined medium plus 0.25-0.5 mg/ml BSA. 
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Polyclonal anti-basic FGF and anti-TGF(3-2 ligand antibodies (R&D 

Research) were reconstituted as a 1 mg/ml stock in defined medium plus 1 

mg/ml BSA and diluted to working concentrations in defined medium plus 

0.25 mg/ml BSA. Monoclonal anti-altFGF-2 and anti-canonical FGF-2 

antibodies were provided as PBS stocks by J. Lough (Medical College of 

Wisconsin, Milwaukee) and were diluted to working concentrations in 

defined medium plus 0.25 mg/ml BSA. Preimmune and antisera raised 

against TGF(3 type II and type III (betaglycan) receptors were provided by J. 

Bamett (Vanderbuilt University, Nashville, TN) and diluted in defined 

medium supplemented with 0.25 mg/ml BSA. Solutions of growth factors 

and antagonists were prepared immediately prior to use, and only siliconized 

polypropylene or retention-resistant plastic tips and tubes were used. 

in. Immunofluorescence 

Immediately prior to fixation at the end of the appropriate incubation 

period, slides were viewed under a Nikon TMS microscope (Nippon Kogaku 

K.K., Tokyo, Japan). Explants were examined for the presence of 

contractile cells, as well as monitored for health and changes in overall 

morphology. A detailed study has previously demonstrated that explants 
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from the posterior region of pregastrula chick embryos give rise to cardiac, 

but not skeletal muscle cells, during the first 72 hours of culture 

(Yatskievych et al., 1997). These findings enabled the use of a rapid 

immunofluorescence screen using an antibody against muscle myosin heavy 

chain to assay for the presence of cardiac myocytes. For this analysis, 

explants were fixed in 4% paraformaldehyde in PBS for 15 minutes at room 

temperature, then incubated in PBS plus 0.2% Triton X-100 and 0.02% 

sodium azide for 30-45 minutes at room temperature. Explants were 

incubated in 3% normal goat serum (NGS) in PBS for 15 minutes, then 

incubated overnight at 4°C in anti-LMM (anti-light meromyosin; a gift from 

Howard Holtzer, University of Pennsylvania), a fluoroscein-conjugated 

rabbit antibody recognizing striated muscle myosin heavy chain isoforms 

(Antin et al., 1994), in PBS plus 3% NGS. Explants were rinsed by 

immersion in PBS and incubated for one hour at room temperature in 5 

jj.g/ml DAPI (Sigma) in PBS. Explants were washed again by immersion in 

PBS and mounted in 90% glycerol containing 1 mg/ml p-phenylenediamine. 

Slides were viewed with a Leitz Diaplan microscope equipped with 

epifluorescence optics. 
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Explants were scored as positive for cardiac myocytes when 

containing at least one cluster of four or more brightly fluorescing anti-

LMM-stained cells. Positive explants generally contained 15-200 

contiguous anti-LMM-positive cells arranged in one or more muscular 

regions. Many cultures exhibited spontaneous contractions prior to fixation. 

rV". Statistics 

Statistical analyses were conducted as pairwise comparisons of 

proportions using a modified z test with a pooled estimate of the standard 

error (see Appendix II). 

V. PCR Analysis 

RNA was isolated from cultured explants of posterior region epiblast 

from pregastrula chick embryos cultured for 72 hours in the presence or 

absence of 5 ng/ml activin in defined medium supplemented with BSA 

according to the method of Chomczynski and Sacchi (1987) or using an 

RNeasy kit (Qiagen, Chatsworth, CA), as directed. RNA was treated with 1 

U RNAse-free DNAse (Stratagene, La Jolla, CA) for 15 minutes and then 

repurified. Reverse transcription (RT) reactions were performed in 30 |j.l 
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volumes using random hexamers (Boehringer-Mannheim), 1 U AMV 

reverse transcriptase (Promega, Madison, WI), I U RNAsin (Promega), and 

1 |J.g of total harvested RNA at 37°C for 60 minutes and stored at 4°C. 

Controls lacking reverse transcriptase were also performed to eliminate the 

possibility of false positives due to the presence of genomic DNA. 

Polymerase chain reactions (PCR) were conducted in a 50 jj.1 reaction 

volume containing Taq buffer (Perkin Elmer, Foster City, CA), 0.5 U Taq 

polymerase (Perkin Elmer), 0.1 p.1 [a-^'P]-dCTP and 0.15 fiM each of the 

appropriate primer pair, combined with 3 ^1 of RT or no-RT reaction mix. 

GAPDH (51°C), MyoD (55°C), myogenin (55°C), cTnC (56°C), and cNkx-

2.5 (51°C) primer sequences, annealing temperatures (shown in 

parentheses), and amplification conditions were used as described in 

Schultheiss et al. (1995). Cycle number for each primer pair was chosen to 

fall within linear range of amplification using positive control RNA samples, 

as assessed using an Instant Imager (Packard Instrument Co., Meriden, CT). 

Following amplification, 10 jil of each PCR reaction was electrophoresed on 

a 2% Nusieve (FMC Corp., Rockland, ME) agarose gel. Dried gels were 

exposed to X-ray film for visualization and quantitated using Instant Imager 

software. 
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CHAPTER THREE 

RESULTS 

I. Activin/TGF(3 and BMP-2/BMP-4 Have Cardiogenic-Inductive 

Capacities Which Mimic the Pregastrula Hypoblast and Anterior Lateral 

Endoderm, Respectively 

To more fully investigate the roles of TGpp superfamily members in 

regulating cardiac myogenesis, the abilities of several growth factors to 

induce heart muscle development in either pregastrula epiblast or 

noncardiogenic mesoderm were tested. Activin readily induced cardiac 

myogenesis in chick pregastrula posterior region epiblast in a dose-

dependent manner at concentrations consistent with induction of other 

mesodermal cell types (Figure 3A,B), but showed no ability to induce heart 

muscle cells in noncardiogenic anterior medial mesoderm (Schultheiss et al., 

1997) or posterior lateral mesoderm (Figure 4). Since TGPP proteins have 

been detected in some cells of the pregastrula hypoblast (Sanders et al., 

1994), the ability of TGFp-1 to substitute for the hypoblast to induce cardiac 

myogenesis within chick posterior epiblast was also tested. Like activin. 
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Figure 3. Induction of cardiac myogenesis in posterior region epiblast by activin 
and TGFp-l. Posterior region epiblast from st. XI-XIV chick embryos was cultured in 
defined medium plus 0.25-0.5 mg/ml BSA in the presence of increasing amounts of (A) 
activin, (C) TGPP-I, or (D) BMP-2 or BMP-4 for 72 hours and then scored for the 
presence of heart muscle cells. Activin and TGpp-l, but not the BMPs, induced cardiac 
myogenesis in epiblast in a dose-dependent manner. An asterisk (*) denotes a value 
significantly different from control (P < 0.05). (B) The cardiac namre of the muscle 
was confirmed in activin-treated explants using RT-PCR analysis of posterior epiblast 
treated with 5 ng/ml activin for 72 hours. cNkx-2.5 and cTnC mRNAs were found, but 
not mRNAs coding for the skeletal muscle markers MyoD or myogenin. 
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Figure 4. Induction of cardiac myogenesis in mesoderm by BMPs. Posterior lateral 
mesoderm from stage 5 chick embryos was explanted into defined medium plus BSA 
with 5 ng/ml activin, 100 ng/ml BMP-2, 100 ng/ml BMP-4, or 100 ng/ml FGF-4 either 
alone or in various combinations. BMP-2 or BMP-4 in combination with FGF-4 can 
induce cardiac myogenesis in posterior lateral mesoderm, but activin cannot either alone 
or in combination with FGF-4. An asterisk (*) denotes a value significantly different 
from control (P < 0.05). 
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TGF(3-1 induced the appearance of cardiac myocytes in responsive posterior 

epiblast in a dose-dependent manner (Figure 3C). 

Conversely, neither BMP-2 nor BMP-4 was capable of inducing 

myocardial cell formation in chick pregastrula posterior region epiblast at 

any dose examined (Figure 3D). While BMP-2 and BMP-4 were similarly 

unable to induce cardiac myogenesis in posterior mesoderm when used 

alone, heart muscle cells were potently induced when posterior mesoderm 

was challenged by either molecule in combination with FGF-4 (Figure 4), 

consistent with reports from Lough and colleagues (1996). BMP-2 or BMP-

4 plus FGF-4 could not induce cardiac myogenesis above background levels 

in pregastrula posterior epiblast (Figure 8), and activin plus FGF-4 could not 

induce cardiac myogenesis in posterior mesoderm (Figure 4). These 

findings indicate that the inability of BMPs to mimic the inductive capacity 

of the hypoblast, or of activin to mimic the inductive capacity of the anterior 

lateral endoderm, is not due to the lack of a synergistic FGF partner. These 

results show that activin/TGF(3 can induce cardiac myogenesis in epiblast 

but not in mesoderm, while BMP-2 or BMP-4, in combination with FGF-4, 

can induce cardiac myogenesis in noncardiogenic mesoderm but not in 

epiblast. 
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It is interesting to note that although FGF-4 is incapable of inducing 

heart muscle formation in gastrula-stage posterior lateral mesoderm (Figure 

4; and Lough et al., 1996), it is a potent inducer of cardiac myogenesis in 

pregastrula posterior region epiblast (Figure 8). Addition of BMP-2 or 

BMP-4, however, blocked the heart muscle-inducing capacity of FGF-4. 

Thus, although BMP-2 and BMP-4 are potent inducers of heart muscle in 

noncardiogenic mesoderm, they can inhibit myocardial cell development Ln 

epiblast (see below). 

n. Activin and TGF(3 Can Induce Cardiac Myogenesis in Epiblast Not 

Normally Fated to Form Heart 

As shown above (Figure 3), activin and TGF(3-1 are potent inducers of 

heart muscle cells in posterior region epiblast. Posterior epiblast contains 

cells that are fated to form heart (Hatada and Stem, 1994), however, and 

thus it is not clear from these experiments whether activin or TGFp-1 

provides a permissive influence or whether these molecules are capable of 

changing the fate of epiblast cells toward a myocardial phenotype. To 

address this issue, the ability of activin or TGF{3-1 to induce cardiac 

myogenesis in epiblast regions not fated to form heart was tested. Explants 
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from the anterior regions of stage XI-XIV embryos consisting of both 

epiblast and forming hypoblast, or anterior epiblast alone, failed to form 

heart muscle cells in culture (Figure 5A,B; Yatskievych et al., 1997). In 

contrast, anterior epiblast treated with activin or TGF(3-1 contained cardiac 

myocytes in 43% (n = 14) and 28% (n = 18) of cases, respectively 

(compared to 0% for untreated controls, n = 20; significant at P < 0.01; 

Figure 5C-F). Consistent differences in the health or overall number of cells 

within treated versus untreated explants were not observed, suggesting that 

the observed effects were not due to differences in cell death or proliferation. 

in. Follistatin and Noggin Inhibit Cardiac Mvogenesis 

To fiirther investigate the involvement of activin and BMP signaling 

during cardiac myogenesis, chick pregastrula posterior region explants were 

exposed to follistatin or noggin at progressively later times following 

explantation. Follistatin can block both BMP and activin function, but 

blocks activin ten-fold more effectively than BMPs (Nakamura et al., 1990; 

Kogawa et al., 1991; Yamashita et al., 1995; Fainsod et al., 1997). Noggin, 

on the other hand, is a specific inhibitor of BMP signaling (Zimmerman et 

al., 1996). Explantation of posterior regions of stage XI-XIV embryos 
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Figure 5. Induction of anterior region epiblast by activin and TGFP—1. 
Immunofluorescence micrographs showing explants stained with anti-LMM (A, C, E) 
and the DNA-binding dye DAPI (B, D, F). Anterior region epiblast from st. XI-XIV 
chick embryos was cultured in defined medium plus BSA alone (A, B) or in the presence 
of 5 ng/ml activin (C, D) or 10 ng/ml TGPP-I (E, F) for 72 hours and then scored for 
the presence of heart muscle cells. 
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directly into follistatin- or noggin-containing medium inhibited cardiac 

myogenesis (Figure 6). Explantation into control medium with addition of 

follistatin or noggin at progressively later times resulted in a gradual 

reappearance of cardiac myocytes, the timing of which was distinct for each 

antagonist. Whereas follistatin effectively inhibited cardiac myogenesis 

only if added prior to 24 hours following explantation, control levels of 

cardiac myogenesis in explants exposed to noggin were not observed until 

treatment was delayed 36 hours (Figure 6A), coincident with the onset of 

myocardial differentiation in vitro (Yatskievych et al., 1997). 

To determine whether the differential time course of sensitivity to 

follistatin or noggin observed in explant culture reflects differences existing 

in vivo, later gastrula stage precardiac region mesendoderm was explanted 

directly into follistatin- or noggin-containing medium and assayed for the 

presence of differentiated heart muscle cells after 48 hours. Follistatin failed 

to inhibit cardiac myogenesis in stage 5 precardiac explants, but noggin 

blocked heart muscle cell formation effectively (Figure 6B). By stage 6, 

noggin had also lost the ability to block cardiac myocyte differentiation, 

consistent with previous reports by Schultheiss et al. (1997). This 

corresponds to the timing differential seen in posterior region explant 
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Figure 6. Inhibition of cardiac myogenesis by foUistatin and noggin. (A) St. XI-XIV 
posterior region explants from chick blastoderms were explanted into control medium. 
Treatment was initiated at varying times following explantation by replacement of control 
medium with medium containing 100 ng/ml foUistatin or conditioned medium containing 
noggin, and the incidence of cardiac myogenesis was determined following 72 hours in 
all cases. (B) Posterior regions from st. XI-XTV embryos or anterior lateral mesendoderm 
from stage 5 and 6 embryos was excised and explanted directly into 100 ng/ml foUistatin 
or conditioned medium containing noggin, cultured for 72 or 48 hours, respectively, and 
assayed for the presence of cardiac myocytes. An asterisk (*) denotes a value 
significandy different from control (P < 0.05). 
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cultures. Thus, noggin was capable of inhibiting cardiac myogenesis in 

pregastrula and gastrula stage heart-forming regions at a later stage than 

follistatin under these assay conditions. 

IV. BMP Signaling Is Required for Activin-Mediated Induction of Cardiac 

Myogenesis in Epiblast 

To explore the relationship between activin and BMP signaling in the 

cardiac myogenesis pathway further, the ability of noggin to inhibit the 

induction of cardiac myogenesis by activin in posterior region pregastrula 

epiblast was tested. As shown in Figure 7, whereas 5 ng/ml activin induced 

the appearance of cardiac myocytes in epiblast cultured in control 

conditioned medium (40% of treated explants contained cardiac myocytes, n 

= 20, relative to 0% of cases for untreated controls, n = 15; significant at P < 

0.005), the presence of noggin efficiently blocked the ability of activin to 

induce myocardial cell formation (only 8% of explants contained cardiac 

myocytes, n = 25; significantly less than activin treatment alone, P < 0.005, 

and not significantly different firom untreated controls, P < 0.05). Again, no 

significant differences were observed in health of cell number within treated 

versus untreated explants, indicating that the effects were not due to gross 



Figure 7. Requirement for BMP signaling in induction of epiblast by activLn. 
Immunofluorescence micrographs showing explants stained with anti-LMM (A, C, E) 
and the DNA-binding dye DAPI (B, D, F). Posterior region epiblast from pregastrula 
chick embryos was explanted into control conditioned medium (A, B), control 
conditioned medium containing 5 ng/ml activin (C, D), or conditioned medium 
containing noggin plus 5 ng/ml activin (E, F), cultured for 72 hours, and assayed for the 
presence of cardiac myocytes. Noggin blocks the ability of activin to induce myocardial 
cell formation in epiblast. 



changes in cell death and/or proliferation. Taken with the results showing 

reciprocal inducing capacities of activin/TGF{3 and BMPs and the disparate 

timing of inhibition by follistatin and noggin, these findings provide 

additional evidence that inductive BMP signals are required downstream of 

activin in the cardiac myogenesis pathway. 

V. BMPs Inhibit Cardiac Myogenesis Prior to Stage 3 

Results presented above demonstrate that BMP-2 or BMP-4 can 

inhibit the ability of FGF-4 to induce cardiac myogenesis in posterior 

epiblast (Figure 8). To determine whether BMPs could also inhibit activin-

mediated induction of heart muscle cells, chick pregastrula posterior region 

epiblast was explanted into medium containing activin plus BMP-2 or BMP-

4. Addition of either BMP-2 or BMP-4 abolished the ability of activin to 

induce the appearance of cardiac myocytes (Figure 8). When intact 

posterior region explants consisting of epiblast and hypoblast were cultured 

in the presence of BMP-2 or BMP-4, the appearance of differentiated 

cardiac muscle cells was also inhibited (Figure 9). Inhibition of cardiac 

myogenesis was also observed in posterior region explants when fetal 

bovine serum was added to the culture medium (data not shown). 
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Figure 8. Inhibition of activin- and FGF-mediated myocardial induction in epiblast. 
Posterior region epiblast from st. Xl-Xm embryos was explanted into defined medium 
plus BSA with 100 ng/ml FGF-4, 100 ng/ml BMP-2, 100 ng/ml BMP-4, or 5 ng/ml 
activin either alone or in various combinations. FGF-4 or activin can induce cardiac 
myogenesis in posterior region epiblast, but this induction is inhibited by the presence of 
BMP-2 or BMP-4. An asterisk (*) denotes a value significandy different from control 
(P < 0.05). 
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Figure 9. Inhibition of cardiac myogenesis by BMP-2 or BMP-4. (A) St. XI-XIV 
posterior regions were explanted in control medium. Treatment was initiated at 
varying times following explantation by replacement of control medium with medium 
containing 100 ng/ml BMP-2 or 10 ng/ml BMP-4, and the incidence of cardiac 
myogenesis was determined following 72 hours of culture. (B) Posterior regions from 
pregastrula embryos, primitive streak heart-forming regions of st. 2-3 embryos, or 
anterior lateral mesendoderm from stage 5 embryos were excised and explanted directly 
into 100 ng/ml BMP-2 or 10 ng/ml BMP-4, cultured for 72 or 48 hours, respectively, 
and assayed for the presence of cardiac myocytes. An asterisk (*) denotes a value 
significantly different from control (P < 0.05). 
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To investigate the timing of BMP-mediated inhibition, intact posterior 

region explants were exposed to BMP-2 or BMP-4 at progressively later 

times following explantation. Both BMP-2 and BMP-4 dramatically 

reduced the incidence of cardiac myogenesis only if added within 12 to 18 

hours of incubation (Figure 9A), 18-24 hours before differentiated cardiac 

myocytes are observed in control cultures (Yatskievych et al., 1997). To 

determine if the loss of responsiveness to BMP inhibition reflects changes 

occurring in vivo, heart-forming regions from progressively older gastrula 

stage embryos were explanted directly into medium containing BMP-2 or 

BMP-4. Because the time course in vitro indicated a narrow and early 

window of sensitivity, the heart-forming regions of the primitive streak of 

early (stage 2) and mid- (stage 3) gastrula stage embryos, as well as 

mesendoderm explants from late (stage 5) gastrula stage embryos, were 

explanted. As shown in Figure 9B, the sensitivity to inhibition by BMPs is 

lost in the early to mid-gastrula stages, corresponding to the timing of 

sensitivity observed in vitro. This also corresponds to the time at which 

endoderm and mesoderm are first emerging from epiblast cells involuting 

into the primitive streak. Collectively, these results indicate that BMP-2 and 

BMP-4 can block the ability of activin, FGF-4, or the hypoblast to induce 
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heart muscle cell development in epiblast prior to stage 3. After this time, 

BMPs provide a positive signal that is required for progression to a 

differentiated myocardium. 

VI. A Heparin-Binding Growth Factor is Required for an Early Step in the 

Cardiac Mvo genesis Pathway 

The ability of FGF-4 to induce cardiac myogenesis in pregastrula 

posterior region epiblast (Figure 8) suggested the possible involvement of 

non-TGFP superfamily growth factors in the cardiac myogenesis induction 

pathway. Many growth factors implicated in mesoderm induction, including 

members of the FGF family, bind to heparin, a property reflecting 

interactions with proteoglycans that are important for growth factor function 

in vivo (reviewed by Schlessinger et aL, 1995). To test the potential 

involvement of heparin-binding growth factors in the cardiac myogenesis 

pathway, three agents that block heparin-binding growth factor function 

were used. None of these agents have been reported to block function of 

TGF|3 superfamily members such as activin or the BMPs. Treatment with 

soluble heparin can be used to block growth factor signaling in a variety of 

contexts (Rapraeger et al., 1991; Olwin and Rapraeger, 1992), presumably 
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by competing with endogenous heparan sulfated proteoglycans for growth 

factor binding. Suramin is a polyanionic compound that blocks the action of 

several classes of growth factors, including FGFs, EGF, IGF, and PDGF, by 

sterically occluding the receptor binding region and/or inducing a 

conformational change in the protein (Coffey, 1987; Slack et al., 1987; 

Moscatelli and Quarto, 1989; Gruntz, 1992; Middaugh et al., 1992). 

Chlorate is a selective inhibitor of glycosaminoglycan chain sulfation 

(Farley et al., 1978; Rapraeger et al., 1991). When added to culture medium, 

chlorate significantly reduces the ability of glycosaminoglycans to bind 

many growth factors (Davies et al., 1995; Olwin and Rapraeger, 1992), 

thereby inhibiting signaling. Addition of 100 ji.g/ml heparin, 50 jj-M 

suramin, or 20 mM sodium chlorate to chick pregastrula posterior regions at 

the time of explantation potently inhibited the appearance of cardiac 

myocytes relative to controls (Figure 10). Similar results were observed in 

quail pregastrula posterior region explants, and addition of heparin to 

posterior region explants cultured in 20 mM sodium chlorate restored 

cardiac myogenesis in a dose-dependent manner (data not shown), consistent 

with the heparin-mediated restoration of growth factor signaling following 

chlorate treatment reported by others (Olwin and Rapraeger, 1992; for 
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Figure 10. Inhibition of cardiac myogenesis by heparin, suramin, and chlorate. (A) 
St. Xl-XrV posterior regions were explanted in control medium. Treatment was initiated 
at varying times following explantation by replacement of control medium with medium 
containing 100 jig/ml heparin, 50 |iM suramin, or 20 mM sodium chlorate, and the 
incidence of cardiac myogenesis was determined following 72 hours of culture. (B) 
Posterior regions from st. XI-XIV, primitive streak heart-forming regions from st. 2-3, or 
anterior lateral mesendoderm from st. 5 embryos were excised and explanted directly into 
100 (ig/ml heparin, 50 [jM suramin, or 20 mM sodium chlorate, cultured for 72 or 48 
hours, respectively, and assayed for the presence of cardiac myocytes. An asterisk (*) 
denotes a value significantly different from control (P < 0.05) 
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review see Schlessinger et ai., 1995). Ciiondroitin sulfate-C, a 

glycosaminoglycan of similar size but lesser charge than heparin, did not 

significantly inhibit cardiac myogenesis (data not shown). 

To investigate which step of the cardiac myogenesis pathway is 

inhibited by exposure to heparin, suramin, or chlorate, a time course in 

which treatment of posterior regions was initiated at progressively later 

times following explantation was performed. Heparin, suramin, and sodium 

chlorate effectively inhibited cardiac myogenesis in explants only if added 

within the first 12-18 hours of culture (Figure lOA). The time course of 

sensitivity to the inhibitory agents observed in explant culture reflects 

changes occurring in vivo. While heparin, suramin, and sodium chlorate 

blocked cardiac myocyte formation in posterior region explants of 

pregastrula embryos, these agents failed to block cardiac myogenesis in 

heart-forming regions from stage 2-5 embryos (Figure lOB). When 

compared to inhibition time courses for follistatin and noggin, these findings 

suggest that a heparin-binding growth factor is required for an early step in 

the cardiac myogenesis pathway, and is no longer essential at a stage when 

activin and BMP signaling are still crucial. 
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VII. FGFs May Play a Role in the Cardiac Mvogenesis Pathway 

To further inyestigate the cardiogenic inductive potential of FGFs, the 

ability of FGF-2 and FGF-4 to induce heart muscle cells in responsive 

epiblast and mesodermal tissues was examined. Both FGF-2 and FGF-4 

strongly induced cardiac myogenesis in chick pregastrula posterior region 

epiblast in a biphasic, dose-dependent manner over a wide range of 

concentrations (Figure 11). Low doses of FGF-2 (0.5 ng/ml) and FGF-4 (1 

ng/ml) that potently induce posterior region epiblast failed to induce anterior 

region epiblast. A high dose of FGF-2 (100 ng/ml) was able to induce heart 

muscle cell formation in anterior epiblast, although to a lesser degree than 

posterior region epiblast (Figure II). The inductive capacity of FGFs is 

distinct from that of the BMPs, in that FGFs are incapable of converting 

some noncardiogenic mesoderm to heart muscle. FGF-4 did not induce 

cardiac myogenesis in gastrula stage posterior lateral mesoderm (Figure 4), 

and neither FGF-2 nor FGF-4 can induce cardiac myocj^es in anterior 

medial mesoderm (Schultheiss et al., 1997; Figure 1 IB), which is readily 

converted in vitro to heart muscle by BMPs alone (Schultheiss et al., 1997). 

FGF-2 protein is detectable in the pregastrula chick embryo in both 

hypoblast and epiblast cells (Mitrani et al, 1990b). Given its expression 
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Figure 11. Induction of posterior epiblast by FGF-2 and FGF-4. (A) St. XI-XIV 
posterior or anterior region epiblast was explanted into defined medium plus BSA with 
varying doses of FGF-2, and the incidence of cardiac myogenesis was determined at 72 
hours. FGF-2 strongly induced posterior epiblast to form cardiac myocytes over a wide 
range of concentrations, but only induced anterior epiblast at high dose. (B) St. XI-XIV 
posterior or anterior region epiblast, or st. 6 anterior medial mesoderm was explanted into 
defined medium plus BSA with varying concentrations of FGF-4, and the presence of 
cardiac myocytes was assayed at 72 or 48 hours, respectively. FGF-4 induced posterior 
region epiblast to form heart muscle cells, but not anterior epiblast or anterior medial 
mesoderm. An asterisk (*) denotes a value significandy different from control (P < 0.05). 
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pattern and ability to influence posterior region epiblast cells toward a 

myocardial fate, FGF-2 appeared to be a good candidate for the essential 

early heparin-binding growth factor signal identified above. To test whether 

FGF-2 is specifically required for the cardiac myogenesis pathway, a 

number of anti-FGF-2 antibodies were tested for potential inhibition of the 

appearance of cardiac myocytes in intact posterior region explant cultures. 

In chick, an alternatively spliced FGF-2, termed alt-FGF, gives rise to a 

novel transcript with a unique first coding exon (Zuniga Meija Boija et al., 

1993). Similar levels of alt-FGF and FGF-2 gene products are expressed 

early in development, suggesting that alt-FGF may contribute significantly 

to presumed embryonic FGF-2 functions (Zufiiga Meija Boija et al., 1996). 

FGF-2 and alt-FGF are coexpressed in differentiated cardiac myocytes 

during heart formation, and both isoforms bind to FGF receptors and heparin 

with equal affinities (Zuniga Meija Borja et al., 1996). Monoclonal 

antibodies generated against the distinct N-termini of both the canonical and 

alt- forms of FGF-2 were therefore tested, as well as commercial polyclonal 

antibodies against FGF-2 shown to inhibit early erythropoietic cell 

development prior to pregastrula stage XII in chick (Gordon-Thomson and 

Fabian, 1994). None of these antibodies diminished the incidence of cardiac 
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myogenesis in posterior region explants, suggesting FGF-2 is not absolutely 

essential for heart muscle cell formation by blastula stages (Figure 12). 

To explore the relationship between FGF and BMP signaling in the 

cardiac myogenesis pathway, the ability of FGF-2 to induce posterior region 

epiblast was tested in the presence of noggin. Whereas 0.5 ng/ml FGF-2 

induced the appearance of cardiac myocytes in epiblast cultured in control 

conditioned medium (46% of treated explants contained cardiac myocytes, n 

= 24, relative to 20% of cases for untreated controls, n = 20; significant at P 

< 0.005), the presence of noggin blocked the ability of FGF-2 to induce 

myocardial cell formation (only 16% of explants contained cardiac 

myocj^es, n = 19; significantly less than FGF-2 treatment alone, P < 0.05, 

and not significantly different from untreated controls, P < 0.05). Again, no 

significant differences were observed in health or cell number within treated 

versus untreated explants, indicating that the effects were not due to gross 

changes in cell death and/or proliferation. These results indicate that BMP 

signaling is required for induction of posterior epiblast by FGF-2, and these 

molecules act within the same pathway. 
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Figure 12. FGF-2 is not required for cardiac myogenesis in pregastruia posterior 
region explants. St. XI-XTV posterior regions were explanted into defined medium 
in the presence of varying concentrations of numerous anti-FGF-2 antibodies. The 
incidence of cardiac myogenesis was assayed following 72 hours of culture. None of 
the antibodies had an inhibitory effect on cardiac myogenesis in posterior region 
explants. 
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Vni. Cripto Can Convert Posterior Mesoderm to a Myocardial Phenotvpe 

To explore the potential role of the CFC family member, Cripto, in the 

cardiac myogenesis induction pathway, the ability of murine Cripto to 

induce cardiac myocyte formation in responsive chick mesoderm and 

epiblast was tested. Cripto weakly induced cardiac myocyte formation in 

posterior lateral mesoderm from gastrula stage chick embryos (Figure 13). 

The capacity of Cripto to convert posterior mesoderm to a myocardial 

phenotype, unlike that reported for BMPs, did not require an FGF partner, 

and was in fact inhibited by addition of FGF-4 (Figure 13). It is likely, 

however, that an FGF or other cofactor was produced by the CEF cells that 

conditioned the medium used in these experiments. In support of this, it was 

observed that addition of BMP-2 to posterior lateral mesoderm explants 

cultured in control CEF-conditioned medium induced formation of cardiac 

myocytes in the absence of exogenous FGF (Figure 13). The control CEF-

conditioned medium also had an inhibitory effect on pregastrula explants 

(data not shown), thus making assessment of cripto's epiblast-inducing 

capacity impossible. 
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Figure 13. Induction of cardiac myogenesis in mesoderm by Cripto. Posterior lateral 
mesoderm from stage 5 chick embryos was explanted into medium conditioned for 72 
hours by parental CEF cells, CEF cells infected with RCAS(A) virus, or CEF cells 
infected with RCAS(A) expressing murine Cripto. 100 ng/ml FGF-4 or 100 ng/ml 
BMP-2 were added to some cultures. Incidence of cardiac myogenesis was assayed after 
48 hours in culture. An asterisk (*) denotes a value significandy different from control 
(P < 0.05). 
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CHAPTER FOUR 

DISCUSSION 

Previously publishied reports demonstrate that the establishment of 

myocardial cell lineages in avians is regulated by at least two temporally 

distinct signaling events: an early signal derived from the hypoblast acting 

on epiblast (Yatskievych et al., 1997) and a later endoderm-derived signal 

acting on mesoderm (Orts-Llorca, 1963; Orts-Llorca and Gil, 1965; 

Schultheiss et al., 1995; Yatskievych et al., 1997). Expression patterns 

suggested that activin (Mitrani et al., 1990b) and TGPP (Sanders et al., 

1993, 1994) may mediate hypoblast-derived signaling, and several studies 

have supported a role for BMP-2 in mediating the cardiac-inducing capacity 

of the anterior lateral endoderm (Lough et al., 1996; Schultheiss et al., 1997; 

Andree et al., 1998). In this study, activin/TGFp and BMP-2 were shown to 

have distinct and reciprocal inducing capacities that mimic the cell layers in 

which they are expressed, the hypoblast and anterior lateral endoderm, 

respectively. Consistent with their inducing capacities, experiments with 

follistatin and noggin indicate that activin signaling lies upstream of BMP 

signaling in the cardiac myogenesis pathway. BMPs play a dual role in this 
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pathway, an early inhibitory role in the epiblast and a later inductive role 

acting on mesoderm. In addition to these TGF(3 superfamily members, a 

requirement for an early heparin-binding growth factor was demonstrated, 

and members of the FGF and the EGF-related CFC families were shown to 

have the potential to induce a myocardial phenotype in epiblast and 

mesoderm cells, respectively. 

I. Activin/TGFB Signaling Acts Upstream of BMP Signaling in the Cardiac 

Mvogenesis Pathway 

Several lines of evidence indicate that activin/TGFP signaling lies 

upstream of BMP-2/BMP-4 signaling in the induction of cardiac 

myogenesis. First are the distinct and reciprocal inducing capacities of 

hypoblast and anterior lateral endoderm and the ligands that have been 

localized to each cell layer (activin/TGF(3 signaling and BMP-2, 

respectively). Activin induces cardiac myogenesis in pregastrula epiblast, 

but is unable to induce heart muscle cell formation in gastrula-stage anterior 

lateral mesoderm (Schultheiss et al., 1997), posterior lateral mesoderm 

(Figure 4; Lough et al., 1996), or posterior primitive streak (Yatskievych, 

Ladd, and Antin, unpublished observations). The ability of activin to 
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instructively induce cardiac myogenesis in epiblast, but not in mesoderm 

derived from epiblast, mimics the activity of pregastrula hypoblast 

(Yatskievych et al., 1997) and is consistent with the localization of activin (3 

miRNAs to the chick pregastrula hypoblast (Mitrani et al., 1990b). 

TGpp proteins have been detected in scattered cells of the hypoblast and in 

marginal zone cells of the pregastrula chick embryo (Sanders et al., 1994), 

and TGPP-I can likewise substitute for the hypoblast to induce cardiac 

myogenesis in epiblast. Activin and TGF[3 also have similar mesoderm-

inducing activities in amphibian assays (Rosa et al., 1988; Green et al., 

1992; Logan and Mohun, 1993) and act through common intracellular 

transducers, the Mad proteins. Binding of TGPP or activin to its receptor 

triggers phosphorylation and nuclear translocation of Smad2 in Xenopus and 

human (Graff et al., 1996; Nakao et al., 1997), revealing an intersection of 

their signaling pathways downstream of ligand binding. TGF{3s have also 

been shown to modulate levels of activin mRNA expression in cultured 

embryonal cells (van der Kruijssen et al., 1993). It is therefore possible that 

TGPP-I induces cardiac myogenesis in epiblast by upregulation of activin 

expression. Alternatively, TGPp and activin may have redundant or 

overlapping inductive roles in the cardiac myogenesis pathway. 
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Experiments with follistatin suggest that activin function is required, but the 

necessity of endogenous TGF(3 signaling was impossible to assess due to the 

lack of good TGPP antagonists. Several anti-TGpp receptor and ligand 

antibodies were tested for inhibitory potential, but the results were highly 

variable (data not shown). 

BMP-2 or BMP-4, in contrast, readily induces cardiac muscle markers 

in gastrula-stage anterior medial mesoderm (Schultheiss et al., 1997; Andree 

et al., 1998) and when combined with FGF-4 can induce myocardial cell 

formation in stage 5-6 posterior lateral mesoderm (Figure 4; Lough et al., 

1996). Data presented here show that neither BMP-2 nor BMP-4, alone or 

in combination with FGF-4, can induce cardiac myogenesis in epiblast cells. 

BMPs, with FGF-4, can thus mimic anterior lateral endoderm, which can 

convert non-cardiogenic mesoderm to a cardiac phenotype, but has 

essentially no capacity to induce epiblast cells to form heart muscle 

(Yatskievych et al., 1997). This is consistent with the localization of BMP-2 

and FGF-4 in the endoderm and BMP-4 in the ectoderm adjacent to 

precardiac mesoderm at gastrula stages (Sugi and Lough, 1995; Schultheiss 

et al., 1997; Andree et al., 1998) and with the localization of Smadl and 

Smad5, the intracellular mediators of BMP signaling (Yamamoto et al.. 
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1997). Chicken Smadl and SmadS are expressed during early gastrula 

stages within cells of the primitive streak (L. Gont and J. Lough, personal 

cormnunication) at the time when endoderm and mesoderm first appear and 

myocardial cell specification commences (Yatskievych et al., 1997). 

Additional evidence that activin/TGpp signaling lies upstream of 

BMP signaling in the cardiac myogenesis pathway was obtained using 

noggin and follistatin. Noggin, a specific antagonist of BMP signaling 

(Zimmerman et al., 1996), continued to block cardiac myogenesis in intact 

(epiblast plus hypoblast) posterior regions until administration was delayed 

36 hours following explantation, a time very close to the onset of 

differentiation in vitro (Yatskievych et al., 1997). Follistatin, which 

antagonizes activin with 10-fold greater efficacy than BMP activity 

(Nakamura et al., 1990; Kogawa et al., 1991; Yamashita et al., 1995; 

Fainsod et al, 1997), blocked appearance of cardiac myocytes only when 

added prior to 24 hours following explantation. These results reflect 

differences in vivo; noggin, but not follistatin, repressed appearance of 

myocardial cells in stage 5 precardiac region explants. This repression was 

lost by stage 6, consistent with previously published reports (Schultheiss et 

al., 1997). Noggin was also shown to inhibit induction of cardiac 



myogenesis in epiblast by activin. Taken together with the reciprocal 

inducing capacities of activin/TGFp and BMP-2/BMP-4, these results 

support a model of cardiogenesis in which these molecules mediate 

temporally and qualitatively distinct signals derived from pregastrula 

hypoblast acting on epiblast and endoderm acting on emerging mesoderm, 

respectively. 

II. BMPs Mav Play a Dual Role in Determining Myocardial Cell Fate 

In addition to the inductive role for BMP-2/BMP-4 acting on 

precardiac mesoderm, BMPs also have an early inhibitory influence on the 

epiblast. BMP-2 mRNA is detectable by RT-PCR in the chick embryo just 

prior to gastrulation (Andree et al., 1998), and BMP-4 is expressed broadly 

in the epiblast of the pregastrula chick embryo (Streit et al., 1998). Chordin, 

a natural BMP antagonist which functions not unlike noggin (Piccolo et al., 

1996), is expressed in the posterior region where the primitive streak forms 

and in Hensen's node as gastrulation proceeds (Streit et al., 1998). Ectopic 

expression of chordin in anterior epiblast can induce a secondary primitive 

streak to form, and overexpression of BMP-4 can inhibit endogenous streak 

formation (Streit et al., 1998), demonstrating that repression of BMP 
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signaling is both necessary and sufficient for streak formation. This is 

consistent with our results showing that BMP-2 or BMP-4 can block the 

ability of FGF-4, activin, or the hypoblast to induce formation of cardiac 

myocytes in posterior region epiblast and in heart-forming region explants 

prior to stage 3. The inhibitory activity of BMPs in the epiblast and 

localized repression in the posterior blastoderm by chordin may also account 

at least in part for the greater responsiveness of posterior versus anterior 

region epiblast to the inductive influence of the hypoblast (Yatskievych et 

al., 1997). 

in. A Signaling Cascade Regulating Cardiac Mvogenesis 

These findings and other published studies suggest a cascade leading 

from pregastrula epiblast to differentiated myocardium that involves at a 

minimum the following signaling interactions (Figure 14): (1) antagonism 

of BMP expression in epiblast by chordin in the posterior region to initiate 

gastrulation, (2) induction and patterning of emerging mesoderm prior to 

stage 4 by activin/TGFP dorsalizing signals, likely acting in opposition to 

BMP signals from posterior primitive streak regions (Schultheiss et al., 

1997; Andree et al., 1998), and (3) localized expression of BMP-2 in an 
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Figure 14. Multistep model of cardiac myogenesis. (A) Prior to gastrulation, BMP-4 
is broadly expressed in the epiblast, while activin and TGFp are expressed in pregastrula 
h>'poblast. Antagonism of BMP-4 activity by chordin in posterior epiblast cells leads to 
the onset of gastrulation (Streit et al., 1998). Reduced heart muscle-inducing capacity of 
anterior relative to posterior hypoblast (Yatskievych et al., 1997) may reflect an anterior 
to posterior expression gradient of activin/TGF[3 or related molecules. (B) BMP-2 is 
expressed in the posterior streak at stage 3. Based upon analogy to amphibian systems, 
posterior BMP-2 expression may oppose anterior signals, perhaps from Hensen's node, to 
generate an anterior-posterior gradient within emerging mesoderm. While activin/TGFp 
may act as the anterior signaling molecules, their localization within the embryo at this 
stage is unclear. Anteriorward migration of the hypoblast duing gastrulation may also 
play a role in generating anterior-posterior polarity in mesoderm. Anterior-posterior 
polarity may reflect direct activation of lineage-specific genes within emerging mesoderm 
or alternatively may enable cells to respond differentially to later signals from endoderm. 
(C) The endoderm that directly subtends the precardiac mesoderm in the anterior lateral 
region by stage 6 expresses BMP-2, which is required for activation of the cardiogenic 
transcription factors cNkx-2.5 and GATA-4 (Schultheiss et al., 1997). Additional factors 
produced by the endoderm include IGF-EE, insulin, FGFs -1,-2, -at-2, and -4, activin, and 
vitamin A binding proteins (Barron et al., 1998). While one or more FGFs may play an 
inductive role in cardiac myogenesis, other growth factors may stimulate survival and/or 
replication of precardiac mesoderm. Inhibitory signals from the axial structures, 
including chordin produced by the notochord, may help to define the heart field through 
planar inhibition of BMP signaling. Abbreviation; HN; Hensen's node. 
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anterior arc of endoderm that induces expression of genes such as cNkx-2.5 

and GATA-4 in overlying mesoderm during later gastruia stages. Additional 

factors produced by the endoderm, such as the FGFs, may act in concert 

with the BMPs to drive cardiac myocyte differentiation. Cripto, which is 

required for heart muscle differentiation in mouse (Xu at al., 1998, 1999; 

Ding et al., 1998) and capable of inducing cardiac myocytes in avian 

posterior mesoderm (Figure 13), may also play an as yet undefined role in 

this pathway. 

How do these multiple signaling processes interact to establish the 

cardiogenic field? It is not clear whether activin/TGF[3 and BMP signals 

proposed in step (2) above would merely induce formation of and impart 

polarity to emerging mesoderm and possibly endoderm, or activate genes 

within specific mesodermal lineages (Figure 15). Activin can induce 

progressively more dorsal mesodermal derivatives in a dose-dependent 

manner in both birds and amphibians (Gurdon et al., 1994; Stem et al., 1995; 

Jones et al., 1996; Jones and Smith, 1998), and a recent study mXenopus 

has shown that genes reflecting formation of different types of mesoderm are 

differentially expressed based upon the absolute number of occupied activin 

receptors on responsive cells (Dyson and Gurdon, 1998). 
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Figure 15. Two models explain how different signals may contribute to myocardial 
ceil development. In the first model, activin and TGFp (made by hypoblast) act on 
responsive epiblast to specify premyocardial cells by directly activating cardiogenic 
genes. Then BMP-2 (from endoderm) maintains these cells within the myocardial lineage. 
In the second model, activin/TGFp induce the formation and patterning of mesoderm (and 
endoderm), and BMP-2 specifies premyocardial cells in nascent mesoderm. In both 
models, early activin/TGFp signals are antagonized by BMP-4 within epiblast, except 
where localized chordin inhibits BMP activity. Chordin produced by the notochord may 
also antagonize BMP signaling at later stages, restricting the heart field. FGF-2 may act 
to potentiate responsiveness in epiblast to activin, and in mesoderm to BMP signaling. 
It is not known where Cripto may fit into this pathway, but studies in mouse suggest it 
may be critical for differentiation. 
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Activin is antagonized by ventral BMP signaling in Xenopus (Candia 

et al., 1997; Fainsod et al., 1997), resulting in a gradation of mesoderm 

along the dorsal-ventral axis. This antagonism may reside at the level of 

downstream mediators of activin/TGFp and BMP signal transduction. It has 

been proposed that activation of both activin and BMP receptors results in 

competition for Smad4, the synergistic partner required for Smad activity 

(Lagna et al., 1996; Shi et al., 1997), by the downstream transducers, Smad2 

and Smadl/5, respectively (Candia et al., 1997). This competition could 

therefore determine the relative strengths of early activin/TGFp and BMP 

signals, leading to the specification of particular cell fates. If activin/TGF(3 

and BMP signaling gradients directly activate genes within specific 

mesodermal lineages in birds and mammals, this would suggest that cardiac 

lineage-specific genes are expressed upstream of cNkx-2.5, prior to the 

migration of precardiac mesoderm to anterior lateral regions at stage 5-6. 

Expression of these unknown genes could account for the observation that 

specification of cardiogenic mesoderm is underway by stage 3 (Yatskievych 

et al., 1997) and possesses atrial/ventricular identity shortly after emerging 

from the primitive streak (Yutzey et al., 1995). 
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If activin/TGFP signaling directly activates genes in myocardial cell 

lineages, the role of later BMP signaling may be to expand or maintain the 

heart field, perhaps in competition with opposing signals from adjacent, non-

cardiogenic tissues. For example, chordin is known to be produced by the 

notochord in amphibians (Sasai et al., 1994), and through planar antagonism 

of BMP signaling may help to define the heart morphogenetic field. 

Ablation of the notochord in zebrafish leads to an expansion of the heart 

field (Goldstein and Fishman, 1998), and it has long been observed that axial 

structures are capable of inhibiting cardiac myogenesis (Jacobson, 1960; 

Jacobson and Duncan, 1968; Climent et al., 1995; Schultheiss et al., 1997). 

Ectopic expression of BMP-2 in the anterior medial region immediately 

adjacent to the axis in gastrula stage chick embryos can induce the 

expression of some cardiac markers it cannot induce full differentiation of 

ectopic cardiac myocytes in vivo (Schultheiss et al., 1997; Andree et al., 

1998). The ectoderm overlying precardiac mesoderm at late gastrula stages 

can also repress terminal cardiac differentiation (Antin et al., 1994). 

Migrations of the myocardial progenitors move the presumptive cardiogenic 

tissues away from the axial structures and ectoderm to the ventral side of the 



85 

embryo, and may reflect the importance of removing the inhibitory 

influences of these structures. 

Alternatively, activin/TGF(3 signaling may not be directly 

responsible for the activation of cardiac-specific genes. Instead, early 

activin/rGF(3 signals may pattern the emerging mesoderm, and possibly 

endoderm, resulting in differential responsiveness to sources of BMP signals 

which then directly activate cardiogenic genes in the subset of precardiac 

mesoderm during gastrula stages. This hypothesis is supported by the ability 

of BMPs to convert non-cardiogenic mesoderm to a myocardial phenotype 

and activate cardiac lineage genes such as cNkx-2.5 and GATA-4 (Figure 4; 

Lough et al., 1996; Schultheiss et al., 1997; Andree et al., 1998). Further 

dissection of these molecular pathways and the identification of earlier 

cardiac markers should help distinguish between these possibilities. 

IV. Other Growth Factors Implicated in Cardiac Mvogenesis 

In addition to members of the TGF|3 superfamily, members of the 

FGF family of growth factors may play a role in the cardiac myogenesis 

pathway. FGF-1, FGF-2, and FGF-4 are expressed at gastrula stages in 

avian precardiac endoderm concomitantly with BMP-2 (Lough et al., 1996; 
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Zhu et al., 1996), and FGFs can promote proliferation and differentiation of 

specified premyocardial cells (Sugi et al., 1993; Sugi and Lough, 1995). 

FGF-2 is also expressed throughout the pregastrula chick embryo (Mitrani et 

al., 1990a), and in the present study FGF-2 and FGF-4 were shown to have 

inductive cardiogenic capacity in pregastrula posterior region epiblast. 

Similar to FGF-mediated mesoderm induction observed in amphibian 

assays, cardiogenic induction in posterior epiblast in response to FGF-2 and 

FGF-4 spans a broad range of concentrations, rather than defining narrow 

thresholds as observed in response to increased doses of activin (Green et 

al., 1992; Figures 3A and 11). FGF-2 was also capable of inducing cardiac 

myogenesis in anterior region epiblast not fated to form heart, but as it was 

only capable of doing so when a high concentration of FGF-2 was used, the 

physiological relevance of this result is not clear. 

The demonstration that BMP signaling is required for induction of 

epiblast by FGF-2 suggests that FGF is participating in the same TGFp 

superfamily-mediated cardiogenic pathway discussed above. FGF-2 is not 

required, as inhibitory antibodies which are known to disrupt early 

erythropoiesis failed to block the appearance of cardiac myocytes in 

posterior region explant cultures. This is consistent with reports of FGF-2 
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knockout mice, in whicii defects are observed in iiematopoiesis but not heart 

development (Zhou et al., 1998). It does not preclude involvement of FGFs, 

however, as these results may be explained by partial functional redundancy 

amongst FGF family members. Several FGFs are capable of binding with 

high affinity to the FGFR-1, the primary receptor for FGF-2 signaling 

(Mansukhani et al., 1990; Duan et al., 1992; Omitz and Leder, 1992; Werner 

et al., 1992), and mice lacking functional FGFR-1 display a much more 

severe phenotype than FGF-2 knockout mice. These mice lack axial 

organization, have severe gastrulation defects, disrupted expression of 

mesodermal markers such as Brachyury, and die at early postimplantation 

stages (Deng et al., 1994; Yamaguchi et al., 1994). A few mice with less 

severe phenotypes were observed to have abnormal heart tube formation and 

other mesodermal defects (Yamaguchi et al., 1994). In agreement with these 

fmdings, the expression of dominant negative FGF receptors mXenopiis, 

which represses all FGF receptors, leads to defects in mesoderm formation 

(Amaya et al., 1991). Similarly, treatment with heparin or suramin, which 

would inhibit all FGF family members, can block the formation of 

mesodermal structures in a dose-dependent manner in chick (Mitrani et al., 

1990a), and treatment with heparin, suramin, or chlorate can block cardiac 
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myocyte formation in posterior region explants (Figure 10). Although 

redundancy amongst FGFs could explain the disparity between the ability of 

heparin, suramin, and chlorate to inhibit cardiac myogenesis and the 

inability of anti-FGF2 antibodies to do so, it is important to recognize that 

the involvement of other heparin-binding growth factors such as EGF, IGF, 

and PDGF cannot be ruled out. 

What functional role might FGFs play in the induction of cardiac 

myogenesis? It has been proposed that FGF may act as a competence factor 

for activin-type signals during mesoderm induction in amphibians (Cornell 

and Kimelman, 1994; LaBonne and Whitman, 1994; Cornell et al., 1995). 

Like the avian pregastrula epiblast, the Xenopus animal cap expresses 

substantial levels of endogenous FGF-2 activity but does not form 

mesoderm, although it can be induced to do so in response to treatment with 

activin or additional FGF (Cornell and Kimelman, 1994). FGF signaling is 

required for full activin-induced mesodermal gene expression and activin-

induced extension of animal caps (Cornell and Kimelman, 1994; LaBonne 

and Whitman, 1994). FGFs may likewise potentiate responsiveness to 

activin/TGFP signaling in the early avian epiblast. 
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The role of FGFs as competence factors may be a continuous one in 

the cardiac myogenesis pathway. FGFs are expressed along with BMP-2 in 

the anterior lateral endoderm (Lough et al., 1996; Zhu et al., 1996), and 

although BMPs alone cannot induce cardiac myocytes in posterior lateral 

mesoderm, combined treatment with FGF-4 readily does so (Lough et al., 

1996; Figure 4). Schultheiss and colleagues (1997) proposed a model of 

avian cardiogenesis to explain differences in responsiveness of mesoderm 

from different regions of the gastrula stage embryo to BMPs in which two 

activities act combinatorally to induce mesoderm to enter the myocardial 

lineage. FGFs may fulfill this role by influencing the mesoderm in 

precardiac regions to respond to BMPs by assuming a myocardial fate. 

Cripto, a member of the CFC family of secreted factors, can convert 

chick posterior lateral mesoderm to a heart muscle phenotype in the absence 

of exogenous FGFs, although the presence of FGFs or other cofactors in the 

culture medium cannot be ruled out in these experiments (Figure 13). In 

mouse, Cripto clearly plays an important role in heart development. Cripto 

is expressed in the epiblast and forming mesodermal cells, becoming 

restricted to the myocardium and conotruncus of the heart as it develops into 

a chambered organ (Johnson et al., 1994). Ablation of Cripto specifically 
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blocks cardiac myoc3^e differentiation in vitro (Xu et aL, 1998), and in 

animals leads to severe mesodermal deficiencies, including loss of cardiac 

muscle (Ding et aL, 1998; Xu et al., 1999). The importance of Cripto in 

avian cardiac myogenesis is not known, as avian homologs of Cripto have 

not yet been identified. The cardiogenic inductive capacity of murine Cripto 

in avian tissue, however, supports the hypothesis that a Cripto homolog also 

plays an important role in cardiac myogenesis in birds. 

The multistep model of cardiac myogenesis presented here describes 

at least two signaling events that regulate the acquisition of myocardial cell 

fate, and indicates likely factors that mediate these events. An early 

activin/TGFP-mediated signal produced by the hypoblast induces epiblast 

cells at pregastrula stages, in opposition to inhibitory BMP signals within the 

epiblast. As gastrulation proceeds, BMPs produced by emerging endoderm 

assume an inductive role, influencing nascent mesoderm toward a 

myocardial cell fate. Additionally, one or more heparin-binding growth 

factors are required for an early step of cardiac myogenesis. FGFs and 

Cripto have cardiogenic inductive capacities that can convert epiblast and 

mesoderm, respectively, to a heart muscle phenotype, and may be additional 

players in this pathway. The identification of early specification markers in 



chick is needed to help elucidate more precisely at what step each of these 

factors acts and what functional role each plays in the developmental 

progression from pluripotent epiblast cell to differentiated cardiac myocyte. 

Together with further dissection of the molecular pathways downstream of 

growth factor signaling that modulate changes in gene expression, such 

studies should give us a greater understanding of how cell fate decisions are 

made during development. 
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APPENDIX I 

STAGING THE AVIAN EMBRYO 

Pregastnila embryos were staged using Roman numerals according to 

the system devised by Eyal-Giladi and Kochav (1976). Beginning with the 

onset of gastrulation, embryos were staged using Arabic numerals according 

to the method of Hamburger and Hamilton (1951). 

A. Pregastnila Stages: EG&K X-XIV ('0-6 hours of incubation) 

At the time of laying (St. X), the avian embryo is in the early blastula 

stage. It develops initially as a bilaminar disk, comprised of a dorsal epiblast 

and a ventral hypoblast cell layer. The epiblast is fully formed when the egg 

is laid, and is surrounded by the area opaca. In the posterior region, an 

opaque thickening of cells called Roller's sickle is observed. The hypoblast 

forms during the first few hours of incubation. Initially, polyinvaginating 

cells from the epiblast form islands of hypoblast across the blastodisc (St. 

XI). These cells coalesce with anteriorward migrating ceils from the region 

of Koller's sickle to form a contiguous sheet of hypoblast along the ventral 

surface of the blastoderm. At St. XH, the hypoblast sheet has extended 
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halfway across the blastoderm. The extension of hypoblast from posterior to 

anterior is complete at St. XIIL Cellular bridges between the posterior 

hypoblast and area opaca begin to form at St. XTV in preparation for the 

onset of gastrulation. The epiblast is the cell layer from which the three 

germ layers form and the entire embryo proper arises. The hypoblast is later 

displaced by the emerging endoderm during gastrulation, and ultimately 

contributes to extraembryonic tissues. 



Appendix lA. The staging of the avian pregastrula embryo. Staging adapted from 

Eyai-Giladi and Kochav (1976). Drawings by T. Yatsldevych. 
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B. Gastrula and Neumla Stages: H&H 2-12 (6-48 hours of incubation) 

St. 2 (6-7 hours): Primitive streak formation begins in posterior region. 

St. 3 (12-13 hours): Primitive streak extends from posterior margin to 
approximate center of area pellucida. 

St. 4 (18-19 hours): Streak has reached full length, extending across 2/3-3/4 
of area pellucida. Hensen's node becomes prominent at anterior end 
of streak. 

St. 5 (19-22 hours): Head process formation begins. Notochord extends 
anteriorward from Hensen's node. Primitive streak begins to regress. 

St. 6 (23-25 hours): Head fold becomes noticeable rostral to the notochord. 

St. 7 (25-26 hours): One somite is visible. Neural folds seen in head region. 

St. 8 (26-29 hours): Four somites. Neural folds meet at midbrain. Heart 
muscle cell differentiation underway. 

St. 9 (29-33 hours): Seven somites. Paired heart primordia begin to fuse. 

St. 10 (33-38 hours): Ten somites. Heart bends slightly to right. 

St. 11 (40-45 hours): Thirteen somites. Slight cranial flexure. Heart bent to 
right. 

St. 12 (45-48 hours): Sixteen somites. Head beginning to turn towards left. 
Heart slightly "S" shaped. 



Appendix IB. The staging of avian gastruia and neuruia embryos. Staging adapted 
from Hamburger and Hamilton (1951). Drawings by T. Yatskievych. 
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Appendix n. Modified z test with a pooled estimate of the standard error. The 
degree of cardiac myogenesis (as measured by percentage of explants containing heart 
muscle cells) was analyzed in cultures exposed to different treatments by doing pairwise 
comparisons of proportions using a two-tailed z-test. Because some proportions had a 
value of zero, a modified test using a pooled estimate of the standard error was used 
(equation shown above). The pooled estimate of standard error assumes equal variability 
exists within different groups, which is valid under the null hypothesis being tested 
(i.e. that there is no difference between groups). Results of these comparisons are 
reported as P values, as derived from a standard normal cummulative distribution table. 
Standard significance is set at a P value of P < 0.05. 
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