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I ’m a dweller on the threshold 
And I'm wailing at the door 

And I ’m standing in the darbtess 
I  don't want to wail no more

I have seen without perceiving 
I have been another man 

Let me pierce the realm o f glamour 
So I btow just what I  am

“Dweller on the Threshold" 
Van Morrison
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Abstract

Heart development involves complex morphogenetic processes that result in the 

remodeling of a simple tubular structure into the mature four-chambered form. Intrinsic 

to this process is the proper growth and alignment of the cardiac valves and septa. 

Deregulation of the normal growth of these structures contributes to the majority of 

congenital heart defects.

The endocardial cushions are mesenchymal tissue masses that contribute to the 

mature valves and septa of the adult heart. During the normal development of the 

endocardial cushions, specific foci of cell death are known to occur. The work presented 

here focuses on the distribution, regulation and role of cell death in the endocardial 

cushions. A reassessment of the distribution of dying cells was made using specific 

techniques for programmed cell death. This was correlated with an assessment of the 

contribution of cell proliferation and of dying neural crest cells in heart development. 

Evidence for the involvement of the main regulators and effectors of programmed cell 

death were examined using immunolabeling techniques and functional studies on primary 

cell cultures, which show differential distribution and expression patterns suggestive of 

involvement in apoptosis in the endocardial cushions. Immunostaining and retroviral 

overexpression studies implicate members of the bone morphogenetic protein (BMP) 

family as stimulators of apoptosis in the cushions. Attempts were also made at addressing 

the role of cell death in the cushions via overexpression of anti-apoptotic bcl-2 using 

retroviral micro-injection and DNA electroporation studies. In summary, these results 

contribute to the understanding of apoptosis in early heart development, provide evidence 

for the involvement of the main families o f regulators and effectors, implicate members
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of the BMP family as stimulators, and provide a basis for future studies to address the 

developmental significance of endocardial cushion cell death in heart morphogenesis.
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Chapter 1 

INTRODUCTION
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INTRODUCTION
The heart is the first functional organ to develop in the vertebrate embryo. 

Beginning with the induction and clustering of cardiogenic cells, the heart initially forms 

as a primitive tubular structure that undergoes complex remodeling to achieve the mature 

shape. Externally, the heart undergoes looping and fusion processes that bring the 

different regions of the heart into correct alignment. Internally, the remodeling process 

involves the development of the valves and septa that divide the primitive structure into 

the four-chambered organ capable o f maintaining two independent circulatory systems.

Congenital heart defects are among the most common birth defects in humans, 

occurring in almost one percent of live births, ten percent o f stillbirths, and possibly up to 

twenty percent of spontaneous abortions (Ya et al, 1997). The majority of congenital 

heart defects involve abnormal development of the valves and septa of the heart. During 

development, mesenchymal tissue masses, called endocardial cushions form the main 

contribution to the valves and septa, arising by the process of an epithelial to 

mesenchymal transformation from the inner endocardium, under the influence of the 

outer myocardium. Cell death has been shown to be an intrinsic part o f the normal 

development o f the endocardial cushions.

Programmed cell death, or apoptosis, is a distinct mode of cell death, 

characterized by specific morphological and biochemical features, that results in the 

demise of the cell without the incurrence of an immune response. This type of cell death 

is known to be involved in many developmental and physiological processes, with 

deregulation o f this process implicated in many diseases. The regulation of apoptosis 

involves intricate signaling systems, with a number of different regulators involved. The 

main family o f regulators of the apoptotic pathway is the bcl-2 family o f molecules,

7
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which act in an either pro- or anti-apoptotic manner, to influence downstream signaling 

mechanisms. The apoptotic pathway results in the activation of a downstream family of 

cysteine protease enzymes called caspases. These enzymes, when activated, cleave 

distinct sub-cellular targets that result in the organized destruction of the cell.

The work of Pexieder (1975) has stood as an authority on programmed cell death 

in the developing heart. Previously, cell death has been shown to have a widespread 

distribution throughout the early remodeling stages, in a number of species, with the 

highest incidence occurring in the endocardial cushions. The recent surge of interest in 

apoptosis has led to the development of a number of techniques specific for this mode of 

cell death, and a better understanding of the mechanisms involved.

The objective of the work presented here was to provide a better understanding of 

the significance of cell death in the developing heart. A reassessment of the distribution 

of cell death in early heart development was made using techniques specific for 

apoptosis. Attempts were made to understand the regulatory processes involved in this 

cell death, concentrating on the expression and distribution of members of the bcl-2 

family of regulators and the caspase family of enzymes, using in vivo and in vitro studies. 

The involvement of the bone morphogenetic family of growth factors as stimulators of 

apoptosis was also investigated, by overexpression o f BMP receptors. Finally, attempts 

were made to disrupt the normal patterns of cell death, to investigate the roles played by 

this process in cushion morphogenesis. An understanding of the normal occurrence and 

regulation of cell death in the endocardial cushions is essential to the understanding of 

heart development, and will hopefully contribute to a better understanding of the 

underlying causes of congenital heart defects.

3
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Chapter 2 

LITERATURE REVIEW
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H E A R T  D E V E L O P M E N T

The heart is the first functional organ to develop during embryogenesis 

(Romanoff, 1960; Olson and Srivastava, 1996). It undergoes a complex series of 

morphogenetic changes in attaining the adult structure with four chambers, capable of 

maintaining two circulatory systems. Heart formation begins with induction and 

clustering of cardiogenic cells, forming a heart tube, which is remodeled by looping and 

septation to achieve the adult structure with two atria and two ventricles, inflow veins and 

outflow arteries.

Heart Induction

In chick development, prior to Hamburger and Hamilton (HH) stage 3, pre

cardiac cells are found in the area of the epiblast, lateral to the midportion of the 

primitive streak (PS; Rosenquist and DeHaan, 1966. During gastrulation, as they involute 

through the PS, the prospective mesodermal cells become committed to become 

prospective myocardial cells, under the influence of signals, such as bone morphogenetic 

protein (BMP)-2. from the anterior endoderm (Schultheiss et al, 1995; Fishman and 

Chien, 1997; Schultheiss and Lassar, 1997). However, some reports suggest that even 

prior to gastrulation, a hypoblast-derived signal, such as activin may induce cardiac 

myogenesis (Yatskievych et al, 1997). The cardiac precursors are found in a broad zone 

of the PS, but are absent from the most anterior and posterior regions. At the 3-4 somite 

stage (HH stage 6), the pre-cardiac cells condense in bi-lateral areas of splanchnic 

mesoderm in the anterior embryonic pole; an area known as the heart-field (Schultheiss et 

al, 1995; Fishman and Chien, 1997). This region is defined by the expression of the

5
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earliest known marker of cardiogenic lineage, nkx-2.5 (Lints et al, 1993; Ehrman and 

Yutzey, 1999), a homeobox gene homologous to the Drosophila tinman gene which is 

necessary for cardiac specification. However, recent findings have suggested the presence 

of an extra anterior heart-forming field of mesoderm, anterior to the initial heart tube, 

which contributes to the development of the outflow region of the heart (Mjaadvedt et al, 

2001 ).

During formation of the head fold and anterior intestinal portal, the cardiac 

precursors are brought together passively by the movements of the developing foregut. 

The cardiac precursors, consisting of premyocardial cells and presumptive endocardial 

cells, then fuse in the embryonic midline, under the foregut, and form the primitive 

tubular heart by HH stage 10 (Icardo, 1996; Schultheiss and Lassar, 1999). An essential 

role in heart tube formation has been shown for the GATA family of transcription factors, 

with GATA4-deficient embryos failing to form a functioning heart tube (Kuo et al, 1997; 

Molkentin at al, 1997). The simple tubular heart consists of two epithelial layers: the 

inner endocardium and the outer myocardium which together consist of three cell types: 

endocardial endothelia. ventricular myocytes and atrial myocytes (Mikawa, 1999). The 

area between the double layers of the tubular heart is occupied by an acellular 

extracellular matrix, called the cardiac jelly. Although it appears transparent under the 

light microscope, it is a complex basement membrane, consisting o f many different 

molecules, including, various glycosaminoglycans, collagen type I and IV, tenascin and 

fibronectin (Hurle et al, 1980; Little et al, 1989). Initially it was thought that the cardiac 

jelly contributed to cardiac looping through it ability to create an internal osmotic 

pressure (Nakamura and Manasek. 1981), but looping is now known to involve an axial
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signaling system, that includes the morphogens Sonic hedgehog and Nodal, a 

transforming growth factor-beta (TGFP) family member (Levin et al, 1995). The looping 

of the heart, with the cardiac jelly lining the heart also functions to maintain an 

anterograde blood flow, prior to valve formation.

Heart Looping

As fusion of the primitive tubular heart continues in a caudal direction, the heart 

tube bulges to the right in a loop around HH stage 10, initially bringing the tubular heart 

into U-shaped tube (Majumder and Overbeek, 1999). By the end of looping stage, the 

different regions of the heart can be clearly recognized (Figure 2-1). Blood flows in series 

through the venous inflow and the sinus venosus, into the primitive single chambered 

atrium. The through a constriction of the atrioventricular (AV) canal between the atrium 

and primitive left ventricle. Then into the presumptive right ventricle, and to the outflow 

tract of the heart, which is composed of a proximal conal region and a distal truncal 

region. Blood flow then continues from the outflow tract, to the aortic sac and aortic 

arches, before reaching the dorsal aorta (Romanoff, 1960). This process of looping is 

necessary to bring the primary segments of the heart tube, which are in a linear array, into 

proper alignment (Majumder and Overbeek, 1999). The conal septum is repositioned to 

overlie the future left and right ventricles, and the AV canal is aligned with the primitive 

right ventricle. This process also brings the inlet and outlet regions of the heart together, 

developing the inner curvature of the U-shaped heart (Mjaatvedt et al, 1999; Manner, 

2000).
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Figure 2-1. Schematic diagram of lateral views of heart formation during the 
first week of chick embryo development. 1. The primitive heart develops initially 
as a tubular structure, with slight demarcation of the regions. 2. The heart tube 
undergoes looping in the rightward direction at HH 10, bringing the different 
regions into correct alignment. 3. The sectional image shows the location of the OT 
and AV cushions during looping. 4. The U-shaped tube rotates such that the OT 
and the venous inflow regions come together, and the right and left chambers are 
formed. RV, right ventricle; LV, left ventricle 5. The sectional diagrams show the 
internal location of the central and lateral AVendocardial cushions.
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Although the regions of the heart are not morphologically distinguishable until 

after looping, they are genetically programmed from a much earlier stage. Each chamber 

possesses different contractile properties and patterns of gene expression (Christoffels et 

al, 2000; Srivastava and Olson, 2000). Chamber-specific isoforms o f the myosin light and 

heavy chain genes show restricted expression in the ventricles and atria prior to chamber 

demarcation, and are specified before looping (Yutzey and Bader, 1995). The future right 

and left ventricles in the mouse, have restricted expression of the basic helix-loop-helix 

(bHLH) transcription factors dHAND and eHAND respectively (Srivastava et al, 1997), 

and a ventricle-specific homeobox gene irx4 can activate ventricle-specific gene 

expression (Bao et al, 1999). The MEF-2 family of transcription factors has also been 

shown to be necessary for chamber formation, with null-mutations displaying weak atrial 

contractions and no future right ventricle (Lin et al, 1997). In the atrio-ventricular (AV) 

and OT regions, there is restricted expression of members of the TGFp family, including 

TGFp-1 and -2, and bone morphogenetic protein-4 (BMP4) (Eisenberg and Markwald, 

1995). In the endocardium and mesenchyme of the AV and OT endocardial cushions, 

there is restricted expression of the homeobox genes msx-l, msx-2 and mox-I (Eisenberg 

and Markwald, 1995). The T-box family of transcription factors (Tbx) (Bollag et al, 

1994) has also been shown to be involved in heart development. Tbx-2, -3 and -5  have all 

been shown to be present during different times o f chick cardiac development (Yamada 

et al, 2000), and are suggested to lie downstream of BMP signaling. The Tbx-5 gene 

displays asymmetric expression during heart looping (Bruneau et al, 1999) and has been 

implicated as one of the main factors in Holt-Oram syndrome, a developmental disease
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with many heart defects (Li et al, 1997). Knockout mice lacking Tbx5 also display 

cardiac defects characteristic of Holt-Oram syndrome (Bruneau et al, 2001).

Heart Septation (Figure 2-2)

After looping the heart undergoes a series of profound changes that remodels the 

simple tubular structure into the four-chambered organ. Internally, the single atrium and 

single ventricle are divided into their left and right sides by the growth of septa. The AV 

canal and the OT are divided by lateral outgrowth of proliferations of cells called 

endocardial cushions, which respectively separate the atrium from the ventricle and 

divide the single OT into two vessels. The septa and endocardial cushions meet 

internally, dividing the heart into four chambers. Externally, the inner curvature of the 

looped heart is removed and incorporated into the heart, with the result that the posterior 

wall of the OT and the anterior wall of the AV canal share a common wall (Webb et al, 

1998; Mjaatvedt et al. 1999)

The atrial septum forms from two different septa. The septum primum grows 

downward from the roof of the atrium, towards the developing AV cushions (Figure 2- 

2a). The opening between the two outgrowths is known as the foramen primum, before 

the septum meets and fuses with the cushions (Hay et al, 1984). However, a second 

opening, the foramen secundum develops cranially in the septum primum, to allow blood 

to pass from the right to the left atrium. To the right of this, a second septum develops as 

a myocardial flap that prevents back flow o f blood, by closing over the foramen 

secundum. This structure differs slightly in the chick embryo compared to the
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Figure 2-2. Planes of section of the developing heart, HH 27, showing the 
location of the endocardial cushions. Figures a-e show different levels through 
the developing heart, as seen in the cartoon on the left, (a) The interatrial septum 
(ias) is seen to separate the single atrium into its left and right sides, while the 
aortic arches (aa) are at the distal outlet end. (b) The condensed mesenchyme of the 
aorticopulmonary septum (aps) is seen to separate the outflow tract (ot). (c) The 
proliferations of outflow tract and atrioventricular cushions (otc; avc) are dearly 
seen, (d) The conal OT cushions (cotc) are seen to continue to the level of 
ventricular trabeculae (vt). (e) The interventricular septum (ivs) separates the left 
and right chambers o f the ventricle.
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mammalian heart, with only a single septum forming, that develops fenestrations 

throughout, to allow blood to flow through (Romanoff, 1960; Hay et al, 1984).

After looping, the single ventricle is divided into its left and right components, 

while developing a sponge-like trabecular appearance (Figure 2-2d). The trabeculae 

develop only in the ventricle, as ingrowths of the endocardium into the cardiac jelly, 

concurrently with increased proliferation in the compact myocardium, which gives the 

characteristic appearance of large intercellular spaces between the myocytes (Icardo and 

Femandez-Teran, 1987; Sedmera et al, 1997). The trabeculae function to allow 

oxygenated blood to diffuse through to the inner layers, a function that will be replaced 

with the development of the coronary vasculature, as well as functioning as contractile 

elements in the beating heart (Sedmera et al, 1997). The single primitive ventricle is 

divided into its left and right components by the growth and apposition of trabeculae, 

toward the developing AV cushions, forming the interventricular septum (IVS) (Figure 2- 

2e), and with the comcomitant increase in size of the left and right chambers (Hay et al, 

1984; Leatherbury and Waldo, 1995). The posterior horn of the IVS makes contact with 

the right side of the developing dorsal AV cushion, which is necessary for correct 

alignment of the left ventricle with the aorta (Icardo, 1996). The anterior hom remains 

separated until a later stage when it will fuse with the AV cushions.

The AV canal is divided by two outgrowths of endocardial cushions, which 

separate the single cavity into its left and right sides (Figure 2-2c). These initially grow 

from either side, forming the dorsal and ventral AV cushions (Hay and Low, 1972; de la 

Cruz et al, 1983). which grow, meet and fuse in the middle of the AV canal, forming the 

central mass of cushion tissue (Los and van Eijndthoven, 1973). The cushions also grow
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to line the adjacent myocardial layer, forming the lateral aspects of the cushions (Webb et 

al, 1998). Both the central mass and lateral cushions initially serve to separate the 

bloodflow into the two developing ventricular chambers, but will also contribute to the 

leaflets of the mitral and tricuspid valves (Wessels et al. 1995).

The outflow tract, or conotruncus, which at this stage appears as a single tube 

abutting the rest of the heart, is divided into two sections; the proximal region is known 

as the conus, or conal region, and the distal section, the truncal region (Bartelings and 

Gittenberger-de Groot, 1989). The OT is divided internally by the development of two 

spiraling masses of endocardial cushion tissue, called the conotruncal ridges, or the OT 

cushions (Figure 2-2c). The cushions meet in the middle of the OT and fuse, separating 

the single tube into the precursors of the aorta and pulmonary artery of the adult heart. 

The distal truncal cushions are fused by the downward movement of a condensed spur of 

mesenchymal tissue, known as the aortico-pulmonary septum (APS; Figure 2-2b). This is 

a neural crest-derived structure, that projects downward in two prongs into the truncal 

cushions (Kirby et al, 1983). As the condensed mesenchyme of the APS moves 

downward to the level of the semilunar valves, it fuses the truncal cushions together in 

the middle, forming the truncal septum. Continued fusion of the truncal cushions brings 

the conal cushions together, which subsequently fuse, forming the conal septum 

(Bartelings and Gittenberger-de Groot, 1989). The fused conal cushions meet at the top 

of the ventricular foramen, and continued growth brings the fused conal septum to the top 

of the IVS, effectively separating the left and right ventricles with the aorta and 

pulmonary artery respectively. The conal region becomes incorporated into the ventricles,
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while the truncal regions contribute to the main arteries (Hay et al, 1984; Bartelings and 

Gittenberger-de Groot, 1989).

Effectively, the development of the interatrial and interventricular septa, and the 

concurrent development of the AV and OT cushions divides the primitive heart form into 

a four chambered structure, being completed by approximately HH 34. Correct alignment 

and fusion of these structures is crucial to normal heart development, with the majority of 

congenital heart defects arising from impaired alignment.

E N D O C A R D IA L  C U S H IO N  G R O W T H

Along the AP axis of the developing heart tube, restricted swellings of the cardiac 

jelly develop in the AV and OT regions. The cardiac jelly is rich in hyaluronic acid and 

glycosaminoglycans, enabling it to become a highly hydrated matrix, and swell. In the 

AV canal, these swellings are restricted to the dorsal and ventral sides. Following the 

swelling, the areas are invaded by mesenchymal cells, beginning at approximately HH 

stage 16-17. The cells differentiate into the endocardial cushion cells. The cushion cells 

arise by the process of epithelial-mesenchymal transformation (EMT) from the inner 

layer of the heart tube, the endocardium (Bolender and Markwald, 1979; Fitzharris, 1981; 

Markwald et al 1996).

Much of the information on the biology of endocardial cushion growth has come 

from the use of an in vitro culture model. In culture, the transformation of endothelium to 

mesenchyme can be replicated in a 3-dimensional collagen gel (Bemanke and Markwald, 

1982). Tissue explants from the AV and OT regions of the heart are placed on a gel prior 

to the stage of in vivo transformation. The endothelial cells transform and migrate along
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the top, and into, the collagen gel. However, the EMT only occurs in tissue from the AV 

and OT regions and only in endocardial tissue from these areas that has the myocardium 

still attached. Ventricular myocardium will not undergo a similar transformation (Runyan 

and Markwald, 1983). This is similar to the events in vivo, in that only cushion tissue will 

develop in the AV and OT regions, but not in the ventricle, and the presence of the 

adjacent myocardium is necessary for transformation to occur.

Prior to cushion formation in vivo, particulates of 0.1 to 0.5pm in diameter have 

been shown to accumulate in the cardiac jelly of the AV and OT regions. These 

complexes have been called adherons (Markwald et al, 1990). They have been shown to 

be released by the myocardium and their components are known as ES (EDTA soluble) 

antigens, which include fibronectin, transferrin and a novel protein termed ES/130 

(Eisenberg and Markwald. 1995). Isolated adherons have been shown to induce EMT in 

culture explants of both the AV and OT endothelium (Krug et al, 1985).

The activated endocardial cells undergo a number o f characteristic changes, 

including, endothelial hypertrophy, loss of cell-cell contacts, lateral mobility, formation 

of migratory appendages, an increased expression of ECM molecules and invasion into 

the cardiac jelly (Markwald et al. 1977; Krug et al 1985; Boyer et al, 1999).

During EMT, there are changes in the cell-cell and cell-substrate adhesion of the 

endothelial cells. The expression of the cell-adhesion molecule N-CAM (neural cell 

adhesion molecule) ceases at the onset of EMT (Crossin and Hoffman, 1991). At present, 

there are no specific markers of transformed cushion mesencyhme. One cushion specific 

antigen, JB3 (Wunsch et al, 1994) has since been shown to be the extracellular matrix 

molecule fibrillin-2 (Rongish et al, 1998). Several ECM molecules have been show to be
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associated with the EMT of the endocardial cells in cushion formation, including laminin, 

fibronectin, vitronectin, fibulin-1 and fibuIin-2 (Loeber and Runyan, 1990; Spence et al, 

1992; Zhang et al, 1995; Tsuda et al, 2001), and the homeodomain transcription factor 

msx-1 has also been shown to be associated with the transforming endothelial and 

mesenchymal cells (Chan-Thomas et al, 1993).

Transforming Growth Factor-P family

The regulatory factors involved in the process of cushion formation is an area of 

much investigation, with numerous studies indicating that the TGFp family of signaling 

molecules is involved in the EMT. During mouse cardiogenesis,TGFpi mRNA is seen in 

the endocardial layer of the heart tube, but becomes restricted to AV and OT endothelial 

cells that undergo EMT, with expression continuing in the endothelia of the heart valves 

(Akhurst et al, 1990). During cushion tissue formation, TGFP2 is regionally restricted to 

the AV and OT myocardium, and TGFP3 is not seen until the cushion tissue has formed 

(Milan et al, 1991; Dickson et al, 1993). In the chick, TGFP2 mRNA is expressed in the 

endocardium and myocardium prior to and after EMT (Boyer et al, 1999). Also in the 

chick, TGFp3 mRNA has been shown to be expressed in the endocardium and 

myocardium in the AV and OT regions at the onset of EMT, and in the cushion 

mesenchyme during migration (Nakajima et al, 1998; Yamagishi et al, 1999a). Using the 

cushion culture model, it has been shown that neutralizing antibodies to TGFP2 and P3 

inhibit mesenchymal formation (Ramsdell and Markwald, 1997; Boyer et al, 1999), while 

TGFP2 and p3 protein can initiate changes characteristic of EMT in chick endocardial 

cultures (Nakajima et al, 1998; Boyer et al, 1999). Antisense oligonucleotides to TGFP3
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have been shown to inhibit EMT in the cushion culture model (Potts et al, 1991). Thus, 

there appear to be many similarities and some minor differences in TGFp expression 

patterns between the chick and mouse heart development (Akhurst et al, 1994; 

Yamagishi et al, 1999a), with TGFP I and 2 mRNA being predominant in the mouse 

heart, and TGFP2 and 3 in the chick (Boyer et al, 1999).

One member of the TGFP superfamily of growth factors is the bone 

morphogenetic subfamily of dimeric peptides. Over 20 different BMP’s have been 

identified in many species (Hogan, 1996). BMP’s are expressed at many sites during 

embryogenesis, and often at sites of EMT (Zhang and Bradley, 1996; Nakajima et al, 

2000). BMP’s may also exhibit differences in expression patterns between the chick and 

mouse embryos (Dudley and Roertson, 1997; Abdelwahid et al, 2001b). Bone 

morphogenetic proteins are involved at many stages of heart development. They play a 

role in the induction stages in cardiac myogenesis (Schultheiss et al, 1997), and at later 

stages, there is evidence that they also play roles in endocardial cushion development 

(Nakajima et al, 2000), with most studies investigating mRNA expression.

During mouse cardiogenesis, BMP 2 mRNA is expressed in the myocardium of 

the AV and OT regions prior to and during endocardial cushion development (Lyons et 

al, 1990; Jones et al, 1991). Recent evidence suggests that BMP2 transcripts are also 

present in the mouse AV endocardial cushions, increasing in level with the differentiation 

of the cushions (Abdelwahid et al, 2001b). The message for BMP6 is expressed in the 

mesenchymal cushion tissue (Jones et al, 1991), while BMP3, -5 and -7  are all also 

expressed in the heart (Dudley and Robertson, 1997; Nakajima et al, 2000). In the chick, 

BMP2 mRNA has been shown in the myocardium adjacent to the cushion regions during
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EMT, but with no observed expression in the endocardial cushion tissues (Yamagishi et 

al, 1999b). In the rat, BMP2 mRNA expression has also been shown in the AV region 

(Ikeda et al, 1996). Functionally, BMP2 has been shown to act synergistically with 

TGFP3 during EMT in the chick heart (Yamagishi et al, 1998; 1999b) and has been 

suggested that BMP2 is one of the myocardially derived inductive signals for initiation of 

EMT (Nakajima et al, 2000), in combination with other signals.

The transcript for BMP4 has been detected in the myocardium of the AV and OT 

regions in the mouse heart (Jones et al, 1991), and in the atrium of the rat heart (Ikeda et 

al, 1996). Recent evidence also shows evidence of BMP4 message in the AV and OT 

cushions of the mouse heart (Abdelwahid et al, 2001b). Both BMP6 and BMP7 are 

expressed in the embryonic mouse heart, including the endocardial cushions, with double 

mutant BMP6; BMP7 mice exhibiting cardiac defects (Kim et al, 2001), while BMP10 

has restricted expression to the developing heart (Neuhaus et al, 1999).

Bone morphogenetic proteins, along with the TGFP family in general, exert their 

signalling effects through cell-surface receptors with serine/threonine kinase activity, 

which in tum phosphorylate members of a downstream family of intracellular proteins 

called Smads (Massague, 1996). The BMP ligand binds to a type II receptor, which 

activates one of three type I receptors, BMPR-1A, BMPR-IB or ActR-1 (Hogan, 1996; 

Massague and Weis-Garcia, 1996). To date, there has been little work on the expression 

or activity of the BMP receptors in the developing heart, but there is known expression of 

Smads 2,3,4 and 5 in the atrial and ventricular myocardium, and Smad 6 in the atrium 

(Flanders et al, 2001), with the Smad 6 knockout mouse displaying cardiac defects, in the 

AV and OT regions (Galvin et al, 2000). The distribution of the receptor subtypes in
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heart development is unknown, but it is now known that there are redundant functions 

between receptor subtypes (Yi et al, 2000). During cartilage formation and 

differentiation, there is evidence that BMPR-l A may regulate chondrocyte differentiation 

(Zou et al, 1997). Whereas BMPR-1B had previoulsy been implicated in the regulation of 

apoptosis of chondrocytes in the developing limb (Zou et al, 1997; Zhang et al, 2000), 

knockout mice for the BMPR1B receptor show an essential role for this receptor in 

proliferation of prechondrogenic cells of the limb (Yi et al, 2000), with the absence of 

signaling through this receptor resulting in increased apoptosis of the prechondrogenic 

mesenchyme only at later stages of limb development (Baur et al, 2000).

Knowledge of the BMP receptors function has been greatly aided by the 

development of retroviral vectors encoding constitutively-active (CA) or dominant- 

negative (DN) receptor variants (Varley et al, 1997). Infection of cells with one of these 

receptors respectively results in constitutive activation of the receptor signaling pathway, 

or inhibition of the endogenous signaling pathway, enabling assessment of phenotypic 

effects of the signaling pathways on the cell in the presence (DA) or absence (CA) of the 

protein.

Bone morphogenetic proteins have been shown to induce apoptosis in a number 

of cell types. Although the exact pathways are not completely understood, some 

interactions are becoming evident. Bone morphogenetic protein 4 has been shown to 

induce apoptosis and the expression o f the transcription factor Msx-2 and the cyclin- 

dependent kinase inhibitor p21, simultaneously with apoptosis in sympathetic neurons 

(Gomes and Kessler, 2001). Bone morphogenetic protein 2 has been shown to increase 

the expression o f the anti-apoptotic Bc1-Xl, and the activity o f caspases-3, -6, -7 and -9
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(Hay et al, 2001; Izumi et al, 2001) through both Smad-dependent and -independent 

pathways. Bone morphogenetic protein 2 also has been shown to induce apoptosis 

through activation of TGF(3-activated kinase and subsequent phosphorylation of p38 

stress activated protein kinase (Kimura et al, 2000).

Valve Development

The endocardial cushions of the heart function initially to separate the bloodflow 

in the AV canal and in the OT. However, they also provide the framework for the valves 

and septa of the mature heart. The AV cushions contribute to the mitral and tricuspid 

valves (sometimes called the AV-valves) (Chin et al, 1992), as well as the IVS. The OT 

cushions ultimately contribute to the semilunar valves of the pulmonary artery and aorta, 

as well as the muscular outlet septum separating the pulmonary artery and the aorta, and 

in part to the IVS. Proper development and alignment of the endocardial cushions is 

critical for normal septation of the heart. Less is known about the later stages of 

endocardial cushion development, than is known about their formation. In the mature 

heart, the valves and septa are composed of myocytes and fibrous connective tissue, that 

have replaced the cushion mesenchyme . It is known that a number of steps are involved 

in this process. The cushion mesenchyme has been shown to differentiate into the fibrous 

connective tissue of the valves and septa (Lamers et al, 1995). However, the cushion 

mesenchyme is also invaded by myocardial cells from the adjacent myocardium, in a 

process called myocardialiszation, which occurs in the OT between HH stages 28-38 (van 

den Hoff et al, 1999), and is probably under the control of the cushion mesenchyme. 

Conditioned medium from the non-myocardial cushion regions was shown to promote
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myocyte migration using a culture model (van den Hoff et al, 1999). It has been 

suggested that the endocardial cushion and myocardial cells contribute equally to valve 

formation, at least in the mitral and tricuspid valves, as to the membraneous 

atrioventricular and ventricular septa (Lamers et al, 1995; Wessels et al, 1996). The 

transcription factor NF-ATc has been shown to be essential for cardiac valve formation, 

with null mutants lacking the semilunar valves of the OT, resulting in the embryos dying 

in utero (de la Pompa et al, 1998; Ranger et al, 1998)

N E U R A L  C R E S T

The heart receives a number of populations of extracardiac cells, including the 

epicardial cells, which ultimately contribute to the coronary vasculature, and neural crest 

cells, which contribute to the septation of the heart and to the cardiac ganglia (Kirby, 

1999; Jiang et al, 2000). The neural crest is a population of cells that arises in the dorsal 

region of the neural tube, forming at all axial levels of the embryo. Neural crest cells 

contribute to a variety of ectodermal and mesodermal cell types, including cells of the 

sympathetic and parasympathetic nervous systems, the adrenergic cells of the adrenal 

medulla, melanocytes, skeletal and connective tissue components of the head and the 

aortic arches and OT of the heart. The neural crest can be divided into four main 

domains; the cephalic, the trunk, the vagal/sacral, and the cardiac neural crest. The fate of 

some individual neural crest cells is determined prior to migration from the neural tube, 

while that of others depends on their final site of migration (Kirby, 1999). However, 

when the cardiac population of neural crest cells is replaced with other crest-derived
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cells, heart defects are seen, suggesting that cardiac neural crest cells are committed prior 

to migration (Kirby, 1989).

The cardiac neural crest cells, emanating from the hindbrain region at the level of 

rhombomeres 6, 7 and 8 (midotic placode to somite 3), migrate to the three caudal 

phamygeal arches (Kirby, 1997). The aortic arches develop in the pharyngeal arch 

region, and the cardiac population of neural crest cells supports their development and 

maintainence, along with development of the thymus and parathyroid glands derived 

from this region (Kirby and Waldo, 1995). The derivatives of aortic arches 3, 4 and 6 are 

the arch of the aorta, the common carotid and subclavian arteries and the ductus 

arteriosus, with the neural crest-derived cells ultimately contributing to the smooth 

muscle cells of the tunica media of these arteries (Le Lievre and Le Dourain, 1975; Kirby 

and Waldo, 1990). A sub-population of neural crest cells continues its migration from 

the pharyngeal arches into the outflow tract o f the heart, forming the aorticopulmonary 

septum of the OT (Figure 2-2 b) (Kirby et al, 1983). The ingrowth of this mesenchymal 

septum ruses the truncal cushions o f the OT. The APS projects into the truncal cushions 

in two prongs or columns, to the level of the semilunar valves. Some neural crest cells 

then continue past the level o f the valves, and by way of sub-endocardial migration, reach 

the proximal conal cushions and the site of closure of the interventricular septum (Waldo 

et al, 1998).

Much of the understanding of the contribution of cardiac neural crest to heart 

development has come from ablation studies, where the premigratory neural crest 

population of cells is eliminated, or from chimeric studies using transplanted quail neural 

crest tissue in chick embryos. Deletion of the cardiac neural crest results in a range of
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Cardiac Inflow Defects: Cardiac Outflow Defects:

Double inlet left ventricle. Persistent truncus arteriosus.
Tricuspid atresia, Tetralogy of Fallot

Straddling tricuspid valve Double outlet right ventricle

t t
Neural Crest Ablation

i l
Aortic Arch Defects: Veins:

Interruption of the aorta. Normal
Double aortic arch.

Carotid artery defects

Figure 2-3. Cardiac defects resulting from varying degrees of cardiac 
neural crest ablation (Adapted from Kirby, 1999).
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heart defects, dependant on the completeness of ablation. However, all have been shown 

to affect the development of the outflow septum of the heart and the patterning of the 

great arteries (Kirby, 1999), and are referred to as the neural crest ablation model of 

defective heart development (Creazzo et al, 1998). The most common heart defect 

associated with neural crest ablation is persistent truncus arteriosus (PTA), which occurs 

when a threshold level of neural crest cells fails to reach the OT and divide the single 

vessel into the aorta and pulmonary artery (Creazzo et al, 1998). Other common defects 

include double-outlet right ventricle, ventricular septal defect, overriding aorta and 

Tetralogy of Fallot (Kirby, 1999). The better-characterised anomalies resulting from 

neural crest ablation are summarized in figure 2-3.

CONGENITAL HE ART DEFECTS

Congenital defects of the heart are of relatively high incidence, occurring in 

almost one percent of live births and ten percent of still births (Ya et al. 1997). 

Anomalies of the septa and valves occur in the majority of heart defects, with ventricular 

septal defects being the most common (Todd et al, 1994). Ventricular septal defects 

occur when incorrect fusion of the interventricular septum occurs with the conal cushions 

of the OT and the AV endocardial cushions. This defect results in the incorrect 

communication between the two ventricles. Endocardial cushion defects constitute a 

large percentage of congenital heart defects. They usually include an atrial septal defect, 

in which correct alignment and closure of the interatrial septum fails, and fusion with the 

AV cushion is incomplete. Endocardial cushion defects may also contain a ventricular
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septal defect. Deformities of the mitral and tricuspid valves also occur with impaired 

cushion development (Todd et al, 1994).

The early stages o f formation and transformation during cushion morphogenesis 

can also be affected by retinoic acid (RA). Quail embryos deficient in RA develop 

cardiac defects, including cardia bifida and underdeveloped endocardial layers (Heine et 

al, 1985), while mice embryo cushion explants have reduced EMT following treatment 

with RA (Nakajima et al, 1996). Mice deficient for the RA receptor RXRa also display a 

variety of defects in OT cushion morphogenesis (Gruber et al, 1996). Retinoic acid also 

plays a role in the contribution of neural crest to OT septation, with RA deficiency 

resulting in a spectrum of defects of the derivitives of NC, in the aortic arches and OT 

(Kubalak and Sucov,l999).

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APOPTOSIS

Apoptosis is a specific mode of cell death, distinct from necrosis, which is 

characterized by specific morphological and biochemical features (Kerr et al, 1972; 

Majno and Joris, 1995; Allen et al, 1997). Originally described by Kerr et al, (1972) with 

reference to physiological and pathological situations, this type of cell death is now 

known to be crucial to many processes, including normal embryonic development 

(Sanders and Wride, 1995; Jacobson et al, 1997), the immune system (Krammer, 2000), 

and in homeostatic physiology (Renehan et al, 2001). Deregulated apoptosis is also 

known to contribute to, or cause, pathological damage, including developmental defects 

(James, 1997), cancer (Parton et al, 2001; White and McCubrey. 2001), 

neurodegenerative disease (Mattson, 2000; Mattson et al, 2001), and autoimmune disease 

(Lorenz et al, 2000; Eguchi. 2001). and has also been shown to occur after trauma in 

many situations, such as cardiovascular (Kang and Izumo, 2000) or central nervous 

system damage (Barinaga. 1988).

Morphological features of apoptosis

Apoptosis as a distinct mode of programmed cell death (PCD), is defined by 

typical morphological and biochemical features that occur in an orderly sequence, and 

differ significantly from those occurring during necrosis (Wyllie et al, 1980a; Allen et al, 

1997; Lincz, 1998). Some of the characteristic features of necrosis include swelling of the 

cytoplasm. ER and mitochondria, random chromatin dispersal and DNA fragmentation, 

rupture and lysis of the cell membrane, and an inflammatory response by the surrounding 

tissue (Walker et al, 1988; Allen et al, 1997). During apoptosis, the earliest observable

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



event, as seen ultrastructurally, is the condensation o f the chromatin to form dense 

masses at the edge of the nuclear envelope. The nucleolar chromatin also forms 

osmiophilic aggregates in the nucleus (Wyllie et al, 1981). At the same time as nuclear 

condensation, cell shrinkage is seen, which results in loss of cell-cell contact (Kerr, 

1971). At this stage, the cell now appears smaller, with a pyknotic nucleus. Then, 

blebbing o f the cell membrane occurs, with convolutions forming in the nuclear and 

plasma membranes, and the blebs detach from the cell (Kerr et al, 1972; Walker et al, 

1988). Subsequently, the nucleus breaks into discrete fragments that are enclosed in a 

double-layered nuclear envelope. These fragments are found within larger cytoplasmic 

blebs, and are called apoptotic bodies (Kerr et al, 1972; Allen et al, 1997). These bodies 

are spherical or oval in shape and vary considerably in size, contain intact closely packed 

organelles, and only remain visible in tissues for a few hours (Wyllie et al, 1980b; 

Walker et al, 1988). These apoptotic bodies are phagocytosed rapidly by macrophages or 

neighbouring cells, yet the organelles remain intact within them (Kerr et al, 1972). The 

engulfrnent of the apoptotic bodies occurs without an inflammatory response, which is 

another hallmark of apoptosis. Apoptotic cells in culture undergo what is called 

secondary necrosis, where the apoptotic bodies disintegrate and burst.

Biochemical features of apoptosis

Cells undergoing apoptosis can display a number o f cell-surface markers, with the 

extemalization of phosphatidylserine being the best known (Saville and Fadok, 2000). 

Phosphatidylserine (PTS) is normally found on the inner surface of the plasma membrane 

but is flipped to the outside early in the apoptotic cycle (Allen et al, 1997). Its
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translocation plays a role in the recognition of the dead cell by macrophages. (Fadok et 

al, 1992). Phosphatidylserine extemalization is probably mediated by interactions 

between translocase and scramblase enzymes, normally involved in maintaining cell 

integrity (Fadok et al, 1998), which can be inhibited by apoptosis inhibitors, e.g. bcl-2, 

and provides a mechanism for identifying early stage apoptotic cells. Annexin-V, a 

calcium-dependent phospholipid-binding protein with a high affinity for PTS, binds to 

PTS on the external surface of the cell, and can therefore be used as a marker for dying 

cells (Vermes et al, 1995).

One of the earliest biochemical changes is fragmentation of the nuclear DNA, by 

Ca:* dependent endonucleases (Wyllie, 1980; Walker and Sikorska, 1997), which 

probably starts at the sites of DNA attachment to the nuclear matrix. There is an initial 

cleavage of DNA into large fragments of ~300kbp and ~-50kbp, usually followed by 

cleavage of the DNA into oligonucleosomal fragments o f -180 - 200bp (Walker and 

Sikorska, 1997). It is these smaller fragments that give the characteristic ladder-pattem 

when apoptotic DNA is run on an agarose gel. It is also this intemucleosomal 

fragmentation that is utilized in one of the key techniques for recognizing apoptosis, i.e. 

TUNEL (terminal deoxynucleotide transferase mediated dUTP-biotin nick-end labeling), 

which labels the fragmenting DNA. The TUNEL technique uses the enzyme terminal 

deoxynucleotide transferase (Tdt) to add labeled deoxynucleotide triphosphates (dUTP) 

to the free 3' OH ends of single- or double- stranded DNA generated during apoptotic 

cleavage (Gavrieli et al, 1992). However, because of the rapid uptake and elimination of 

apoptotic cells, in vivo staining of sections can underestimate the total number of dying
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cells (Kerr et al, 1972). During the apoptotic process, mitochondrial DNA does not 

appear to be cleaved.

APOPTOSIS IN DEVELOPMENT

It has long been known that cell death is an important aspect o f animal development 

(Glucksmann. 1951; Saunders, 1966; Clarke and Clarke, 1996; Hirata and Hall, 2000). 

However, even with the seminal paper from Kerr et al, (1972) outlining the process of 

apoptosis in homeostasis, pathology and development, it was much longer before the 

significance of cell death in development was examined in detail (Clarke, 1990; Sanders 

and Wride, 1995; Vaux and Korsmeyer, 1999; Ranganath and Nagashree, 2001). 

Programmed cell death is now known to have many different functions in development, 

in different areas of the embryo. Some general roles and function may be assigned to 

developmental cell death, which basically involve removal of cells to achieve specific 

functions. These include the sculpting and shaping of structures, removing structures that 

are not needed, and the regulation of cell numbers (Jacobson et al, 1997; Meier et al,

2000).

In sculpting structures, the removal of the cells in the developing limb are 

probably the best characterized. The limbs initially develop as paddle-shaped outgrowths, 

in which interdigital spaces are subsequently sculpted out by massive cell death in 

regions called the interdigital necrotic zones (INZs) and the anterior and posterior 

necrotic zones (ANZ/PNZ). This cell death is responsible for forming the individual 

digits and limb shape (Garcia-Martinez et al, 1993; Tone et al, 1994). Cell death is also 

important for fusion or invagination of epithelia during development, as in the neural tube

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and palate (Jacobson et al, 1997, Weil et al, 1997; Martinez-Alvarez et al, 2000). During 

development, apoptosis is also involved in the removal of vestigial structures that were 

needed by an ancestral species, and structures required at one stage of development but 

not later. Examples of this include the pronephric tubules, which are eliminated in 

mammals, but not in fish and amphibia (Ellis and Youson, 1990), and the tail bud in 

Xenopus, in which the tail is removed by apoptosis at metamorphosis (Sachs et al, 1997). 

The vertebrate nervous system is one of the best examples where cell numbers are 

regulated by apoptosis (Nijhawan et al, 2000). Between 15 and 85% of the initial number 

of neurons that are initially produced are removed by PCD, (Oppenheim, 1991), 

matching the final number of cells to the total number of target sites available. Also, 

during development certain cells undergo an apoptotic-like event in achieving a 

terminally differentiated state. Examples include the lens epithelia, where the cell does 

not die, but apoptotic-like events remove the cell organelles and the cell persists in a 

differentiated state (Wride et al, 1999), and skin keratinocytes (Jacobson et al, 1997), 

where the cell does die, but remains as a squame on the outer layer. Along with these 

examples, there are also many examples of developmental cell death where the exact role 

is not known. Cell death during heart development can be included here, with many 

regions of cell death observed, but with little agreement on a precise role, as is discussed 

below (Pexieder, 1975; Fisher et al, 2000).

Much o f developmental cell death is controlled by external signals (Raff, 1992). 

This may entail the removal o f an external signal triggering the cells to die, or the 

presence of an external signal inducing apoptosis. In the developing nervous system, the 

cells normally require survival signals, in the form trophic factors that are derived from
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the potential target of the cell. Failure to make contact with the target or with the trophic 

factor, through competition with other cells, induces apoptosis (Barde, 1989; Oppenheim, 

1991). In certain other situations, contact with the cell matix is necessary to provide 

external signaling to the cell. This is probably mediated via integrin signaling, and 

removal of this results in an apoptotic event termed anoikis, as seen in many cell types, 

including fibroblasts and epithelia (Frisch and Ruoslahti, 1997; Frisch and Screaton,

2001). In many cases, the cell receives an external signal that induces the cell to enter the 

apoptotic pathway. In the developing limb mesenchyme, apoptosis is mediated by 

interactions between the BMP’s and fibroblast growth factor-4 (FGF4; Yokouchi et al, 

1996; Zou and Niswander, 1996; Montero et al, 2001). In the developing 

rhombencephalon. BMP4 induces apoptosis in neural crest cells (Graham et al, 1994).

Much of our understanding of apoptosis has come from genetic studies in 

developing Caenorhabditis elegans (Horvitz, 1999). During development of this 

nematode, of the total 1090 somatic cells, 131 of these die, leaving the adult comprised of 

959 cells. Genetic analysis of mutants that are defective in the death of these 131 cells 

has lead to the discovery of specific genes involved in the regulation and execution of 

apoptosis (Ellis and Horvitz, 1986). Four of these genes are necessary for the removal of 

cells, egl-I, ced-3, ced-4 and ced-9. Loss of function of egl-1, ced-3 or ced-4 results in 

survival of the 131 cells, implicating these genes in cell death induction, whereas loss of 

ced-9 results in death of the animal dues to excess cell death, implicating this gene as a 

suppressor of cell death. It was the analysis of these genes that lead to the discovery of 

the homologous mammalian counterparts, and discovery o f the complex apoptosis 

pathways (Yuan and Horvitz, 1992; Horvitz, 1999; Hengartner, 2000).
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Ced-3 encodes a protease homologous to members of the caspase family of 

enzymes in vertebrates (Yuan et al, 1993). Ced-4 is an adaptor protein, which activates 

ced-3 protease activity, and is now known to be homologous to vertebrate apaf-1 

(apoptotic protease activating factor), an adaptor protein involved in regulation of 

mitochondrial-activated apoptosis (Yuan and Horvitz, 1992; Zou et al, 1997). Ced-9, the 

death repressor gene, is homologous to the vertebrate bcl-2 family, and can bind ced-4, 

thus inhibiting activation of the death pathway (Hengartner and Horvitz, 1992). Egl-1 can 

displace ced-9 from ced-4, thereby unmasking the inhibition, and allowing the protease 

activity of ced-3 to occur (Conradt and Horvitz, 1998). The vertebrate homologues of 

egl-1 are the BH3 proapoptotic members of the bcl-2 family.

Apoptosis in heart development

Interest in apoptosis in heart development has dramatically increased in recent 

years (Fisher et al, 2000; Poelmann et al, 2000; van den Hoff et al, 2000). Much of this 

recent work has concentrated on the distribution and occurrence of apoptotic cells, with a 

reassessment of the detailed work o f Pexieder (1975), using more modem techniques.

In his exhaustive study on the subject, Pexieder identified 31 different foci of cell 

death in the developing chick heart, between ED4-8 (Pexieder, 1972; 1975), with the 

highest incidence occurring at ED4 in the bulbar cushions. This work was performed 

mostly using vital dyes such as nile blue sulphate, and cell morphology assessment at the 

light and electron microscope level as indicators of cell death. This work also compared 

the levels and incidences of cell death in other species, with the human embryonic heart 

having 16 foci and the rat heart having 21 at corresponding periods of development. The
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foci o f cell death common to each species include the AV cushions, the OT cushions, the 

walls o f the aorta and pulmonary aorta, the semilunar valves and the interventricular 

septum (Pexieder, 1975).

With the advent of more specific methods for assessing cell death, such as 

TUNEL labeling (Gavrieli et al, 1992), and an understanding of the factors involved in 

the regulation of apoptosis, the application of these techniques to heart development seem 

to be pointing to a more localized distribution of dying cells than previously thought, 

with a smaller number of main foci of cell death (Fisher et al, 2000; Poelmann et al,

2000). Most o f the recent work has used the chick embryo, with some correlative studies 

in the mouse and rat. In the chick heart, atrial and ventricular tissues seem to have little 

documented cell death in early development. In the OT, apoptotic cells have been shown 

in the prongs of the AP septum below semi-lunar valve level, and scattered throughout 

the OT cushions (Poelmann et al, 1998). Levels of apoptosis were highest around HH27- 

31 (ED5-6) and some of these cells were shown by retroviral and TUNEL labeling to be 

derived from a subpopulation of cardiac neural crest cells. Another subpopulation of 

cardiac neural crest cells, that enters the heart via the venous pole and targets the 

prospective cardiac conduction system and the AV cushions, has also been shown to 

undergo apoptosis on reaching these sites at approximately HH 31 (Poelmann and 

Gittenberger-de Groot, 1999), as seen by retroviral and TUNEL labeling. In the muscle 

wall of the OT, myocytes have been shown to be eliminated by apoptosis in large 

numbers between ED4-8 (Watanabe et al, 1998), as seen with concomitant adenoviral 

and TUNEL labeling, with peak numbers o f dying cells seen around ED 6  (HH stage 31). 

A large number of dying cells are also reportedly seen in the superior aspect of the
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interventricular septum, at the site of its fusion with the atrial septum and OT septum 

(Fisher et al, 2000; van den Hoff et al, 2000). This area includes the sites of formation of 

the AV node, the bundle of His and the left and right bundle branches. It is worth noting 

here also, that this site is also the final destination of some of the cardiac neural crest 

cells. Cell death is also seen between HH 29-35 in the coronary artery orifices o f the 

chick heart (Velkey and Bemanke, 2001).

Apoptotic cells have also been described in the embryonic mouse heart. In the 

ventricle of the heart, dying cells have been shown between ED 11-16, with greater 

number of dying cells in the compact myocardial regions as opposed to the less-dense 

trabeculae (Abdelwahid et al, 1999), but at very low levels. Some evidence has been 

shown for apoptosis in the endocardial cushions of the mouse heart, but at lower levels 

and with a more restricted distribution than in the chick (Abdelwahid et al, 2001a; 

2001b). In the mouse, apoptotic cells were not seen in areas that were positive for PCNA, 

which may differ from the findings in the chick. In the embryonic rat heart, some dying 

cells were seen in the OT during ED 14-16, which corresponds to the equivalent time that 

apoptosis is seen in the chick OT. However, the total number of dying cells was again 

much lower than that seen in the chick (Takeda et al, 1996).

MECHANISMS OF APOPTOSIS

Most of the morphological changes seen in apoptosis are brought about by a 

family of cysteine proteases called caspases (cysteine aspartic acid specific proteases 

(Alnemri et al, 1996; Martins and Eamshaw, 1997; Eamshaw et al, 1999), that are 

activated in apoptotic cells. These enzymes are highly conserved throughout evolution
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(Hengartner, 2000), with at least 14 members of the caspase family having been found in 

vertebrate cells at the time of writing (Wang and Lenardo, 2000). Caspases are 

constitutively present in most cells (Weil et al, 1996), residing in the cytosol as an 

inactive single chain proenzyme (Green, 1998). Caspases are among the most specific of 

proteases with a requirement for cleavage at an aspartic acid residue. The diversity in 

their biological functions is the result of significant differences in the preferred 

tetrapeptide recognition motifs, as well as a necessity for the correct tertiary structural 

elements being present (Thomberry and Lazebnik, 1998). Caspases function as both 

proapoptotic initiators, at the start o f the apoptotic signaling pathway and as effectors of 

cell disassembly. Caspases belong to one of two categories, pro-inflammatory or 

cytokine-maturing caspases and pro-apoptotic caspases. Caspases -1 and -11 belong to 

the first group and the others belong to the second group (Wang and Lenardo, 2000).

C aspase activation

All caspases are expressed as proenzymes, with 3 domains - an NH2-terminal 

prodomain, a large subunit (~20kDa) and a small subunit (~10kDa) (Thomberry and 

Lazebnik, 1998). Caspases may have either long or short prodomains (Villa et al, 1997). 

Those with long prodomains, such as caspases -8 , -10, -1, -2, -4, -9, are believed to be 

upstream initiator caspases, while those with short prodomains, such as -3, -6 , -7, are 

activated predominantly through the action of other proteases (Wang and Lenardo, 2000). 

Caspases may be activated by proteolytic cleavage at two sites: one between the large and 

small subunits and another by the enzyme itself to remove its own prodomain. There are 

a number o f possible mechanisms of caspase activation. The induced proximity model of
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activation entails ligand binding to death receptors e.g. CD95, which results in 

aggregation of the receptor, and signaling which recruits several procaspase 8 molecules. 

This high local concentration of the zymogen possesses intrinsic protease activity of 

procaspase 8 , sufficient to allow autoprocessing to the active protease (Muzio et al, 1998; 

Salvesen and Dixit, 1999). Most caspase activation occurs as result o f proteolytic 

cleavage. However, all these cleavage sites are at caspase recognition sites, resulting in 

auotcatalytic activation, which results in a caspase cascade activation of the key 

downstream caspases -3, -6  and -7 (Thomberry et al, 1997). Activation may also be the 

result of association of the procaspase with a regulatory subunit. This scenario applies to 

the upstream caspase 9, which requires association with the protein co-factors, apaf-1, 

cytochrome c and dATP, resulting in the formation of an apoptosome (Zou et al, 1999; 

Hengartner, 2000).

Caspase activation by cell surface receptors

The death receptor pathway is used by cytotoxic T lymphocytes to activate the 

death pathway in infected cells (Figure 2-4A; Krammer, 2000). Currently, there are six 

cell surface receptors known to transduce death signals (Daniel et al, 2001). These 

receptors are members of the tumour necrosis factor / nerve growth factor (TNF / NGF) 

receptor superfamily (Wallach, 1997; Schmitz et al, 2000), including Fas/APO-l/CD95, 

TNF receptor-1 (TNFR1), TNF receptor-related apoptosis-mediating protein (TRAMP; 

DR3/Apo-3), the TNF-related apoptosis-inducing ligand (TRAIL) receptor (Muhlenbeck 

et al, 1998), and death-receptor-6  (DR6 ; Wallach, 1997; Budihardjo et al, 1999; Daniel et 

al, 2001). With ligand binding to the receptor, there are 3 distinct steps to apoptosis
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activation; the first is ligand-induced receptor trimerization, then the recruitment of 

intracellular receptor-associated proteins, and finally, the initiation of caspase activation. 

The transmembrane receptors contain a conserved protein-protein interaction sequence 

called the death domain (DD) in their cytoplasmic region (Budihardjo et al, 1999). 

Ligand binding induces trimerization of the receptor, which also results in recruitment of 

a number of DD-containing intracellular adapter molecules. These include, among others, 

FADD (Fas-associated protein with death domain; Yeh et al, 1998), TRADD (TNF- 

receptor associated death domain; Hsu et al, 1995), and RAIDD (Duan and Dixit, 1997), 

each of which the receptor binds through interaction with its own DD (Budihardjo et al,

1999). The ligand-bound death receptor, with its intracellular receptor associated proteins 

is called the DISC (death-inducing signaling complex). The N-terminus of FADD also 

contains a shared sequence called the death effector domain (DED), which binds the 

upstream procaspases (Wallach, 1997). These procaspases e.g. caspase - 8  and -10, 

contain two tandem repeats of the DED within their own prodomain (Budihardjo et al, 

1999; Hengartner, 2000). Interaction between the DED’s of the adaptor proteins and the 

upstream procaspses, results in caspase activation by induced proximity (Muzio et al, 

1996, 1998).

Caspase activation by mitochondria

The other upstream initiator caspases with long prodomains, including caspases -  

1. -2, -4 and -9 contain a caspase recruitment domain (CARD) within their prodomain 

(Wang and Lenardo. 2000). The DED and CARD share some sequence similarity, and 

their 3-dimensional structures are very similar (Chou et al, 1998). Apaf-1 is a l30kDa
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protein with 3 domains (Zou et al, 1997). Its N-terminus functions as a CARD, which 

binds caspases with a similar CARD (Hofmann et al, 1997). However, only caspase 9 is 

activated by apaf-l. During the apoptotic process, cytochrome c is released from the 

intermembrane space in the mitochondria (Figure 2-4B; Liu et al, 1996; Zou et al, 1999). 

In the presence of cytochrome c, apaf-l hydrolyses ATP/dATP to ADP and dADP, and in 

so doing, forms an apaf-l/cytochrome c complex, called an apoptosome, which is fully 

functional in recruiting and activating caspase 9 through autocatalysis (Zou et al, 1999). 

Active caspase 9 is then released to activate at least six downstream caspases (-2, -3, -6 , - 

7, -8  and -10) by proteolytic activation in a hierarchical cascade (Budihardjo et al, 1999; 

Slee et al, 1999). Only cytochrome c that has been assembled in the mitochondria, with 

an attached heme can activate apaf-l (Green, 1998). Cytochrome c is also referred to as 

apaf-2, the caspase 9 proenzyme is apaf-3. and the vertebrate homolog of ced-4 is apaf-l 

(Li et al. 1997; Kuida et al, 1998).

Caspase activity

Caspases contribute to the demise of the cell in a number of ways, involving both 

activation and inactivation of cellular proteins (Villa et al, 1997; Hengartner, 2000). One 

example of protein activation by a caspase results in one of the more recognizable 

features of apoptosis, the cleavage of DNA into nucleosomal fragments (Wyllie, 1980; 

Zhang and Xu, 2000). The activation of CAD/DFF (caspase activated deoxyribonuclease 

/ DNA fragmentation factor), the main enzyme responsible for DNA fragmentation 

during apoptosis by downstream caspases, occurs by cleavage of its inhibitory subunit 

ICAD/DFF45, and results in the release of the active nuclease (Liu et al, 1997; Enari et
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al, 1998; Tang and Kidd, 1998). DFF itself may not directly cleave the DNA, but instead 

it probably activates downstream Ca^/Mg2* endonucleases that reside in the nuclei, 

which result in intemucleosomal cleavage (Liu et al, 1997). Other acidic enzymes, 

activated by a decrease in intracellular pH may also be involved (Walker and Sikorska,

1997). Other proteins that are activated by caspases include the sterol regulatory binding 

proteins (SREBP’s) (Wang et al, 1996) and as mentioned, some of the caspases 

themselves. Also, the removal of inhibitory domains or subunits are also involved in gain 

of increased biological activity of cleaved ptoteins e.g. the truncation of pro-apoptotic bid 

(Li et al, 1998; Hengartner, 2000).

Caspase activity may also lead to inactivation of numerous vital cellular proteins by 

cleavage, such as DNA-dependent protein kinase (Song et al, 1996) and the 

retinoblastoma tumour suppressor protein. Caspases also cleave antiapoptotic bcl-2 

family members, resulting in their inactivation or possibly conversion to pro-apoptotic 

molecules (Cheng et al, 1997). Caspase enzymes also directly or indirectly disassemble 

cell structures by cleavage of structural proteins of the nucleus and cytoskeleton (Villa et 

al, 1997). Direct cleavage of the nuclear lamins results in chromatin condensation and 

nuclear budding (Orth et al, 1996; Takahashi et al, 1996). Indirect effects are mediated 

by cleaving and deregulating proteins involved in the maintenance of the cytoskeleton, 

such as gelsolin and poly (ADP-ribose) polymerase (PARP). Gelsolin is an actin- 

regulatory protein that may suppress apoptosis by acting upstream of the caspases, but 

cleavage of gelsolin results in constitutive activation of this protein that severs actin 

filaments, leading to apoptosis (Ohtsu et al, 1997; Kamada et al, 1998). PARP is among 

the first target proteins to be specifically cleaved during apoptosis, at a very early stage of
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apoptotic cell death (Kaufinann 1989; Tewari et al, 1995). PARP is an enzyme that aids 

in DNA repair. When the DNA of a cell is damaged, polymers of poly (ADP-ribose) are 

synthesized by PARP (Lindahl, 1995). These polymers function in reorganizing 

chromatin at the lesion site (Satoh and Lindahl, 1992). Cleavage of PARP is one of the 

hallmarks of apoptosis. PARP is normally present as a ll3kD a protein. But during 

apoptosis, it is cleaved into 89 and 24kDa fragments (Duriez and Shah, 1997). The 

89kDa fragment is a catalytic unit, whereas the 24kDa fragment is the DNA binding unit. 

The 24 kDa fragment may also block DNA repair at the strand breaks, as it has 2 zinc 

fingers that bind the DNA strand breaks. PARP cleavage has been shown to occur very 

early in the apoptotic cycle, at approximately 15-30 min. (Duriez and Shah, 1997). This is 

much earlier than DNA degradation or degradation of other proteins (Greidinger et al,

1997). Because of this, PARP cleavage is now used as a sensitive and relatively simple 

assay for apoptosis.

Genetic knockout studies on caspases

Knockouts of the different caspase enzymes do not result in a total suppression of 

apoptosis, but a cell- and tissue-specific or stimulus-dependent inhibition of apoptosis 

(Kuida et al. 1998). Both caspase-9 and caspase-3 knockout mice display severe defects 

in the CNS, and are bom at a lower frequency than normal. The caspase-9 knockout 

phenotype is more severe than the caspase-3 knockout, which suggests that it lies 

upstream o f other caspases (Wang and Lenardo, 2000). In caspase-9 knockout mice, the 

majority of homozygotes die perinatally due to an enlarged cerebrum, caused by reduced 

apoptosis (Kuida et al, 1998). In the apaf-l knockout mouse (Yoshida et al, 1998),
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defects are found in practically all those tissues that undergo developmental cell death 

e.g. limbs, palate, nervous system, lens and retina, suggesting that developmental cell 

death is dependent on mitochondrial release of cytochrome c. In tissues susceptible to 

other forms of apoptosis e.g. Fas mediated, the apoptotic pathway was still intact and no 

defects were seen (Green, 1998). However, the caspase-9 and apaf-l knockout mice were 

not identical in their defects, suggesting that apaf-l may work through different 

pathways, or may have other non-apoptotic roles (Green, 1998). In caspase-8 deficient 

embryos, the ventricular musculature of the heart was thin, and the trabeculae were thin 

and disorganized (Varfolomeev et al, 1998), while in normal hearts, whole-mount and 

histological in situ hybridization showed elevated levels of caspase 8 transcript in the 

heart, especially the ventricle. PARP knockout mice develop normally, with no 

differences in apoptosis in different tissues when compared to healthy mice. This is 

probably due to the redundancy among signaling molecules in the pathway (Wang et al, 

1995).

Apoptosis regulators: the bcl-2 family

The main, and best characterized, family of apoptosis regulators is the bcl-2 family of 

molecules (Gross et al, 1999; Tsujimoto and Shimizu, 2000a). The prototype member, 

bcl-2 itself, was discovered to be structurally and functionally homologous to the anti- 

apoptotic ced-9 gene in C. elegans (Hengartner and Horvitz, 1992). Bcl-2 itself has since 

been shown to be anti-apoptotic, and is capable of protecting many cell types from 

various insults, including y-irradiation, serum-withdrawal, cytotoxic drug treatment and 

staurosporine (Adams and Cory, 1998; Susin et al, 1998). The number of bcl-2 family
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members is constantly increasing, with new homologues discovered regularly. At least 

fifteen members of the bcl-2 family have been identified (Adams and Cory, 1998) and 

these have been classified in a number of ways. Initially, they are subdivided on the basis 

o f being either pro- or anti-apoptotic, and the ratio between the expression of these two 

subsets helps, in part, to determine the susceptibility of cells to a death signal (Susin et al,

1998). Members of the bcl-2 family can be further classified into three groups, based on 

structural similarities and functional criteria (Hengartner, 2000). Structurally, all bcl-2 

family members contain at least one of four conserved bcl-2 homology (BH) domains, 

termed BH1-BH4 (Figure 2-5; Tsujimoto and Shimizu, 2000a). Most anti-apoptotic 

members of the family possess at least BHl-2, and those most similar to bcl-2, possess all 

four BH domains. These include the mammalian bcl-2, bcl-XL, bcl-W, mcl-1, the viral 

protein ElB and the C. elegans gene ced-9 (Kelekar and Thompson, 1998). Some o f the 

pro-apoptotic members of the family possess only the BHI-BH3 domains, and closely 

resemble bcl-2 in structure. These include bax, bak and bok. Other pro-apoptotic 

members of the family possess only the BH3 domain and include mammalian bik, bad, 

bid, and the C. elegans egl-1 protein (Kelekar and Thompson, 1998). One feature of the 

protein family is the ability to form homo- and hetero-dimers between themselves, and 

between pro- and anti-apoptotic family members, which is thought to inhibit the 

biological activity of the dimerized partner (Tsujimoto and Shimizu, 2000a). This is 

mediated by interactions between the BH domains. In some anti-apoptotic family 

members, the BH1-BH3 domains form a hydrophobic cleft, into which a BH3 domain 

from an pro-apoptotic protein can be inserted (Sattler et al, 1997). A further sub

classification of the pro-apoptotic family members based on sequence and structural
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Anti-apoptotic

BH4 BH3 BH2 BH1 TM Bcl-2

s m s  b h 4 BH3 BH2 BH1 BcI-Xl

Pro-apoptotic

Bax,
BakBH3 BH2 BH1 TM

Bik,
Bim

Bad,
Bid

Figure 2-5. Structural classification of the bcl-2 family members. Each family 
member is classified according to the number of bcl-2 homology (BH) domains it 
possesses. Anti-apoptotic members similar to bcl-2 possess BH1-4. Pro-apoptotic 
members possess wither BH1-3 or BH3 only. Some members also possess 
transmembrane (TM) binding domains.
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analysis, suggests that the BH3 domains may be “buried” or “exposed” (Gross et al, 

1999; McDonnell et al, 1999). If the BH3 domain is buried, the protein may either be an 

anti-apoptotic molecule, or an inactive pro-apoptotic molecule. If the BH3 domain is 

exposed, the protein may have been activated or undergone a conformational change to 

expose the BH3 domain (McDonnell et al, 1999). Anti-apoptotic members of the bcl-2 

family are known to reside on the membranes of certain cell organelles, including the 

mitochondria, the endoplasmic reticulum (ER) and the nuclear membranes (Hockenberry 

et al, 1990; Krajewski et al, 1993; Hacki et al, 2000). Here, they can prevent the release 

of apoptotic factors, such as cytochrome c, into the cytosol (Yang et al, 1997). Anti- 

apoptotic members may also function downstream of the mitochondria, as bcl-XL has 

been shown to bind to downstream apaf-l, and prevent caspase-9 association and 

activation (Hu et al, 1998).

In contrast to the anti-apoptotic molecules, most pro-apoptotic family members reside 

in the cytosol or on the cytoskeleton, and translocate to the membranes, particularly the 

mitochondrial outer membrane, upon receiving an activation signal (Gross et al, 1998). 

Most BH1-BH3 family molecules are thought to interact with the membrane-associated 

anti-apoptotic molecules, such as bcl-2, following activation (Cheng et al, 2001). 

However, BH3-only molecules can insert into the membranes, independent o f interaction 

with other molecules. Once in the membrane, the proapoptotic molecules are thought to 

aid in, or cause, the release of apoptotic factors, such as cytochrome c (Hengartner,

2000). At present the mitochondrial association of the bcl-2 family molecules, and their 

involvement in the regulation of cytochrome c release is better understood than their 

association with other membranes, such as the ER and nuclear membranes. Although,
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evidence for communication between the mitochondria and the ER has been shown 

(Hacki et al. 2000), with ER-specific effects possibly mediating Ca2̂  mobilization 

(Ichimiya et al, 1998; Foyouzi-Youssefi et al, 2000). In the nucleus, bcl-2 and bax have 

been shown to be associated with the nuclear matrix (Wang et al, 1999; Gajowska et al,

2 0 0 1 ), prior to appearance of an apoptotic morphology, and inhibition of bax expression 

blocks lamin A cleavage in the nucleus (Ho et al, 1999).

Pro-apoptotic family members have been shown to be activated under a number of 

situations. Pro-apoptotic bax is mostly found in the cytosol in a monomeric form. Upon 

activation, it translocates and inserts into the mitochondrial membrane as an integral 

membrane protein, and may dimerise in the process (Wolter et al, 1997; Gross et al,

1998). Bax translocation may also be induced by a number of factors, including integrin- 

mediatea signaling (Gilmore et al, 2000) and a rise in intracellular pH (Khaled et al,

1999). Bax insertion into the mitochondrial membrane is thought to facilitate the release 

of cytochrome c (Antonsson et al, 2000). However, bax activation may be inhibited by 

anti-apoptotic family members, such as bcl-2 and bcl-X L - A similar model of activation is 

in place for pro-apoptotic bak (Chittenden et al, 1995; Kiefer et al, 1995). It too is 

thought to translocate to the mitochondria on activation, which also may involve a 

conformational change, and interaction with bax (Griffiths et al, 1999; Nechushtan et al,

2001). Pro-apoptotic bad is dephosphorylated by serum withdrawal, and is released from 

its cytosolic sequestering-molecule 14-3-3 (Zha et al, 1996). Upon dephosphorylation, 

bad is activated and is found to associate with anti-apoptotic bcl-2  and bcl-Xt., via its 

BH3 domain (Zha et al, 1997). Cleavage by caspases is another method o f activation of 

pro-apoptotic family members. Pro-apoptotic bid, a BH3-only molecule, may be cleaved
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by caspase-8 (Li et al, 1998), and the truncated form can then translocate and insert into 

the mitochondrial membrane (Gross et al, 1999). Both pro- and anti-apoptotic members 

of the bcl-2  family may also be transcriptionally upregulated following a death signal. 

Examples include bax upregulation following p53 induction (Miyashita and Reed, 1995), 

and upregulation of bcl-2 by Akt/protein kinase B (Pugazhenti et al, 2000) and b c l-X L  by 

CD28 signaling (Boise et al, 1995).

Bcl2-family regulation at the mitochondrial membrane

There are a number of theories as to how exactly the bcl-2 family members 

control apoptosis at the mitochondrial membrane. One theory is that the proteins 

themselves may form channels, or regulate existing ones, in the outer-mitochondrial 

membrane (Reed, 1997). Evidence for the ability of bcl-2 family members to form 

channels has mostly come from in vitro studies where bcl-2 , bax and bcl-XL have been 

shown to form channels in lipid bilayers (Antonsson et al, 1997; Green and Reed, 1998), 

and from the structural similarity of anti-apoptotic bcl-XL to the membrane insertion 

domains of bacterial toxins (Muchmore et al, 1996). Other studies suggest that bcl-2 

family members may alter existing channels. One characteristic of apoptosis is the 

occurrence of a mitochondrial membrane permeability transition (PT), which is 

characterized by a membrane potential change (Aiym) (Kroemer et al, 1997; Susin et al,

1998). The release of the apoptotic factor cytochrome c may or may not involve a PT. 

The Av|/m is brought about by the opening of a pore in the mitochondrial membrane, the 

PT pore (Kroemer et al, 1997), which is a large conductance pore that forms after a 

necrotic or apoptotic signal (Gross et al, 1999). It is composed of a voltage-dependent
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anion channel (VDAC) on the outer mitochondrial membrane and an adenine nucleotide 

translocator (ANT) on the inner membrane. Opening of the PT pore results in 

mitochondrial depolarization and uncoupling of oxidative phosphorylation (Gross et al,

1999). Members of the bcl-2 family have been shown to interact with the VDAC and 

regulate the release of cytochrome c (Shimizu et al, 2000; Tsujimoto and Shimizu, 

2000b). Addition of bax or bak to isolated mitochondria results in cytochrome c release 

and Aiym (Jurgensmeier, et al, 1998), and bax has been shown to interact with VDAC and 

it’s component ANT (Shimizu et al, 1999). Bax and bak have also been shown to induce 

cytochrome c release in wild-type, but not VDAC-deficient yeast mitochondria (Shimizu 

et al, 1999). However, BH3-only family members, such as bid and bik, do not interact 

with VDAC (Shimizu and Tsujimoto, 2000). The VDAC is known to be an essential 

component in cytochrome c release, as well as Av|/m (Shimizu et al, 1999), and once in 

the cytosol, mitochondrial-released cytochrome c is capable of activating some of the 

caspase family of enzymes, as described above.

Genetic knockout studies on the bcl-2 family

Knockout studies on members of the bcl-2 family seem to suggest that different 

members of the family are associated with different organ systems (Adams and Cory,

1998). Mice deficient for bcl-2 develop normally, and only later show increased 

lymphoid apoptosis, impaired melanocytes and intestinal epithelium and develop terminal 

kidney disease, pointing to a role of the protein in an antioxidant pathway (Veis et al, 

1993). Mice deficient for anti-apoptotic bcl-x die in utero around ED 13, with extensive 

apoptosis of the developing neurons of the brain, spinal cord and dorsal root ganglia
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(Motoyama et al, 1995). Knockout mice bearing the deletion of anti-apoptotic bcl-w 

develop normally, but spermatogenesis is abolished in these animals by cell death of 

germ cells (Ross et al, 1998). Deletion o f pro-apoptotic bax results in viable animals, but 

with increased numbers of B-cells and thymocytes, and excess follicles in the ovaries 

(Knudson et al, 1995).

AIMS OF THE RESEARCH

The work presented here is aimed at understanding the mechanisms and 

developmental significance of apoptosis that occurs during early heart development. The 

chick embryo is an ideal model for studying heart development, possessing similar 

developmental processes to mammalian species, and providing a system that enables 

relatively easy accessibility to, and manipulation of, the developing heart. The working 

hypothesis of this thesis, based on the findings of Pexieder (1975), is that apoptosis is a 

significant process necessary for proper development of the heart. Apoptosis is known to 

occur during heart development, but relatively little else is known about the process. This 

work was aimed at answering the following questions: using techniques specific for 

apoptosis, when and where in the heart is programmed cell death occurring; are some of 

the main protein regulators of the apoptotic pathway involved specifically in apoptosis in 

the heart; is the bone morphogenetic protein family involved in the stimulation of cell 

death; and what functional role does the cell death play in the development of the 

embryonic heart? Answering these questions will give a better understanding of the role 

of apoptosis in heart development, and possibly lead to a better understanding of 

congenital heart defects.
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Chapter 3 

MATERIALS AND METHODS
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EMBRYO DISSECTION AND PREPARATION

Fertilized White Leghorn hens’ eggs were incubated at 37°C for 4 -  8 days and 

the resulting embryos were staged according to Hamburger and Hamilton (1951). The 

embryos were removed and washed in Tyrode’s saline (CaCL, MgCL, 6H2O, KC1, 

NaHCOj, NaCl, NaHiPO^HIO, Glucose, pH 7.4). For immunocytochemistry, the heads 

were removed and the embryos immersed in 4% paraformaldehyde (PFA) in 0.1M 

phosphate-buffered-saline (PBS) at 4°C, for 4-15 hours, with later stages requiring longer 

fixation time. After fixing, the embryos were washed in PBS and stored at 4°C. For 

western blotting and cell culture, the hearts were removed to Tyrode’s saline on ice. 

Using electrolytically sharpened tungsten needles, the AV endocardial cushions and the 

entire OT were dissected free from the heart.

Mouse embryos were also used for immunocytochemistry. Timed-pregnant CD I 

mice were obtained from Charles River. The day of the appearance of the vaginal plug 

was considered day 0. Embryos from embryonic day (ED) 9.5 -  12.5 were used. The 

females were sacrificed by cervical dislocation, in accordance with the ethical guidelines 

of the university, and the embryos were dissected to ice cold Tyrode’s saline. After 

rinsing, the embryos were fixed overnight in 4% PFA in PBS at 4°C. The embryos were 

then rinsed and stored in PBS at 4°C.

IMMUNOHISTOCHEMISTRY

After fixing, the embryos were washed in PBS, dehydrated through a graded 

series of ethanol, and cleared in Hemo-De (Fisher Scientific). The embryos were then 

embedded in paraffin wax, sectioned at 8 |im and mounted on glass slides. Sections were
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cleared in Hemo-De (2 x 10 min), rehydrated in graded ethanol and washed in double 

distilled water (DDW). To quench endogenous peroxidase, sections were treated with 

0.3% H2O2 in DDW for 30 min, followed by washing in DDW. Antigenic sites were 

blocked in 10% serum (goat or rabbit) with 0.5% Tween 20 (Fisher Scientific) for I h at 

room temperature. Excess solution was removed and sections were incubated with 

primary antibodies diluted in 1% serum at 4°C overnight. Sections were washed 3 x 5  

min in PBS, and then incubated with a biotinylated secondary antibody, at a dilution of 

1:200 in 1% serum, for 1 h at room temperature. Following another wash, 3 x 5  min in 

PBS, sections were incubated with the Vecstatin ABC (Vector Laboratories) reagent 

according to manufacturers instructions for I h at room temperature. Following another 

wash, sections were stained using 3,3’ -diaminobenzidine (Sigma) with ammonium 

nickel sulphate. Sections were washed in PBS, dehydrated through graded ethanol, 

cleared in Hemo-De and mounted with permount (Fisher Scientific Inc.). Negative 

controls consisted of either preincubating the primary antibody with the suppliers 

blocking peptide when available, or incubation in serum alone, minus the primary 

antibody.

ANTIBODIES

The primary antibodies used were; bcl-2 rabbit polyclonal (N-19, 1:200; mouse, 

rat and human reactive), bax rabbit polyclonal (1-19, 1:200; mouse, rat and human 

reactive) and bak rabbit polyclonal (G-23 1:100; mouse, rat and human reactive), all from 

Santa Cruz. A monoclonal antibody to proliferating cell nuclear antigen (PCNA), clone 

PC 10 (Sigma) was used, at a dilution of 1:200. Antibodies to bone morphogenetic
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proteins (BMP’s) used were BMP2 goat polyclonal (n-14; mouse, rat and human 

reactive) and BMP4 goat polyclonal (n-16; mouse, rat and human reactive) (Santa Cruz) 

both at a dilution of 1:200. The secondary antibodies used, at a concentration of 1:200 

were, biotinylated goat anti-rabbit IgG or biotinylated goat anti-mouse IgG (both from 

Vector Laboratories) or biotinylated rabbit anti-goat IgG (Sigma).

TUNEL LABELING

Cell death was assayed using a modification of the TUNEL method as described 

previously (Gavrieli et al, 1992). This technique identifies nuclei containing DNA that is 

undergoing intemucleosomal cleavage. Sections of paraffin embryos were cleared in 

Hemo -De (2 x 10 min), rehydrated through graded ethanol and washed in DDW. 

Sections were then immersed in 2x SSC buffer (0.3M sodium chloride, 30mM sodium 

citrate. pH 7.0) at 60°C for 20 min and then washed in DDW. Sections were then 

immersed in Tris-HCl (lOmM, pH 8.0) at room temperature, before being treated with 

proteinase K. (lSpg/ml in lOmM Tris-HCl. pH 8.0) at room temperature to aid in DNA 

exposure, followed by thorough washing in DDW. To quench endogenous peroxidase, 

sections were treated with 3% H2O: in DDW with 0.5% Tween 20 for 15 minutes at 

room temperature, followed by a wash in DDW. To prepare the sections for the 

enzymatic reactions, sections were incubated with TdT buffer (30mM Trizma base, 

140mM sodium cacodylate, ImM cobalt chloride; pH 7.2) for 5 min at room temperature. 

The reaction mixture was prepared as follows, using components from the terminal 

transferase kit by Roche Molecular Biochemicals, using a volume of approximately 

lOOpl per slide: DDW, 81 pi; TdT buffer, 6.5pl; cobalt chloride, 3.26pl; biotin-16-dUTP
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stock (lnmol/pl), 1.86(il; dUTP, 5.5|il; and TdT (10 units/pl), 2(il. The sections were 

coverslipped and were incubated with the reaction mixture for 90 min at 37°C in a humid 

chamber. The reaction was terminated by immersion of the slides in 2X SSC for 15 min 

at room temperature. After washing in PBS, the sections were covered with 3% skimmed 

milk in PBS with 0.5% Tween 20 for 15 min at room temperature, to block non-specific 

binding. After this, excess solution was removed and the slides were incubated with 

Extra-avidin-peroxidase (Sigma) at a dilution of 1:50 in 3% skimmed milk in PBS with 

0.5% Tween 20 at room temperature for 30 min. After another wash in PBS, sections 

were stained with 3-amino-9-ethylcarbazole (AEC; Pierce). A stock solution was 

prepared by dissolving AEC at a concentration of 4mg/ml in dimethyl formamide. To 

prepare the reaction concentration, 670pi of stock AEC was added to 0.1M sodium 

acetate buffer (pH 5.2), and lOp.1 of 30% H2O2. This solution was filtered onto the 

sections and the staining process was monitored under a microscope to obtain optimal 

colour reaction. Sections were washed again in PBS and mounted in Crystal Mount 

(Fisher Scientific Inc.). Both positive and negative controls were also performed. 

Positive controls entailed treating the sections with DNAse I buffer (30mM Trizma base, 

140mM sodium cocodylate, 4mM magnesium chloride, 0.1 mM dithiothreitol) for 5 min 

at room temperature, following the quenching of endogenous peroxidase. Then sections 

were treated with DNAse I (Roche Molecular Biochemicals) in buffer at a concentration 

of 25|ig/ml for 10 min at room temperature, followed by washing in DDW. Negative 

controls involved omitting TdT from the reaction mixture.

To perform the TUNEL procedure on cultures, cells were treated similarly, but 

without the proteinase K pretreatment. A final volume of 20pl reaction mixture was used
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on each culture, and the final fluorochrome Streptavidin-FITC (Calbiochem) was used at 

a concentration of 1:200, for 1 h at room temperature. Cultures were again washed 3x5 

min in PBS and were treated with diamidino-phenylindole (DAPI; Sigma) at a 

concentration of 0.25p.g/ml in PBS at room temperature for 4 min in the dark, to label all 

the nuclei. Following more washes, the coverslips were mounted on slides with 

Vectashield (Vector Laboratories Inc.) mounting medium.

POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE) AND 

WESTERN BLOTTING

The dissected AV endocardial cushions and the OT were homogenized in 

protease inhibitor buffer, containing 15pg/ml aprotinin. lpg/ml leupeptin. 5pg/ml 

pepstatin, and 1.74mg/ml phenylmethylsulphonyl fluoride (PMSF), and the protein 

concentration was determined using the Bradford-based Bio-Rad protein assay, with 

bovine serum albumin (BSA) as a concentration standard. Samples were loaded at a 

concentration of 10-15(xg per lane and run on a 10% polyacrylamide gel for 45 min at 

150V, using a Power Pac 200 power supply (BioRad Inc.). The separated proteins were 

transferred to nitrocellulose membranes, at 100 V for 2 h. The membranes were stained 

initially with Ponceau red dye (Sigma) to aid in visualisation of even loading of lanes and 

a successful transfer. The membranes were then subjected to blocking in 5% skimmed 

milk in 1 IBS buffer (150mM Tris, 50mM Nacl, 0.1% Tween 20) for 1 h at room 

temperature. The membranes were probed with primary antibodies diluted in 5% 

skimmed milk in 1 I BS overnight at 4°C. The membranes were washed for 3x5 min in 

5% skimmed milk and probed with biotinylated secondary antibodies for 1.5 h at room
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temperature. After another washing step, the membranes were incubated with the 

Vectastain ABC (Vector Laboratories) kit for 1.5 h at room temperature, washed again 

and developed using enhanced chemiluminescent reagent (ECL, Amersham Ltd.). 

Immunoblots were visualized by exposure to Hyperfilm-ECL (Amersham Ltd.). 

Immunoblots were scanned to computer with a Microtek Scanmaker X6 , and were 

quantified by densitometric analysis on SigmaGel 1.0 software (Jandel Scientific Inc.). 

The intensities of each pixel in the band were measured and integrated to give a total 

value for band density.

ANTIBODIES

The following primary antibodies were used for immunoblotting: Bcl-2 B46620 

monoclonal (1:200. Transduction Laboratories; rat, mouse and chick reactive); Bax B-9 

monoclonal (1:50. Santa Cruz Biotechnologies Inc; mouse, rat and human reactive); Bak 

Ab-2 monoclonal (1:50, Oncogene Research Products, Calbiochem); PARP A-20 goat 

polyclonal (1:50, Santa Cruz; mouse, rat and human reactive); Caspase-9 AAP-109 rabbit 

polyclonal (1:500, StressGen Biotechnologies Corp). The secondary antibodies used, at a 

concentration of 1:1000-1:2000, were biotinylated goat anti-rabbit IgG or biotinylated 

goat anti-mouse IgG (both from Vector Laboratories) or biotinylated rabbit anti-goat IgG 

(Sigma).
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PRIMARY CUSHION CELL CULTURE

Three types of primary cell cultures were made from dissected AV and OT 

cushions; dissociated cushion cell culture, cushion explant culture, or endocardial cell 

culture.

For dissociated cushion cell cultures, AV or OT cushions were dissected to ice 

cold Tyrode’s saline, from HH stage 24 hearts (2 dozen/experiment) using electrolytically 

sharpened tungsten needles. Cells were then dissociated in 2% trypsin/EDTA (Sigma) in 

calcium/magnesium-free (CMF) Tyrode’s saline (6 H2O, K.C1, NaHC0 3 , NaCl, 

NaHiPOjFOO, Glucose, pH 7.4) for 10 min at 37°C. Trypsinization was stopped with the 

addition of 1 ml medium 199 with 10% fetal bovine serum (FBS) (Gibco, BRL). Cells 

were spun in a benchtop centrifuge for 5 min and the supernatant discarded. The cells 

were washed in 1ml medium 199 and re-centrifuged for 3 min. Cells were then re- 

suspended in lOOpl complete medium (medium 199 with 10% FBS and 1:1000 

gentamycin (Gibco BRL), counted using a hemocytometer slide, and re-suspended in 

complete medium, for a final volume of lOOpl/coverslip. Coverslips for culturing cells 

were prepared by sonication in DDW for 2-4 h, cleaned with Kim wipes and were 

sterilised by autoclaving. They were then coated with lOpl type I rat tail collagen 

working solution, (Gibco, BRL). A I mg/ml stock solution of collagen was prepared by 

dissolving collagen (5mg; Sigma) in 5ml of 1:500 acetic acid:DDW overnight at 4°C. For 

the working solution, this was re-suspended 1:20 with 60% EtOH, and NaOH added to a 

final concentration of 15mM. The collagen coated coverslips were exposed to ultraviolet 

light overnight. lOOpl of the cell suspension was added to each and the cultures were 

incubated overnight at 37°C in a 5% CO2 incubator. Cultures were given fresh complete
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medium every second day for 4-6 days. Serum starved cultures were treated in the same 

way, with FBS absent from the medium. Following treatment, the cultures were stained 

with TUNEL, as outlined. As each dissociated cushion culture was seeded with the same 

cell number, in the same volume, the total number of TUNEL positive cells per culture 

were counted using a fluorescence microscope and compared. Statistical analysis using 

one-way Anova and Tukey’s multi comparison post test was performed on the total 

number of positive cells.

For primary cultures of cushion and ventricle explants, the dissected tissue was 

placed directly onto collagen gels that had been pre-soaked with complete medium and 

the medium removed. The explant was allowed to attach for 4-6 hours at 37°C in a 5% 

CO: incubator, and 1ml complete medium was added. The cultures were grown for 18, 

24 or 30 h. and were then stained with TUNEL or Annexin-V. TUNEL staining was 

performed as described. Annexin-V staining using the Annexin-V-FITC labeling kit 

(Clontech Laboratories) was performed as outlined by the manufacturers instructions. 

The cultures were rinsed with PBS. The labeling solution was prepared by mixing lOpl 

Annexin-V-FITC with 200pl binding buffer. To each explant culture, lOpl of the labeling 

mixture was added for 10 min at room temperature. The cultures were then fixed in 4% 

PFA in PBS for 15 min at room temperature. They were then rinsed and mounted using 

Vectashield mounting medium.

Primary cultures of the endocardial cell layer that lines the heart were also made, 

according to the method of Runyan and Markwald (1983). Collagen-coated coverslips 

were prepared as described. The endocardial cushions were dissected and placed on the 

collagen, with the endocardial endothelium facing the collagen, at 37°C in a 5% CO2
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incubator. After four hours, the cushion explant was removed, leaving endocardial 

endothelial cells on the surface of the collagen. The cultures were infected with RCAS 

virus containing transcripts for BMP receptors as described below. Measurements of the 

cell area and aspect ratio were made after capturing the cell image using Image Pro 

software. For cell area measurements, the outline of the cell was traced and the area 

calculated using an arbitrary scale. Measurements were made on ten cells in each 

treatment. The aspect ratio was measured by dividing the long axis of the cell by the short 

axis, with values closer to one representing rounder cells, and elongated cells having 

higher numbers. Values were on an arbitrary scale, for ten cells in each treatment. For 

both cell area and aspect ratio measurements, the results were analyzed and compared to 

the uninfected control with one-way ANOVA and Tukey’s post-test.

For cell death measurements in the culture experiments, the total number of cells 

and the total numbers staining with TUNEL or Annexin-V were counted using a MTI 

CCD camera connected to a Leica DMRBE fluorescence microscope. The cells counted 

were spread on the collagen layer and images of a set field of view on the camera were 

captured on computer. For counts of the total number of cells / culture, the total number 

of stained cells were counted in every second field of view, such that the entire culture 

area was covered and the resulting counts doubled to give an estimate o f the total number 

of cells per culture. For counts of apoptotic cells, the total number of cells staining with 

TUNEL in each culture were counted. For the dissociated cell cultures, the results were 

expressed as the total number of TUNEL-positive cells per culture compared to the 

untreated control. For the explant cultures, the results were expressed as the percentage of 

the total cells staining with TUNEL or Annexin-V.
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CUSHION CULTURE IMMUNOCYTOCHEMISTRY

Primary cell cultures were prepared as described above. For mitochondrial 

labeling, MitoTracker Red® CMXRos (Molecular Probes Inc.) was used, by addition of 

5pl of lOpM MitoTracker® to 1ml of medium. Cultures were incubated in this reagent 

for 45 min at 37°C, then washed in warm Tyrode’s solution and fixed with 4% 

paraformaldehyde in PBS, for 45 min at room temperature. Cultures were washed 3x5 

min in PBS, and treated with blocking solution of 10% serum (goat or rabbit) in PBS 

with 0.5% Tween 20 for 30 min at room temperature. Cultures were incubated with the 

primary antibodies overnight at 4°C in 1% serum with 0.5% Tween 20. Cells were then 

washed 3x5 min in PBS. Biotinylated secondary antibodies were added for 1 h at room 

temperature, and then washed three times in PBS. Cells were then fluorescently labeled 

with streptavidin-FITC at a concentration of 1:200 in 1% serum with 0.5% Tween 20, for 

1 h at room temperature in the dark. The cultures were washed again 3x5 min in PBS, 

and stained with DAPI for 4 min at room temperature. Cells were washed 3x5 min in 

PBS and mounted on slides with Vectashield mounting medium. Specimens were 

examined using a Zeiss LSM510 confocal microscope equipped with argon, helium/neon 

and ultraviolet lasers. For immunocytochemical / TUNEL double labeling, the TUNEL 

technique was performed first, as described, to the step of fluorochrome addition. Then 

the immunocytochemistry protocol was followed to the stage of secondary antibody 

addition. The Streptavidin-FITC (for TUNEL detection) and a Texas-red conjugated 

secondary antibody were mixed in 1% serum with 0.5% Tween 20 and added together for 

I h at room temperature, and the staining protocol followed as described.
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.ANTIBODIES

Primary antibodies used were as described for immunohistochemistry for bcl-2 

and bax at a concentration of 1:200, and the monoclonal AMV-3C2 anti-viral coat protein 

antibody supernatant (University of Iowa Developmental Studies Hybridoma Bank) was 

used undiluted. The secondary antibodies used, at a concentration o f 1:200 were, 

biotinylated goat anti-rabbit IgG or biotinylated goat anti-mouse IgG (both from Vector 

Laboratories). For fluorescence double labeling, Texas-red conjugated anti-rabbit IgG 

(Calbiochem) was used at a concentration of 1:200.

C U S H IO N  C U L T U R E S  W IT H  C A S P A S E  IN H IB IT O R S

Primary dissociated cushion cultures were prepared as described and serum 

starved to induce apoptosis. The cultures were then treated with specific peptide caspase 

inhibitors. The following peptide caspase inhibitors were used: caspase-3 inhibitor II (Z- 

DEVD-FMK); caspase-9 inhibitor I (Z-LEHD-FMK), (both from Calbiochem). A 

universal caspase inhibitor (BOC-Asp(OME)-FMK) (Enzyme Systems Products Inc. 

Livermore, CA) was also used to inhibit all caspases. All inhibitors were dissolved in 

dimethyl sulfoxide (DMSO) at a concentration of 50mM, aliquoted and stored at -20°C. 

Caspase inhibitors were added to fresh medium 199 without serum, which was added to 

cultures every other day, at a final concentration of 50pM. After 4-6 days, cells were 

washed in PBS and fixed in 4% paraformaldehyde in PBS and stained with TUNEL and 

DAPI. Cultures were then mounted with Vectashield mounting medium. The total 

number of cells staining with both TUNEL and DAPI were counted and the results were 

analyzed using one-way Anova and Tukey’s multiple comparison post test.
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CUSHION CULTURES WITH CONDITIONED MEDIUM

Conditioned medium was prepared from various regions of the developing heart, 

for addition to dissociated cushion culture. The different regions of the heart dissected 

were: the atrioventricular cushions, the outflow tract cushions, the atrioventricular 

cushions with myocardium, the outflow tract cushions with myocardium, and the 

ventricle. Each region was dissected, dissociated and cultured as described previously, for 

a period of 5-7 days in collagen-coated 24-well tissue culture plates (Nunc). At the end of 

the culture period, the medium was collected from each well and like samples were 

pooled. The freshly collected medium was added to 24 hr cultures of either dissociated 

AV and OT cushions, for a period of 12 hours. Following this incubation, the cushion 

cultures were washed 3 times in PBS, fixed and stained with TUNEL and DAPI. The 

total number of TUNEL positive cells and the total number of cells were counted and 

were analyzed statistically using Anova and Tukey’s multiple comparison post-test.

D il L A B E L L IN G

To label premigratory neural crest cells, in ovo microinjection of the fluorescent 

lipophilic dye Dil (Molecular Probes, Inc.) was used. The dye was prepared by dissolving 

3mg of Dil in 0.1ml of 100% ethanol. This was then diluted with I.lm l of 3% bovine 

serum albumin (BSA) in PBS (Bagnall, 1992). Eggs were windowed and the dye was 

injected into the lumen of the neural tube of HH stage 9-11, using a Picospritzer (General 

Valve Corp.). Subblastodermal injection of India ink was used as a contrast agent 

(prepared by mixing 3 drops of ink in 5ml egg yolk). Following the injection, the eggs 

were sealed with Scotch tape and were reincubated for 3-4 days. After this time, the
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embryos were dissected and the heads removed from the body. They were then fixed in 

4% paraformaldehyde in 0 .1 M PBS overnight at 4°C and then were embedded in OCT 

compound. The specimens were then frozen and sectioned at 10pm. The frozen sections 

were stained with DAPI for 4 min at RT and mounted with Vectashield mounting 

medium. The slides were examined using a Zeiss LSM510 confocal microscope equipped 

with argon, helium/neon and ultraviolet lasers.

R E T R O V IR A L  O V E R E X P R E S S IO N

PLASMID AMPLIFICA TION AND PURIFICA TION

The retroviral vectors pRCASBP(B)-6c/2 and pRCASBP(B) plasmids (donated 

by Dr. S.H. Hughes, Frederick Cancer Research and Development Centre, Maryland) 

were amplified as follows. 50pl aliquots of frozen E.coli (XLl-Blue) were thawed on ice. 

To this, 2.5pl of plasmid (either bcl-2 or negative control) DNA was added, mixed and 

left on ice for 30 min. The mixtures were then heat shocked in a circulating water bath at 

42°C for exactly 1 min. The mixtures were then placed back on ice for 4 min. To each, 

450pl prewarmed LB broth (BBL, Becton Dickinson) was added and the mixtures were 

then placed in a shaking incubator at 37°C for 1 h at 220-250 rpm. The mixtures were 

plated on LB agar (BBL, Becton Dickinson) plates, with 50pg ampicillin (Gibco BRL), 

and incubated overnight at 37°C. Following incubation, individual colonies were selected 

and inoculated into 10ml LB broth containing 50pg ampicillin. The cultures were then 

incubated for 12-16 h in a shaking incubator at 37°C at 220-250 rpm and were then 

centrifuged at 3000 rpm for 10 min to collect the bacterial cells. The Qiagen plasmid 

mini-prep kit was used to isolate the plasmid DNA from the bacterial pellet, according to
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the manufacturers instructions. The absorbance of the final solution was read at a 

wavelength of260nm to determine the isolated plasmid DNA concentration.

CHICK EMBR YO FIBROBLAST CUL TURE

Primary cultures of chick embryo fibroblasts (CEF’s), compatible with subgroup 

B retrovirus were made from specific pathogen free line 0 embryos (Hyvac, Adel, Iowa). 

The embryos were removed from ED 10 eggs, the head and viscera removed and the 

trunk tissue from 3-4 embryos was placed a petri dish. The tissue was minced with a 

sterile spatula, 10ml sterile Tyrode’s soultion was added and the tissue was pipetted to 

dissociate it. To this, 2ml IX Trypsin/EDTA (Sigma) at 37°C was added, pipetted for 1 

min to dissociate the tissue and allowed to stand to let the clumps settle. The supernatant 

was then transferred to a sterile 50ml conical tube on ice, with 10ml ice cold CEF 

medium (Medium 199 (Gibco, BRL), 10% FBS, 2% chick serum (CS; Gibco, BRL) and 

1% penicillin/streptomycin). To the remaining undissociated clumps of tissue, another 

10ml Tyrode’s saline and 2ml IX Trypsin/EDTA was added, dissociated as before, and 

allowed to settle. The supernatant was transferred to the conical tube with the other 

supernatant and the suspension was centrifuged at 1000 rpm for 10 min. The supernatant 

was discarded and the pellet was resuspended in 20 ml fresh CEF medium. From this, 

3ml was added to 10cm tissue culture plates (Greiner), and each volume was brought to 

10ml with CEF medium. The cultures were incubated at 37°C in 5% COi and were 

passaged when confluent.
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TRANSFECTION OF CHICK EMBRYO FIBROBLASTS

CEF cultures were transfected with the retroviral vectors pRCASBP(B)-6c/2 and 

pRCASBP(B) using Cytofectin GS transfection reagent (Glen Research Inc.) For 

transfection of each 10ml tissue culture plate, lOpl cytofectin reagent was mixed with 

with 200pl serum free Opti-MEM medium (Gibco BRL) for a final concentration of 

lOpg/ml cytofectin. Plasmid DNA (bcl-2 or the negative insert) was diluted in 200pl 

Opti-MEM medium to give a final concentration of 2pg/ml. The cytofectin/Opti-MEM 

solution and the DNA/Opti-MEM suspension were mixed and left to stand at room 

temperature for 20 min. Then, 3.6ml Opti-MEM with 10% FBS and 1% 

penecillin/streptomycin was added to each. The medium was removed from PO-Pl CEF 

cultures that were 60-70% confluent and the DNA / transfection mixture was added for 5 

h at 37°C in 5% CO;. Following this, another 4ml Opti-MEM with 10% FBS and 1% 

penecillin/streptomycin was added and the culture incubated at 37°C in 5% CO;. The 

cells were passaged 2-3 times with a 1:5 split over 2-3 weeks. Cells were passaged in 

complete CEF medium supplemented with 8 pg/ml polybrene (Sigma), which aids in the 

infection o f cells by virus with subgroup B envelope receptors.

VIRAL COLLECTION AND CONCENTRATION

Following the final split, when the cells reached 70-80% confluence, the medium 

was removed and replaced with reduced serum medium (M l99, 2% FBS, 0.2% CS) 

overnight. This medium was removed, stored at 4°C, and replaced with a second batch of 

reduced serum medium overnight. Following this, the two batches of medium were 

combined and the cells discarded. The combined media was filtered using a Nalgene
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150ml 0.45 pm filter. The media was divided into polyallomer SW28 tubes (Beckman 

Instruments Inc.) and was centrifuged for 2.5 h at 25,000 rpm at 4°C. Immediately after 

centrifuging, the supernatant was poured off and the pellet was allowed to air dry. To 

each tube, lOOpl Opti-MEM was added. The tubes were placed in an ice bucket and put 

in a cold room overnight to allow the pellet to resuspend. The next day, the viral 

suspensions were pooled and separated into 25pl aliquots. The aliquots were frozen on 

dry ice and transferred to a -80°C freezer for storage. Viral titer was obtained by serial 

dilution and infection of CEF’s for 48 h. Cells were immunostained for the viral coat 

protein and the number infectious virions calculated as 5.0 x 107 per ml.

C U S H IO N  C U L T U R E S  W IT H  R E T R O V IR U S

Dissociated primary cushion cultures were prepared as described. Cells were 

infected with virus after the first overnight incubation. For infection with RCASBP(B)- 

bcl-2 / RCASBP(B), the initial lOOpl medium was removed and replaced with fresh 100 

pi complete medium containing 5pl concentrated virus with 8pg/ml of the polycationic 

polymer polybrene overnight. Then 1ml of medium with no serum was added every other 

day for 4-6 days. No other virus was added during the subsequent medium changes, but 

fresh polybrene was included in each medium change. Following the culture period, 

cultures were stained with DAPI, Mitotracker Red, and an antibody to bcl-2 or the viral 

coat protein. The total number of TUNEL positive cells per culture was counted and 

analysed using Anova and Tukey’s multiple comparison post test.

Retroviral overexpression in vitro was also performed using RCAS vectors 

containing constructs for BMP receptors. The RCASBP(A) vectors contained transcripts

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



for each of BMPR-LA and IB constitutively-active and dominant-negative receptor 

isoforms. These were supplied by Dr. C. Logan, University o f Calgary, as unconcentrated 

viral supernatant that had been tested for insert stability. For infection o f cultures, the 

culture medium was removed and was replaced with unconcentrated viral supernatant 

with 5% FBS added, for 24 h. This was replaced with fresh medium without serum every 

other day, for 4-5 days. No polybrene was used for subgroup A virus. Following the 

culture period, the cultures were stained with DAPI, TUNEL and an antibody to the viral 

coat, and the total numbers of TUNEL staining cells were compared. Preliminary staining 

with PCNA was also performed.

V IR A L  M IC R O IN J E C T IO N

Eggs were windowed at stage HH 12-16. Viral supernatant was prepared by 

adding 1/10 vol. fast green and methylcellulose to the viral concentrate. Polybrene was 

added to give a final concentration of 8pg/ml. The solution was loaded into pulled glass 

micropipettes, which were then loaded into a Picospritzer (General Valve Corp.). The 

viral supernatant was injected into the pericardial sac, as shown in Figure3-1. If possible 

in some embryos, the pipette was placed into the heart and viral solution injected into the 

cushion regions. After injection, 300pl of a 1% penicillin/streptomycin solution was 

added. The windows were sealed with Scotch tape and the embryos re-incubated for 3-5 

days. The embryos were then dissected, fixed in 4% paraformaldehyde and processed for 

immunohistochemistry.
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ELECTROPORATION

High concentration DNA was generated by transformation of E.coli and large- 

scale plasmid purification by Cs-Cl gradient (performed by Dr. C. Logan, University of 

Calgary). The initial pRCASBP(B)-6c/-2 plasmid was used for amplification, as well as 

RCASBP(B)-GFP as a control. The resulting DNA was further concentrated to give a 

final concentration of Img/ml. Fast green was added at a volume of 1/10 the total 

volume. Eggs were windowed at HH stages 9-16, for various treatments. The 

concentrated DNA was loaded into pulled glass micropipettes and connected to a 

pneumatic pico pump (PV820, WPI). The concentrated bcl-2 DNA was used at a 

concentration of 1 mg/ml and the GFP DNA at a concentration of 820pg/ml. The loaded 

pipette was lowered near the heart. The electrodes of the electroporator (ECM830, BTX) 

were placed either side of the embryo, parallel to the heart region. Then, 300pl of ice- 

cold Ringer’s solution with 1% penicillin/streptomycin was added to temporarily stop the 

heart. While the heart was stopped, the loaded pipette was pushed through the outflow 

tract and the lumen was filled with DNA. The electroporator was activated to pulse the 

DNA. Various pulse numbers and durations were tried, to optimize delivery of both DNA 

samples. These were; 5 x 25 ms pulses, 25V; 10 x 50 ms pulses, 25V; 8 x 25 ms pulses, 

25V, or 10 x 25 ms pulses, 25V. Following electroporation, the eggs were sealed with 

scotch tape and re-incubated. Following another 3-5 day’s incubation, the embryos were 

then dissected, fixed in 4% paraformaldehyde and processed for immunohistochemistry.
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Figure 3-1. Schematic diagram showing site of viral injection
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OT Cushions

DNA Injection
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Figure 3-2. Schematic diagram showing site of DNA injection 
for electroporation
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Chapter 4

DISTRIBUTION OF CELL DEATH AND PROLIFERATION 
IN THE ENDOCARDIAL CUSHIONS
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D IS T R IB U T IO N  O F  D Y IN G  C E L L S  IN  T H E  D E V E L O P IN G  H E A R T

To assess the distribution of cell death during early heart development, staining 

for the fragmenting DNA of apoptotic cells was performed on heart sections. This was 

correlated with staining for proliferating cells, and the use of a cell culture model to 

attempt to determine the pattern and source of the signal for apoptosis in these cells. As it 

is speculated that some of the dying cells may be of neural crest origin, fluorescent 

labeling of premigratory neural crest cells was performed to identify if any of these cells 

were dying.

D IS T R IB U T IO N  O F  T U N E L  P O S IT IV E  C E L L S  IN  T H E  E N D O C A R D IA L  

C U S H IO N S

Sections of the embryonic chick heart were stained using the TUNEL technique to 

label apoptotic cells, from ED 4 - 8  chick embryos . TUNEL-positive cells first appeared 

in the chick embryo heart in the endocardial cushions of the outflow tract (OT) at stage 

HH 25 (ED4) (Figure 4-1). Positive cells were present throughout the length of the OT, 

from the more distal truncal cushions (Figures 4-1 a and b) to the proximal conal 

cushions, where the OT joins the primitive ventricle (Figures 4-1 c and d). Labeled cells 

were present throughout the cushions, with no apparent localisation to any particular 

region. The OT cushions appeared more cellularised at this stage than the AV cushions 

(not shown). At stage 27 (ED5) the dying cells appeared throughout the cushions (Figure 

4-2a). However no cell death was seen in the condensed mesenchyme of the 

aorticopulmonary septum (Figure 4-2b). Cell death persisted from the distal regions, 

through to the proximal cushions (Figure 4-2c) and into the inner curvature o f the rotating
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a

Figure 4-1. TUNEL labeling of apoptotic cells in ED4 chick outflow tract (OT).
(a) Scattered TUNEL positive cells in the endocardial cushions (ec) o f the distal 
truncal OT, with few positive cells in the myocardium (m). (b) More TUNEL 
positive cells in the distal OT. (c) TUNEL positive cells are also found in the more 
proximal OT cushions, (d) TUNEL positive cells are seen in both ridges o f the 
proximal conal OT cushions. Mag. xl40, a-d.
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Figure 4-2. TUNEL labeling of apoptotic cells in the ED5 chick outflow tract 
(OT). (a) TUNEL positive cells are seen scattered throughout the endocardial 
cushions (ec) o f the OT. (b) Positive cells are seen in the endocardial cushions (ec), 
but with no apparent association with the aorticopulmonary septum (aps). (c) 
TUNEL positive cells are seen throughout all levels o f the OT cushion, and 
occasional positive cells are seen in the epicardial layer (ep). (d) Dying cells 
continue in expression in the cushions of the inner curvature o f the developing 
heart, and occasionally are seen in the OT myocardium (m). Mag. xl40, a-d.
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Figure 4-3. TUNEL bbeliug of apoptotic celb ia the ED6 chick
atrioventricular cushions. Scattered TUNEL positive cells can be seen in the left 
(a), central (b) and right (c) aspects o f the central mass o f AV cushions. Mag. xl40  
a-c.
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a

Figure 4-4. TUNEL labeling of apoptotic cells in the ED7 chick
atrioventricular cushions. Scattered TUNEL positive can be seen in the 
developing valve leaflets, through the rostral (a), central (b) and caudal (c) levels of 
the central mass o f AV cushions. Mag. x!40, a-c.
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OT, where the conal cushions meet with the ventricle (Figure 4-2d). At stage 29-30 

(ED6), in the OT cushions, a significant number of dying cells were still present below 

the level of the semilunar valve and at the junction of the ventricle (not shown). By stage 

31 (ED6), the OT was well differentiated and separated into the aorta and pulmonary 

trunk in the distal regions, with a reduction in the levels of dying cells that were seen. In 

the most proximal regions of the OT, however, where the cushions were not completely 

cellularised, some positive stained cells remained.

In the AV cushions, at stage 26, the dorsal and ventral cushions are in the early 

phases of fusion, but no apoptotic cells were present in the incipient fusion seam. By 

stage 27, in the central fused AV cushions, a few TUNEL positive cells were present, but 

there were none in the region of active fusion. By stage 29-30 (ED6) (Figure 4-3 a-c) foci 

o f intense cell death were observed from the left through to the right aspects of the fused 

central mass of AV cushions. However, no apoptotic cells stained in the lateral cushions, 

which also contribute to the leaflets of the mitral and tricuspid valves. By stages 31-32 

(ED7) (Figure 4-4), valve structure was also now obvious, with cell death persisting from 

the more rostral regions of the cushions, through to the tips of the developing valve 

leaflets which projected into the ventricular cavity (Figure 4-4 a-c). Again, only the 

central AV cushions contained positive cells. It should be stressed that only individual 

isolated apoptotic cells were ever seen in the ventricle, atrial walls or epicardial cushions 

(as in Figure 4-2 c and d), and these were not consistently located between different 

specimens.

When examined at a higher magnification, the TUNEL technique was shown to 

label both fragmenting nuclei, with the characteristic blebs of the apoptotic cells visible,
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Figure 4-5. TUNEL labeling in the embryonic heart, (a) High magnification of 
TUNEL positive cells in the AV endocardial cushions showing the characteristic 
blebs o f apoptotic cells (arrows) and the condensed nuclei o f early stage apoptotic 
cells (arrowheads). Mag. x560. (b) A positive control for TUNEL in the heart 
ventricle showing positive labeling o f all the cells after treatment with DNA’se. 
Mag x280.
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Figure 4-6. Quantification of TUNEL positive cells in endocardial cushion 
sections. The total number of TUNEL positive cells per section in the areas of the 
OT and AV cushions and the OT myocardium were counted from HH stages 25 -  
33. A range of 8-12 sections per embryo, for 2-3 embryos per stage were counted in 
total. The data shown represents the mean number o f TUNEL-positive cells per 
section + SEM, at each developmental stage, analysed using one way ANOVA and 
Tukey’s post test. Peak cell death is observed in the OT cushions at ED 4-5 
(**=p<0.0l compared to each stage), while peak cell death is seen in the AV 
cushions at ED 6-7 (**p<0.01; *=p<0.05, compared to each stage) . A more 
prolonged but lower level of dying cells is seen from ED 4 - 8  in the OT 
myocardium.
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and pyknotic nuclei of earlier stage apoptotic cells (Figure 4-5a). The positive control for 

the TUNEL technique entailed treating the sections with DNA’se, to cleave the DNA in 

every cell, which subsequently stained positively (Figure 4-5b).

Quantification of the total number o f TUNEL positive cells in both the AV and 

OT cushions is shown in Figure 4-6. Quantification of TUNEL staining on sections 

involved counting the number of TUNEL-positive cells per 8pm section, in the areas of 

the AV and OT cushions, and the OT myocardium.The sectional tissue area counted was 

similar for each stage. The average number of TUNEL-positive nuclei was determined 

for each area and plotted for HH stages 25-33. For each stage, two to four embryos were 

counted with a range of eight to twelve sections per embryo.

This graph shows that apoptosis occurs in two waves; first, in the OT cushions 

from HH stages 25 -31 ,  peaking at stage 26 (ED 4-5), and second in the AV cushions, 

from HH stage 27 -  33, peaking at stage 29 (ED 6). A lower level of cell death was seen 

in the myocardium of the OT, lasting from around HH stage 25 to around stage 33 (ED 4 

-  8) (example in Figure 4-2d).

DISTRIBUTION OF PROLIFERATING CELLS IN THE ENDOCARDIAL 

CUSHIONS

Sections of the embryonic chick heart were stained using a monoclonal antibody 

to proliferating cell nuclear antigen (PCNA), to label proliferating cells. At HH stage 26, 

in the distal and mid-levels of the OT cushions, only a few PCNA immunoreactive cells 

were present, dispersed in the cushions (Figure 4-7a). In the proximal cushions and at the 

fusion of the cushions with the ventricle, there were not as many cells as in the more
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Figure 4-7. Immunocytochemical localization of proliferating cell nuclear 
antigen (PCNA) in the endocardial cushions, (a) Stage 26 outflow tract stained 
for PCNA shows positive staining in the myocardium (m) and epicardium (ep), but 
with only a few positive cells in the endocardial cushions (ec). (b) Stage 27-28 OT 
stained for PCNA shows strong staining in the myocardium and epicardium. The 
staining in the endocardial cushions is localized towards the endocardium, (c) Stage 
26 in the fusing AV cushions shows a concentration o f proliferating cells at the 
fusion points, (d) By stage 29, extensive PCNA immunoreactivity is seen 
throughout the AV cushions. Mag xl40, a-d.
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advanced distal regions, and here positively stained cells were located towards the 

endocardial layer of the cushions (not shown). The myocardium of the OT at this stage 

stained uniformly positively for proliferating cells throughout its length (Figure 4-7a). 

The AV cushions are fusing at this stage, and showed cells which were immuno-positive 

for PCNA at the fusion points (Figure 4-7c). In the unfused areas of these cushions, cell 

proliferation was seen in the tips of the dorsal and ventral cushions. At all stages 

examined, the atrial wall and ventricular trabeculae were immunolabelled throughout, as 

were cells in the narrow epicardial cushion layer (not shown).

At stage 27-28, the OT cushions were more cellularised than before, and 

positively stained cells predominantly appeared in, and adjacent to, the endocardial layer 

(Figure 4-7b), with staining diminishing towards the myocardium, where there was less 

cellularisation. Again, the myocardial layer was stained throughout, as was the 

epicardium. In the AV cushions, proliferating cells persisted at the growing tips of the 

developing leaflets, but remained sparse within the cushions.

By stage 29, the OT cushions were fully cellularised and the valve structure was 

becoming apparent. A uniform distribution of positively stained proliferating cells was 

present throughout the length of the OT, the cushions, the valves, myocardium and 

epicardium (not shown). The cells of the AV cushions (Figure 4-7d) were also now 

stained throughout.

CELL DEATH LEVELS IN EXPLANT CUSHION CULTURES

To determine if apoptosis occurred in a time-dependent programmed manner in 

the endocardial cushions, cultures were made of explanted AV cushion tissue grown for
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different times. The levels of cell death in the cultures were measured by TUNEL and 

Annexin-V staining. Cultures were made from ED 4 and ED 5 AV cushions, at a time 

that precedes the onset and peak levels of cell death in vivo. The cultures were grown for 

18, 24 or 30 hours, at which point the cells are at a stage that corresponds to the timing of 

in vivo apoptosis. Figure 4-8A shows an example of an AV cushion explant by phase 

contrast microscopy, after 12 hours in culture and also stained by TUNEL. The 

outgrowing cells can be seen spreading from the explant onto the collagen gel. When 

stained by TUNEL, the explant contains some positive apoptotic cells at the edge of the 

explant (Figure 4-8Aii-arrows). The cultures were left for the specified periods of time 

and stained using TUNEL (Figure 4-8B) or Annexin-V. The total number of cells 

staining with each label and the total number of cells in the outgrowth area of each 

culture in each culture was counted. The cells analysed using this technique were the 

cells that migrated away from the initial explant that had been place on the coverslip. 

Dying cells in or attached to the initial explant were not included. It was subsequently 

concluded that the migrating cells may not be representative o f the cells that were 

actually dying in vivo, so future culture experiments used dissociated cushions in culture 

as described. To allow for variation in the size of the initial explant, and the resulting 

culture outgrowths, the number of apoptotic-staining cells was expressed as a percentage 

of the total number of cells for each time-period, with each stain.

In the AV explant cultures, when the total number of TUNEL staining apoptotic 

cells is expressed as a percentage of the total number of cells, there is an increase in 

levels of cell death when the ED4 cushions are cultured for 24 hours (Figure 4-9A). 

Similar cultures were also stained using Annexin-V, to label early stage apoptotic cell
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Figure 4-8. Examples of cultures of atrioventricular cushion explants. (A)
Representative 12 h AV cushion explant cultures seen in phase contrast view (0, 
and TUNEL staining (ii) o f the same field o f view with positive apoptotic cells at 
the edge o f the explant (arrows). Mag. xl40. (B) The outgrowth of a 12 h AV 
cushion explant seen in a phase contrast view (i) and TUNEL staining on the same 
culture. The arrows point to the same apoptotic cells in each view. Mag. x560.
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Figure 4-9. Levels of apoptosis in AV explant cultures over time, measured by 
TUNEL and Annexin-V labeling. Only the cells that migrated away from the 
initial explant were included in the cell counts. (A) When the total number of 
TUNEL positive cells is expressed as a percentage of the total number of cells per 
culture, ED 4 -  24 h had the highest incidence of cell death. (n=l 1). (B) In similar 
cultures, stained with Annexin-V, a similar pattern o f cell death is seen, with an 
increase in levels of apoptosis in the ED4 -  24h culture (n=5).
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membrane changes. When the total number of positive cells per culture is expressed as a 

percentage of the total number of cells per culture, there is also an increase in cell death 

levels when the ED 4 cultures are grown for 24 hours (Figure 4-9B). This increase in 

levels o f apoptosis in cultures precedes levels seen in vivo by 24 h, possibly due to some 

intrinsic factor in the explant that induces cell death, or increased proximity of the culture 

cells to the signal compared to that in vivo.

EFFECT OF CONDITIONED MEDIUM ON CELL DEATH LEVELS IN

CUSHION CULTURES

To determine the source of the signal for apoptosis in the endocardial cushions, 

dissociated cushion cultures were treated with conditioned medium derived from primary 

cultures of different parts o f the heart, and were assayed for differing levels of cell death. 

Conditioned medium was prepared from the following different regions of the heart; AV 

cushions. OT cushions. AV cushions with myocardium, OT cushions with myocardium, 

and the ventricle.

Cultures of dissociated cushions were then treated with the conditioned medium; 

dissociated AV cushions received AV-derived conditioned medium, and dissociated OT 

cushions received OT-derived or ventricle-derived conditioned medium. Controls 

involved treating the cultures with non-conditioned medium 199. Also, as ventricle tissue 

exhibits no apoptosis in vivo, ventricle cultures were also treated, as a control, with OT- 

derived myocardium- or ventricle-conditioned medium. After treatment with the 

conditioned medium, the cultures were stained with TUNEL and the total numbers of 

positively staining cells per culture were counted.
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In AV cushion cultures, comparison of the number of TUNEL positive cells per 

culture after each treatment, revealed that treatment of dissociated AV cushion cultures 

with AV cushion-conditioned medium significantly increased the levels of cell death 

(P<0.01) when compared to the control (Figure 4-10A).

In dissociated OT cushion cultures, comparison of the number of TUNEL positive 

cells per culture showed that the level of cell death was significantly increased by OT 

cushion conditioned medium (P<0.01) and more significantly by ventricle-conditioned 

medium (PO.OOl) when compared the control (Figure 4-10B). Treatment of ventricle 

cultures yielded similar results to the control, with no significant increase in levels of cell 

death when treated with OT-derived myocardium conditioned medium or ventricle- 

conditioned medium (Figure 4-10B). The results of these culture experiments suggests 

that in the AV cushions, apoptosis is induced by some factor present in the cushions 

themselves, while in apoptosis in the OT cushions, factors in the OT cushions themselves 

and in the ventricle may be involved.

Dil LABELING OF NEURAL CREST CELLS

To investigate if neural crest cells were undergoing apoptosis in the endocardial 

cushions, double labeling was performed for neural crest cells and fragmenting nuclei. 

The premigratory neural crest cells were labeled by flushing the neural tube, prior to 

closure and cardiac neural crest migration at HH stage 9-11, with a solution of the 

fluorescent dye Dil. This dye is readily taken up into the plasma membrane of the cells it 

comes into contact with. All the cells of the neural tube subsequently fluoresce red. On 

leaving the neural tube to go to various body sites, the migratory NC cells carry the dye
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Figure 4-10. Effect of conditioned medium on apoptosis levels in dissociated 
cushion cultures. (A) Cultures of AV cushions were treated with AV-myocardium 
conditioned medium (MCM), AV-cushion conditioned medium (CCM), ventricle 
conditioned medium (VCM) and control medium 199 (CTRL). (B) Cultures of OT 
cushions were treated with OT-myocardium conditioned medium (MCM), OT- 
cushion conditioned medium (CCM), ventricle conditioned medium (VCM) and 
control medium 199 (CTRL). Ventricle cultures (V) were treated with conditioned 
medium from OT myocardium (OT MCM) and ventricle conditioned medium 
(VCM). In each case, equal numbers o f cells were initially seeded. The total 
number of apoptotic cells per culture was compared to the control. Statistical 
analysis was performed on the total number of TUNEL positive cells, using one 
way ANOVA and Tukey’s post-test (AV, n=7; OT, n=5).
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with them. The migratory pathways of NC cells have been well studied and documented 

with the cardiac NC cells being the focus of much ongoing attention (Creazzo et al, 1998; 

Waldo et al, 1999; Jiang et al, 2000). Among the better-characterized NC derivatives are 

the dorsal root ganglia (DRG) and melanocytes of the trunk NC. These can be seen to 

have taken the fluorescent label to their destination sites (Figure 4-1 la) acting as an 

internal positive control. The cardiac NC cells enter the distal OT by way of the 

pharyngeal arches and form the AP septum and contribute to the conal septum. 

Fluorescent labeling of clusters of cells can be seen in the septum o f the distal OT, 

indicating that labeled NC cells are reaching the heart (Figure 4-1 lb). The sections were 

stained with DAPI to label the nuclei and examined using a confocal microscope, looking 

for fragmenting nuclei of apoptotic cells. In the OT cushions, many apoptotic cells were 

seen, as evidenced by the characteristic fragmenting nuclei (Figure 4-12a). In the 

condensed mesenchyme of the AP septum, neural crest cells were seen, as evidenced by 

Dil labeling, but these were not apoptotic (Figure 4-12b). In the prongs of the AP septum 

that project into the OT cushions, which are also known to contain NC cells, there was 

some overlap with Dil labeling and DAPI staining of fragmented nuclei (Figure 4- 12c), 

indicating that some of the NC cells were dying. In the OT cushions also, there was also 

some overlap of Dil neural crest labeling with fragmenting nuclei (Figure 4-12d), 

suggesting that in the cushions, the NC cells may also undergo apoptosis. When Dil has 

been in the embryo for a number of days, it’s appearance within the cell changes from 

brightly labeled membranes to a granular cytoplasmic appearance (Bagnall, 1992). It is 

this granular appearance that is seen in the heart regions. Overall, these findings further
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support the fact that some NC cells may undergo apoptosis in the cushions and distal tips 

o f the AP septum.

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-11. Dil labeling of migratory neural crest cells, (a) Dil labeling o f the 
neural tube (nt), and the neural crest derivatives in the dorsal root ganglia (arrow) 
and the melanocytes (arrowhead) show that neural crest cells were correctly 
labeled. Mag xl40. (b) In the distal OT, fluorescent^ labeled neural crest cells can 
be seen in lining the vessels and in the intermediary septum (arrows), showing that 
cardiac neural crest cells were indeed labeled with the dye. Mag. x280.
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►

Figure 4-12. DAPI and Dil labeling in the outflow tract, (a) DAPI labeling of 
the OT cushions, showing many fragmenting apoptotic cells (arrows), (b) DAPI 
and DQ labeling o f the condensed mesenchyme o f the AP septum. A fluorescent^ 
labeled neural crest cell is shown (arrow), (c) In the prongs o f the AP septum. Dil 
labeling overlaps with some o f the fragmenting DAPI stained nuclei (arrows), (d) 
In the OT cushions, some overlap is seen, with Dil and DAPI labeling (arrows). 
Mag x560, a-d.
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Chapter 5

REGULATION OF APOPTOSIS IN THE ENDOCARDIAL
CUSHIONS
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EXPRESSION OF BCL-2 FAMILY MEMBERS IN THE EMBRYONIC

H E A R T

The bcl-2 family of proteins are known regulators of the apoptotic pathway, 

acting in either a pro- or anti-apoptotic pathway. It is generally considered that it is the 

ratio of levels of both subtypes that decides whether a cell will live or die. Embryonic 

hearts were examined for some of the bcl-2 family members by western blotting and 

immunocytochemistry, to test if members of this family are present in these tissues, and if 

so, to assess if they have a differential distribution.

Immunoblot analysis of bcl-2 family members

Immunoblotting was carried out on extracts of dissected AV cushions and whole 

OT to determine if members of the bcl-2 family were present, and to assess if expression 

patterns changed throughout the timecourse during which cell death is seen. 

Immunoblotting with a monoclonal antibody to anti-apoptotic bcl-2 showed the 26 kDa 

band to be present throughout E.D. 4-7 in both the AV cushions (Figure 5-la) and in the 

OT (Figure 5-lb). This same band was present in the Jurkatt cell positive control. The 

antibody also consistently recognized a lower -23 kDa band, which corresponds to 

another bcl-2 isoform (Tsujimoto and Croce, 1986). As this band was present at much 

lower levels in the positive control, this may suggest a role for this isoform in heart 

development. Densitometric analysis of the blots showed that bcl-2 levels decreased 

significantly at ED 5, compared to ED7 in the AV cushions (Figure 5-lc) while in the 

OT, bcl-2 protein levels were lower at ED 4 in comparison with the other days 

examined, although the decrease was not statistically significant (Figure 5-Id). The
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Figure 5-1. Bcl-2 expression in dissected AV cushions and outflow tract, (a)
Dissected atrioventricular (AV) cushion extracts immunoblotted with monoclonal 
anti-bcl-2. The 26kDa band is present throughout embryonic days 4-7 and in the 
Jurkatt cell positive control (+), with a decrease in expression at ED5. The lower 
23kDa band represents another isoform of bcl-2. (b) Dissected outflow tract 
immunoblotted with monoclonal anti-bcl-2, showing the same 26 and 23kDa 
bands, with a decrease in expression at ED4. (c) Average densitometric scans for 
the 26kDa band in AV bcl-2 blots (n=3), with a significant decrease in expression 
at ED 5 compared to ED7. (d) Average densitometric scans for the 26kDa band in 
outflow tract bcl-2 blots (n=3) showing a decrease in expression at ED4. Data 
shown represents the mean band density for each day + SEM. Statistical analysis 
was performed using one way ANOVA and Tukey’s post-test. The dashed lines 
show the pattern of apoptosis seen in vivo.
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Figure 5-2. Bax expression in dissected AV cushions and outflow tract, (a)
Dissected atrioventricular (AV) cushions immunoblotted with monoclonal anti-bax. 
The 23kDa band is consistently expressed in the AV cushions from ED 4-8, in 
similar levels to the whole embryo (WE) positive control, (b) Dissected outflow 
tract immunoblotted with monoclonal anti-bax, showing the 23kDa band 
throughout ED 4-8. (c) Average densitometric scans for the 23 kDa band in AV bax 
blots (n=3), showing consistent expression levels throughout ED 4-8. (d) Average 
densitometric scans for the 23kDa band in outflow tract bax blots (n=2), showing a 
reduced expression at ED 4. Data shown represents the mean band density for each 
day + SEM. Statistical analysis was performed using one way ANOVA and 
Tukey’s post-test. No significant differences were seen between days. The dashed 
lines show the pattern o f apoptosis seen in vivo.
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Figure 5-3. Bak expression in dissected AV cushions and outflow tract, (a)
Dissected atrioventricular (AV) cushions immunoblotted with monoclonal anti-bak. 
The 28kDa band is only present during ED 4-6. (b) Dissected outflow tract 
immunoblotted with monoclonal anti-bak, showing the 28kDa band in ED 4-5, and 
the whole embryo (WE) positive control, (c) Average densitometric scans for the 
28kDa band in AV bak blots (n=3), showing protein expression during ED 4-6, 
with an absence of protein at later stages examined, (d) Average densitometric 
scans for the 28kDa band in outflow tract blots (n=3) showing expression in ED 4- 
5, with an absence of protein at later stages examined. Data shown represents the 
mean band density for each day ±  SEM. The dashed lines show the pattern of 
apoptosis seen in vivo.
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antibody used did not detect any protein in ventricular tissue (not shown). 

Immunoblotting was also performed on dissected AV cushions and the OT for pro- 

apoptotic bax, using a cross reactive monoclonal antibody. The 23kDa band was present 

throughout ED 4-8 in the AV cushions and in the whole embryo positive control (Figure 

5-2a). In the outflow tract, the 23kDa band was also present throughout ED 4-8 and in the 

positive control (Figure 5-2b). Densitometric analysis of bax expression in the AV 

cushions (Figure 5-2c) showed similar levels of the protein throughout ED 4-8. In the 

outflow tract, densitometric analysis also revealed constitutive expression throughout ED

4-8, with no significant differences seen between days. (Figure 5-2d). Immunoblotting 

with a monoclonal antibody to pro-apoptotic bak revealed the 28kDa bands in ED 4-6 in 

dissected AV cushions (Figure 5-3a), while in the dissected outflow tract, the band was 

present in ED 4-5 (Figure 5-3b). Densitometric analysis of the bands in the AV cushions 

supported these results, revealing expression of the protein from ED 4-6 in the AV 

cushions (Figure 5-3c) and from ED 4-5 in the outflow tract (Figure 5-3d). Interestingly, 

the protein was absent from both regions at later stages, after the time of peak cell death. 

Extracts of whole embryo tissue serve as a positive control when the protein of interest is 

known to be present during the developmental stages examined, and with 

immunoblotting serves to show the band is present at the correct molecular weight.

Immunocytochemical localisation of bcl-2 family members

To visualise the localisation of bcl-2 family members, sections of the developing 

heart were stained for various members of the bcl-2 family at times when peak cell death 

is observed in the AV and OT regions. At ED 4, in the distal OT (Figure 5-4a) bcl-2
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protein was present in individual cells of the endocardial cushion cells (arrows) but with 

only background staining in the APS. In the more proximal cushions (Figure 5-4, c and 

d), the protein was expressed in the majority of cushion cells (arrows) as evidenced by 

darker staining of the cell bodies and cytoplasmic processes, compared to the background 

staining in non-positive cells (arrowheads) and the myocardium. A similar pattern was 

seen in the AV cushions at ED 4 and 6 (Figure 5-4, f and e respectively), with high bcl-2 

expression in most cushion cells (arrows), but less in the adjacent myocardium. Heart 

sections were also stained for bax, a pro-apoptotic family member. At ED 4, in the distal 

OT (Figure 5-5a), the bax protein was absent from the centre of the condensed 

mesenchyme of the AP septum, but was present in some o f the adjacent cushion and 

myocardial cells, and at the edges of the condensed mass (Figue 5-5a, arrow). Bax was 

also seen in the fusing cushions of the distal OT, adjacent to the AP septum (Figure 5- 

5b). In the more proximal cushions (Figures 5-5, c and d) bax expression appeared to 

associate strongly with the prongs of the AP septum that protrude into the endocardial 

cushions, but was also present in individual cells in the surrounding cushions and in the 

myocardium. In the AV cushions (Figure 5-5e) bax appeared to be scattered throughout 

the central cushion mass at ED 6, when peak cell death is occurring. Pro-apoptotic bak, 

was also examined for in sections at times when peak cell death is occurring. In the OT at 

ED 4, bak appeared to strongly localise to the prongs of the AP septum (Figure 5-6, a and 

b), and was also present in some parts of the endocardial cushions and the myocardium. 

In the AV cushions at ED 6, bak also appeared to have a specific distribution in regions 

that normally show extensive apoptosis (Figure 5-6c), but with little staining in the 

adjacent myocardium.
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Figure 5-4. Immunocytochemical localisation of bcl-2 in the endocardial 
cushions, (a) The distal outflow tract, ED 4, stained for bcl-2, showing the 
endocardial cushions (ec) and the aorticopulmonary septum (aps). Staining appears 
more prominent in individual cells in the cushions (arrows), compared to 
background staining in the condensed mesenchyme o f the aps (arrowhead) (b) A 
pre-absorbed negative control o f the OT shows no staining in the endocardial 
cushions (ec) or the myocardium (m). (c) In the proximal outflow tract, positive 
staining can be seen throughout the endocardial cushions. At a higher 
magnification (d), many positive cells are seen (arrows), as evidenced by darker 
staining o f the cell bodies and cytoplasmic processes, with background staining in 
the adjacent myocardium (m) and some cushion cells (arrowheads), (e) In the AV 
cushions, bcl-2 is seen throughout the central mass o f cushions (ec) at the time of 
peak cell death (ED 6). (f) At an earlier stage (ED 4), bcl-2 is also seen throughout 
the AV cushions, again with less staining in the adjacent myocardium (m). Mag. 
xl40, c,e; x280, a; x560, d,f.
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Figure 5-5. Immunocytochemical localisation of bax in the endocardial 
cushions, (a) The distal outflow tract, ED 4, stained for pro-apoptotic bax, shows 
the condensed mesenchyme o f the aorticopulmonary septum (APS). Staining is 
absent from the central mass but is present in the adjacent cells (arrow) and is 
scattered throughout the surrounding myocardium (m). (b) At a higher 
magnification o f the boxed area in a, bax immunoreactivity can be seen in 
individual cells in the fusing endocardial cushions, (c) The proximal outflow tract, 
showing a strong association o f staining with the prongs o f the APS and with 
individual positive staining cells scattered throughout the endocardial cushions (ec) 
and the myocardium (m; arrows), (d) A higher magnification o f the boxed area in 
figure c shows the association o f bax staining with the APS. (e) Individual bax 
stained cells scattered throughout the central mass o f AV cushions, ED 6, at the 
time o f peak cell death occurrence. Mag. xl40, a,c,e; x280, b,d.
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Figure 5-6. Immunocytochemical localisation of bak in the endocardial 
cushions, (a) The outflow tract, ED 4, stained for pro-apoptotic bak shows the 
protein present in some o f the endocardial cushions (ec) and myocardium (m) of 
the outflow tract and with a strong association with the aorticopulmonary septum 
(aps). (b) A higher magnification o f the aorticopulmonary septum (aps). (c) Bak 
immunoreactivity is seen in the endocardial cushions (ec) in the AV region, with no 
obvious staining in the adjacent myocardium (m). Mag. xl40, a,c; x280, b.
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Expression of bax was also seen in the ventricle of the heart. Western blotting on 

ventricular tissue for the 23kDa bax protein revealed expression throughout ED 4 - 8  

(Figure 5-7a) at levels equal to or greater than the whole embryo positive control. 

Immunostaining on ventricular sections revealed widespread immunoreactivity 

throughout the ventricular myocardium (Figure 5-7b) and at a higher magnification 

(Figure 5-7c) throughout the trabeculae. In all procedures involving immunostaining, 

negative controls were performed that entailed pre-incubation of the antibody with a 

blocking peptide, or incubation of the sample in serum alone, minus the primary 

antibody. This resulted in absence of staining in all cases, with examples shown in figure 

5-8.

Sub-Cellular distribution of bd-2 family members in cushion cells

The sub-cellular dynamics of the bcl-2 family members bcl-2 and bax were 

examined in the cushion cells in culture to determine if translocation occurred between 

cellular compartments in ways which suggest the activation of apoptotic pathways in 

these cells. Dissociated cultures of AV cushions were either maintained with serum or 

were serum-starved, which is known to induce the cells to undergo apoptosis. The 

cultures were then stained for anti-apoptotic bcl-2 or pro-apoptotic bax, with concomitant 

staining for the nuclei with DAPI and the mitochondria with Mitotracker Red ® 

CMXRos. and the images were combined to determine the cellular localisation o f the bcl- 

2 family members in healthy and dying cells. Some serum-starved cultures were also 

treated with a general caspase inhibitor to determine if bcl-2 family involvement may be 

downstream of caspase activity.
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Fig 5-7. Immunodetection of bax in the ventricle of the embryonic heart, (a)
Dissected ventricular tissue immunoblotted with monoclonal anti-bax. The 23kDa 
band is present throughout ED 4-8, at levels equal to or greater than the whole embryo 
(WE) positive control, (b) Immunocytochemical detection o f bax in the ventricular 
tissue (B and at a higher magnification in C) shows bax to be expressed in the 
myocardium (m) and the trabeculae (tr). Mag. x280, b; x560, c.
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Figure 5-8. Examples o f immuuohistochemistry negative controls. In all
immunohistochemical procedures, negative controls were performed that consisted 
o f pre-incubating the antibody with a blocking peptide, or incubation in serum 
without the primary antibody, (a) Negative control in the area o f the distal outflow 
tract, showing the aorticopulmonary septum (aps) and the OT cushions (otc). (b) 
Negative control in the AV cushions (avc). Mag. xl40, a; x280, b.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In healthy cultures stained for bcl-2 (Figure 5-9), DAPI staining shows large, 

healthy nuclei (Figure 5-9a) with mitochondria dispersed throughout the cells (Figure 5- 

9b). With concurrent staining for endogenous bcl-2, the protein was seen throughout the 

cytoplasm, and in specific immunoreactive clusters in each cell (Figure 5-9c). When the 

images were combined (Figure 5-9d), there was some overlap of the bcl-2 stain with the 

mitochondria, and the positive staining clusters appeared to lie adjacent to or in the 

nuclei. In direct overlap of the blue and green staining, the resulting colour would appear 

as pale-blue in colour. Other cultures were serum starved to induce apoptosis and were 

also stained for bcl-2 (Figure 5-10). In these illustrations, the nuclear DAPI staining 

shows an intact nucleus beside a fragmenting nucleus of an apoptotic cell (Figure 5-10a). 

With mitochondrial labeling in the same cells (Figure 5-1 Ob), the intact cell has dispersed 

mitochondria, possibly beginning to encircle the nucleus, while in the fragmenting cell, 

the mitochondria have clustered around the fragmenting nucleus. Staining for bcl-2 

(Figure 5-10c) shows some similar expression patterns between bcl-2 staining and the 

mitochondrial staining in the intact cell (arrows). In the apoptotic cell, the pattern of bcl-2 

expression is similar to the DAPI staining of the fragmenting nucleus in the same cell. In 

the combined image (Figure 5-10d), the areas of overlap of bcl-2 and the mitochondria 

appear orange/yellow, confirming the mitochondrial association of bcl-2 in the serum- 

starved cell, while in the dying cell, bcl-2 expression overlaps with the fragmenting 

nucleus, as evidenced by the combined pale-blue appearance of the bcl-2 stain with 

DAPI. Some of the serum starved cultures were treated with a general caspase inhibitor 

and stained for bcl-2 (Figure 5-11). These cultures resembled the healthy cultures in that
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A

Figure 5-9. Confocal image o f healthy AV cushion cahare stalaed for 
eadogeaoas bcl-2. (a) DAPI staining on heahhy dissociated primary cultures of 
AV cushion cells showing the healthy nuclei (b) Staining o f the mitochondria with 
Mitotracker Red in the same field o f  view showing the dispersed mitochondria, (c) 
Staining for bcl-2 (green) showing a cytoplasmic distribution o f the protein, with 
immunoreactive clusters in each cell (arrows), (d) In the combined image, the 
positive clusters appear to lie adjacent to the nuclei with cytoplasmic protein 
distribution and some overlap with the mitochondria. Mag. x560.
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Figure 5-10. Coufocul image of serum starved AV cushion culture stained for 
endogenous bcl-2. (a) DAPI staining on serum starved dissociated primary cultures 
of AV cushion cells showing an intact nucleus on the left, adjacent to a fragmenting 
nucleus o f an apoptotic celL (b) Staining o f the mitochondria with Mitotracker Red 
in the same field o f view showing the dispersed mitochondria in the intact cell and 
the clustered mitochondria in the dying cell, (c) Staining for bcl-2 (green) shows 
widespread distribution throughout the intact cell, with overlap o f areas positive for 
mitochondria (arrows in b and c). In the apoptotic cell, bcl-2 appears to overlap 
with regions o f  the fragmenting nucleus, (d) In the combined image, regions of 
overlap between mitochondria and bcl-2 appear orange/yellow, while areas of 
overlap o f nucleus and bcl-2 appear pale blue. Mag. x560.
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Figure S -ll. C od  focal image of serum-starved AV cushion culture with a 
general caspase inhibitor, stained for endogenous bcl-2. (a) DAPI staining on 
healthy dissociated primary cultures o f AV cushion cells showing a healthy nucleus 
beside a probable mitotic nucleus, (b) Staining o f the mitochondria with 
Mitotracker Red in the same field o f view showing the dispersed mitochondria, (c) 
Staining for bcl-2 (green) showing a cytoplasmic distribution o f the protein, with 
immunoreactive clusters in each cell (arrows), (d) In the combined image, the 
positive clusters appear to lie adjacent to the nuclei, with cytoplasmic protein 
distribution and some mitochondrial overlap. Mag. x560.
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the clustered immunoreactivity persisted in the nuclear region (Figure 5-1 lc), and again 

there was some overlap between the mitochondria and bcl-2 (Figure 5-1 Id).

Dissociated AV cushion cultures were also stained for pro-apoptotic bax (Figure 

5-12). In these cultures, the DAPI labeling stained the healthy nuclei (Figure 5-l2a) and 

Mitotracker Red showed the mitochondria to be dispersed throughout the cell (Figure 5- 

12b). Staining for bax showed expression of the protein throughout the cytosol, with 

some specific focal points (Figure 5-12c). When the images were combined, there was no 

apparent overlap of bax with either the nuclei or the mitochondria (Figure 5-12d). In 

serum starved cultures stained for bax, the DAPI labeling (Figure 5-13a) shows the 

shrunken nucleus of an early stage apoptotic cell, between two intact cells. The 

mitochondrial labeling (Figure 5-13b) shows the widespread distribution of the 

mitochondria in the intact cells, while in the dying cells, the mitochondria surround the 

shrunken nucleus. With the staining for bax (Figure 5-13c), the characteristic blebs of the 

apoptotic cell are apparent, with bax localizing to these areas. In the non-apoptotic cells, 

bax distribution appears to be scattered throughout the cytoplasm, and with 

immunoreactivity in the nucleus. When the images are combined (Figure 5-13d), in the 

apoptotic cell, there is no apparent association between bax and the mitochondria or the 

nucleus, whereas in the intact cells, the association of bax with the nuclei and cytoplasm 

is evident. When serum starved cultures were treated with caspase inhibitors and stained 

for bax (Figure 5-14), the pattern of distribution resembled that of healthy cells in that 

there was still little overlap of bax with the mitochondria (Figure 5-14d), but more 

interestingly, the nuclear immunoreactivity of bax was absent (Figure 5-14c), which may 

suggest bax activity is downstream of caspase activity.

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-12. Confocal image o f heahhy AV cushion culture stained for 
endogenous bax. (a) DAPI staining on dissociated primary cultures o f AV cushion 
cells, labeling the healthy nuclei (b) Staining o f the mitochondria with Mitotracker 
Red in the same field o f view, showing the dispersed mitochondria in the healthy 
cells, (c) Staining for bax (green) shows a cytoplasmic distribution o f the protein, 
with some focal points (arrows), (d) In the combined image, there appears to be 
little overlap o f bax with the mitochondria and none with the nuclei Mag. x560.
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Figure 5-13. Coufocal image o f serum-starved AV cushion culture stained for 
endogenous baa. (a) DAPI staining on serum starved dissociated primary cultures 
o f AV cushion cells showing the shrunken nucleus o f an apoptotic cell (arrow) 
between intact nuclei, (b) Staining o f the mitochondria with Mitotracker Red in the 
same field o f view, showing the dispersed mitochondria in the intact cells, while 
the mitochondria in the dying cell surround the nucleus, (c) Staining for bax (green) 
shows distribution in the cytoplasm and nucleus of the intact cells. In the dying 
cell, bax staining is seen in the characteristic blebs o f an apoptotic cell, and is now 
absent from the nucleus, (d) In the combined image, there appears to be little 
overlap o f bax with the mitochondria. In the serum-starved cells, bax appears to 
overlap with the nuclei, while in the apoptotic blebbing cell, this overlap is absent. 
Mag. x560.
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Figure 5-14. Coufocal image of nou-apoptotic serum-starved AV cushion 
culture, with a general caspase inhibitor, stained for endogenous bax. (a) DAPI 
staining on serum starved dissociated primary cultures o f AV cushion cells 
showing the shrunken nuclei o f a recently divided cell (b) Staining o f the 
mitochondria with Mitotracker Red in the same field o f view showing the dispersed 
mitochondria, (c) Staining for bax (green) shows distribution in the cytoplasm and 
but is not seen in the nuclear area, similar to non-serum starved cultures., (d) In the 
combined image, there appears to be no overlap o f bax staining with the 
mitochondria or nuclei Mag. x560.
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Table I shows a summary of the sub-cellular distribution of bcl-2 and bax in the 

healthy and serum starved cushion cultures.

Figure 5-15 shows a western blot for the bax antibody used in the 

immunocytochemical studies, showing that the antibody recognizes the 23kDa band in 

AV cushion tissue and whole embryo, and that pre-absorption with the blocking peptide 

abolishes immunoreactivity.
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Cytoplasmic Cytoplasmic

Bcl-2

Nuclear/ER
association?

Some
mitochondrial

association

Some
mitochondrial

overlap

Nuclear clusters 
absent

Cytoplasmic 

Nuclear overlap

Cyotplasmic

With caspase 
inhibitor -

Nuclear/ER
association?

Some
mitochondrial

overlap

-

Bax

Cytoplasmic

No nuclear/ 
mitochondrial 

overlap

Cytoplasmic

Nuclear association

No mitochondrial 
overlap

Cytoplasmic

No nuclear 
association

Apoptotic bleb 
association

With caspase 
inhibitor -

Cytoplasmic

Nuclear association 
absent

-

Table 5- 1. Summary of bcl-2 and bax distribution in healthy, serum starved and 
apoptotic cushions cells in culture. Representative cells from 3 individual cultures 
with each treatment are shown, with the majority of cells per treatment exhibiting

the same staining patterns.
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Figure 5-15. Immunoblotting with the 1-19 bax polyclonal antibody. To test the 
antibody specificity, dissected AV tissue and a whole embryo positive control were 
immunoblotted with the 1-19 antibody. The negative control with the antibody 
preabsorbed with the blocking peptide showed no bands.
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CASPASE EXPRESSION AND ACTIVITY IN THE EMBRYONIC HEART

Immunoblot analysis of caspase-9 and the caspase substrate PARP

Immunoblot analysis was performed on dissected AV cushions and OT for 

evidence of expression and activity of the caspase family of enzymes. Initial attempts 

with antibodies to caspase -3 and -S proved unsuccessful, with the antibody not 

recognizing any antigen in the tissue. Immunoblot analysis with a polyclonal antibody to 

caspase-9 recognized the lOkDa cleavage fragment of active caspase-9. Inactive caspase- 

9 (45kDa) is activated by cleavage into 35kDa and lOkDa fragments (Slee et al, 1999). In 

dissected AV cushions, the lOkDa cleavage fiagment band was present in immunoblots 

from ED 5-8 with only very low levels seen in ED4 (Figure 5-16a). Immunoblots on 

dissected outflow tract revealed expression of the lOkDa band throughout ED 4-8 (Figure

5-16b). Densitometric analysis of the lOkDa band blots in the AV cushions revealed a 

low level of expression at ED 4, in comparison to similar raised levels throughout ED 5- 

8 (Figure 5-16c). In densitomentric scans of the lOkDa band in blots on OT tissue, 

similar levels of caspase-9 cleavage fragment expression were seen during ED 4-8 

(Figure 5-16d).

In the apoptotic signaling cascade, cellular proteins are cleaved and inactivated by 

active members of the caspase family of enzymes (Thomberry and Lazebnik, 1998). One 

such protein, poly(ADP)-ribose polymerase (PARP), a ll3kDa protein, is cleaved and 

inactivated, resulting in cleavage fragments of 89 and 24kDa size, which are 

characteristic of apoptotic cells (Duriez and Shah, 1997). Dissected AV cushions and OT 

were immunoblotted for PARP, using a cross-reactive polyclonal antibody. In the AV 

cushions, the 24kDa fragment was seen at ED 7-8 (Figure 5-17a), while in the dissected
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Figure 5-16. Caspase-9 cleavage fragment expression in dissected AV 
cushions and outflow tract, (a) Dissected atrioventricular (AV) cushions 
immunoblotted with a polyclonal antibody antibody to caspase-9. The lOkDa 
cleavage fragment band is present throughout ED 5-8 and in the whole 
embryo (we) positive control, (b) Dissected outflow tract immunoblotted with 
polyclonal caspase-9, showing the same lOkDa band throughout ED 4-8 and 
in the whole embryo (we) positive control, (c) Average densitometric scans 
for the lOkDa band in AV caspase-9 blots (n=2), showing a reduction in ED 4 
expression, (d) Average densitometric scans for the lOkDa band in outflow 
tract caspase-9 (n=3) blots, showing similar expression throughout Ed 4-8. 
Data shown represents the mean band density for each day ±  SEM. The 
dashed lines show the oattem of aoootosis seen in vivo.
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Figure 5-17. Poly (ADP)-ribose polymerase (PARP) cleavage fragment 
expression in dissected AV cushions and outflow tract, (a) Dissected 
atrioventricular (AV) cushions immunoblotted with polyclonal PARP. The 24kDa 
cleavage fragment band was only present in ED 7-8, and was eliminated by 
preabsorption (P.Ab.) with the suppliers blocking peptide, (b) Dissected outflow 
tract immunoblotted with polyclonal PARP, showing the same 24kDa cleavage 
fragment band, throughout ED 3-8, and no band with preabsorption with the 
blocking peptide, (c) Average densitometric scans for the 24kDa band in the AV 
PARP blots show that ED8 is significantly different from ED3-6 (p<0.05; n=4). (d) 
Average densitometric scans for the 24kDa band in the outflow tract blots with no 
significant differences (n=4). Data shown represents the mean band density for 
each day + SEM, with statistical analysis by one way ANOVA and Tukey’s post 
test. The dashed lines show the pattern of apoptosis seen in vivo.
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OT, the cleavage fragment was seen throughout ED 3-8 (Figure 5-17b). Densitometric 

analysis of the 24kDa band blots in the AV cushions revealed up-regulation of expression 

in ED 7-8, with expreseeion of the cleavage fragment at ED8 being significantly different 

from ED3-7 (p<0.05; Figure 5-17c), while similar densitometric analysis of the 24kDa 

band in OT blots, revealed a constant level of expression throughout ED 3-8 (Figure 5- 

17d).

Caspase inhibitors on serum starved AV cushion cultures

Dissociated AV cushion cultures were grown and were serum starved to induce 

the cells to undergo apoptosis. The cultures were treated with various synthetic peptide 

apoptosis inhibitors and the levels of cell death were assessed. The cultures were treated 

with a universal caspase inhibitor, an inhibitor of caspase-3 and an inhibitor of caspase-9, 

and were compared to untreated controls. The cultures were stained with DAPI to stain 

all the nuclei (Figure 5-18a) and TUNEL to label the apoptotic nuclei (Figure 5-18b), and 

the total number of TUNEL-positive staining cells was counted. When the total number 

of TUNEL staining nuclei per culture were compared (Figure 5-18c), the effects of the 

universal inhibitor and the inhibitor of caspase-9 on the inhibition of apoptosis, showed a 

higher significance (p<0.01) than the inhibitor of caspase-3 (p<0.05) when compared to 

the untreated control.
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Figure 5-18. Effect o f caspase inhibitors on the incidence of apoptosis in 
serum-starved AV cushion cultures, (a) DAPI staining on dissociated AV 
cushion cultures that were serum starved and treated with different caspase 
inhibitors, (b) TUNEL staining on the same field o f view showing a TUNEL 
positive apoptotic cell (c) Graph o f the number o f TUNEL-positive cells per 
culture, after no treatment (Ctrl) or after treatment with a universal caspase 
inhibitor (Univ. Cl), an inhibitor o f caspase 3 (C3I), or an inhibitor o f caspase 9 
(C9I). Each treatment was found to be significantly different from the control 
(n=5). Mag. x280, a,b.
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Chapter 6

EXPRESSION AND FUNCTION OF BONE 
MORPHOGENETIC PROTEINS IN THE ENDOCARDIAL

CUSHIONS
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EXPRESSION OF BONE MORPHOGENETIC PROTEINS IN THE 

EMBRYONIC HEART

Previous work examining the role of BMP’s in the developing heart has mostly 

focused on the expression patterns of mRNA at the time of epithelial-mesenchymal 

transformation (EMT) during endocardial cushion formation, with some speculation that 

the protein may play a role in apoptosis at a slightly later stage during cushion 

development. It was therefore decided to examine the expression pattern of two BMP 

proteins at a time when apoptosis is seen in the cushions.

Immunocytochemical localisation of bone morphogenetic protein 2.

To determine the localisation of bone morphogenetic protein (BMP) -2 in the 

heart, and to compare the distribution patterns of these proteins in the embryonic chick 

and mouse hearts, sections of both were immunocytochemically stained with a polyclonal 

antibody to BMP-2, at stages when the endocardial cushions are developing and cell 

death is normally seen in the chick cushions. In the chick heart, at ED 5-6, strong 

immunoreactivity was seen in the atrial wall and in the myocardium of the OT (Figure 6- 

la). At a higher magnification of the same area (Figure 6-lb) positive staining for the 

protein could be seen scattered throughout the endocardial cushions of the OT. 

Expression was also seen throughout the ventricular myocardium (Figure 6-Id). In the 

AV cushions, there was positive immunoreactivity throughout the lateral and central 

cushions (Figure 6-1 e). Negative controls, which entailed omission of the primary 

antibody, and incubation in serum alone, resulted in an absence of staining in all
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Figure 6-1. Immunoctyochemical localisation of BMP2 in the ED 5-6 chick
heart, (a) Sections o f the chick heart stained for BMP2, show strong 
immunoreactivity in the atrial walls (atr) and the myocardium of the outflow tract 
(m). (b) At a higher magnification, staining is seen in the outflow tract endocardial 
cushions (ec) and in the myocardium (m). (c) Negative controls show no 
immunoreactivity in the OT endocardial cushions (ec) or myocardium (m). 
(d)Strong BMP2 immunoreactivity is also seen throughout the ventricular 
myocardium (vm). (e) At a higher magnification, staining can also be seen in the 
AV endocardial cushions (ec). (f) Negative controls show no immunoreactivity in 
the AV cushions (ec). Mag. xl40, a,d; x280, b,c,e,f.
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Figure 6-2. Immunocytochemical localisation of BMP2 in the ED 10.5 mouse
heart, (a) Sections o f the mouse heart stained for BMP2 show positive staining in 
the outflow tract myocardium (m) but not in the endocardial cushions o f the 
outflow tract (ec). (b) At a higher magnification, no immunoreactivity is visible in 
the OT cushions (ec) (c) Strong staining is seen in the atrial wall and the ventricular 
myocardium (vm) but is not apparent in the atrioventricular cushions (ec). (d) At a 
higher magnification, no immunoreactivity is seen in the AV cushions (ec). Mag. 
xl40, a,c; x280, b,d.
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Figure 6-3. Immunocytochemical localisation of BMP2 in the ED 12.5 mouse
heart, (a) Sections o f the mouse heart stained for BMP2 show immunoreactivity in 
the myocytes o f the outflow tract myocardium (m) that may be invading the 
endocardial cushions (ec). (b) At a higher magnification, immunoreactivity is seen 
in the myocardium (m) with little or none visible in the endocardial cushions of the 
OT (ec) (c) Staining is seen in the atrial wall (atr) and ventricular myocardium 
(vm), with no staining apparent in the AV cushions (avc). (d) AT a higher 
magnification, the immunoreactivity is absent from the AV endocardial cushions 
(ec). Mag. xl40, a,c; x280, b,d.
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immunocytochemical procedures. Representative examples are shown in figure 6-lc 

and f.

Staining was also performed on sections of the embryonic mouse at ED 10.5, 

which corresponds to a slightly earlier stage than that used in the chick. In the OT, 

staining was only seen in the myocardium, with no visible immunoreactivity seen in the 

OT cushions (Figure 6-2a and b). Staining was also widespread throughout the 

ventricular myocardium and the atrial walls (Figures 6-2c). In the AV endocardial 

cushions, again, no immunoreactivity was seen (Figure 6-2d). Staining was also 

performed on ED 12.5 mouse sections, at a stage when the endocardial cushions are more 

developed. In the OT, immunoreactivity was seen in the myocytes of the myocardium, 

that may be invading the endocardial cushions, but no visible immunoreactivity was seen 

in the OT cushions (Figures 6-3 a and b). Strong immunoreactivity was also seen in the 

ventricular myocardium and the atrial wall, but with no apparent staining in the AV 

cushions (Figure 6-3c and d). In both the chick and mouse embryos, staining was 

performed on sections of the entire embryo, where other regions in the embryo showing 

positive immunoreactivity were the chondrocytes in the developing limb (not shown).

Immunocytochemical localisation of bone morphogenetic protein 4.

Sections of the embryonic chick and mouse heart were also stained for BMP4, at 

similar times when the cushions are developing. In the ED 5-6 chick heart, staining in the 

OT was restricted to the myocardium, but no obvious imunoreactivity was apparent in the 

endocardial cushions (Figure 6-4a and b). In whole heart sections (Figure 6-4c), 

immunostaining was evident in the atrial wall, OT myocardium and the ventricular
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Figure 6-4. Immunocytochemical localisation o f BMP4 in the ED 5-6 chick 
heart, (a) Sections o f chick hearts stained for BMP4 show some immunoreactivity 
in the OT myocardium (m). (b) At a higher magnification o f the boxed area, the 
staining is evident in the myocardium (m) but is not visible in the OT endocardial 
cushions (ec). (c) In whole heart sections, positive staining is seen in the atrial wall 
(atr) and the edge o f the ventricular myocardium (vm) but with no apparent staining 
in the atrioventricular cushions (avc). (d) A higher magnification o f the boxed area 
in the proximal OT shows staining in the outflow tract myocardium (otm) but not 
in the cushions (ec) or epicardium (ep). Mag. xl40, a,c; x280, b,d.
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Figure 6-5. Immunocytochemical localisation of BMP4 in the ED 10.5 mouse 
heart, (a) Sections o f mouse heart stained for BMP4 shows strong staining in the 
atrial wall (atr), the right ventricular myocardium (vm) and the outflow tract (ot). 
(b) At a higher magnification o f the OT, the staining seems to be restricted to the 
myocardium (m), with no apparent immunoreactivity in the endocardial cushions 
(ec) (c) In the AV region, strong immunoreactivity is seen in the atrial wall (atr) 
and the ventricular myocardium (vm). No staining is visible in the AV endocardial 
cushions (ec). (d) A higher magnification o f the AV cushions (ec) reveals no 
immunoreactivity. Mag. xl40, a,c; x280, b,d.
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Figure 6-6. Immunocytochemical localisation on BMP4 in the ED 12.5 mouse 
embryonic heart, (a) Sections o f the mouse heart stained for BMP4 show staining 
in the ventricular myocardium (vm), but no apparent immunoreactivity is seen in 
the endocardial cushions (ec) o f the proximal OT. (b) In the slightly more distal OT 
endocardial cushions (ec), no staining is apparent, (c) The atrioventricular 
myocardial region (avm) shows a more restricted positive staining, (d) No staining 
is visible in the AV endocardial cushions (ec). Mag. xl40.
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myocardium, with no apparent staining in the AV endocardial cushions. Staining was 

also performed on sections of the ED 10.5 mouse heart. Strong expression was also seen 

in the atrial wall and ventricular myocardium (Figure 6-5a). In the OT, staining was 

restricted to the myocardium, with no obvious staining in the endocardial cushions 

(Figure 6-5b). In the AV region of the heart, strong immunoreactivity was seen in the 

ventricular myocardium and the atrial wall (Figure 6-5c), and again no apparent staining 

was visible in the AV endocardial cushions (Figures 6-5c and d). In the ED 12.5 mouse 

heart, the staining seemed to have a more restricted pattern. Positive staining was seen in 

the trabeculae of the ventricle, but was not evident in the maturing valve leaflets (Figure 

6-6a and b). In the AV region, staining seemed to be restricted to a specific part o f the 

AV myocardium (Figure 6-6c), but again, no obvious staining was seen in the AV 

endocardial cushions (Figures 6-6c and d).

A summary of the distribution of the immunostaining seen in both the chick and 

mouse heart, with BMP2 and BMP4 is shown in table 6-1.
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Tissue  BMI>2 BMI'4
Chick

Endocardial cushions + -

Atria +++ +++
Ventricle ++ -F +

OT myocardium ++ ++

Mouse

Endocardial cushions - -

Atria +++
Ventricle +++ +++
OT myocardium +++ ++

Table 6-1. Summary of the distribution pattern for BMP2 and BMP4 
immu nocytochemistry in the chick and mouse heart. Immunostaining was 
performed on sections of chick and mouse heart, for BMP2 and BMP4. The 
distribution pattern and relative intensity of staining in the different areas of the 
heart are represented, from no visible staining (-), to minor (+) and strong 
immunoreactivity

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RETROVIRAL OVEREXPRESSION OF BONE MORPHOGENETIC 

PROTEIN RECEPTORS IN CUSHION CULTURES

As part of studies to investigate if BMP receptors are involved in apoptosis of 

endocardial cushion cells, dissociated cushion cultures were infected with replication- 

competent RCAS virus, encoding either BMP-receptor (BMPR) -1A  or -IB , with 

constitutively-active (CA) or dominant-negative (DN) isoforms.

Initially, healthy cultures were grown for 4-6 days after infection, and were 

subsequently stained with TUNEL and DAPI. Five replicates of each treatment were 

performed (uininfected control; I A, CA; 1A DN; IB CA; IB DN). In each case, no 

differences were observed in levels of apoptosis between the various treatments, with 

only randomly scattered individual apoptotic cells seen in each. Examples of cultures 

infected with the 1A and IB DN isoforms and uninfected controls, stained with TUNEL, 

DAPI and an antibody to the viral coat protein are seen in Figure 6-7. To test for 

differences in proliferation rates, similar cultures were stained for PCNA, with five 

replicates of each treatment (Figure 6-8). Again, similar patterns o f staining were seen 

between treatments in all cultures, but further experiments with statistical analysis are 

needed.

To test if the overexpression of the receptors was protecting the endocardial 

cushion cells from apoptosis, other cultures were serum-starved to induce apoptosis, and 

were infected with one of the four receptor isoforms, or were left uninfected as a negative 

control. The cultures, which each had received equal numbers o f cells over a similar 

surface area, were stained with TUNEL and the number of positive-staining cells per 

culture was compared (Figure 6-9). No significant difference was observed between
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Figure 6-7. Dissociated AV cushion cultures overexpressing dominant-negative 
BMP receptors. Dissociated AV cushion cultures were infected with RCAS virus 
containing transcripts for dominant-negative (DN) BMP receptors 1A and IB, or 
were uninfected as a negative control. Cultures were labeled with a monoclonal 
anti-viral coat protein antibody (red), TUNEL (green) and DAPI (blue). No green 
staining is visible, as there were no TUNEL-positive cells. Mag. x560.
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Figure 6-8. Immuuocytochemistry for PCNA on AV cushion cultures 
overexpressing constitutively active BMP receptors. Dissociated AV cushion 
cultures were infected with RCAS virus containing transcripts for constitutively- 
active (CA) BMP receptor IA or IB, or were left uninfected as a negative control 
Cultures were stained for PCNA, with the inset picture showing the specificity of 
labeling. Mag. xl40. Inset, x560.
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treatments, when compared to the uninfected control. However, it was observed that in 

cultures infected with the BMPR-1B CA-expressing virus, there was an overlap of high 

levels of viral staining with TUNEL positive cells (Figure 6-12), throughout replicate 

cultures. The intensity of the viral stain was greater than the background level seen in 

uninfected controls (Figure 6-10) but was similar to the level o f intensity seen in BMPR- 

1A CA infected cells, that were not undergoing apoptosis (Figure 6-11). This suggests 

that at a certain threshold level, in the absence of external growth factors, BMPR-IB CA 

may induce apoptosis in a sub-population of cells in the endocardial cushion cultures, 

even though the overall level o f apoptosis is not significantly changed.
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Figure 6-9. Comparison of TUNEL counts on serum starved AV cushion 
cultures overexpressing BMP receptors. Dissociated cushion cultures were 
serum starved to induce apoptosis and were infected with RCAS virus containing 
transcripts for BMP receptors 1A and IB, constitutively active (CA) or dominant 
negative (DN). Statistical analysis using one way ANOVA and Tukey’s post test 
showed no significant differences between treatments and the uninfected control 
(Ctrl) (n=5).
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Figure 6-10. Uainfected coutrol serum-starved AV cushion cultures.
Dissociated AV cushion cultures were serum starved and were left uninfected as a 
negative control for BMPR-overexpression studies. The cultures were stained with 
DAPI (blue), TUNEL (green) and with a monoclonal anti-viral coat antibody (red). 
The background staining with the viral coat antibody has been enhanced for 
comparison with the infected cultures. Mag. x280.
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Figure 6-11. Scram starved AV enshion cultures, overexpressing 
constitutively-active BMP receptor 1A. Dissociated AV cushion cultures were 
serum starved and infected with RCAS virus containing transcripts for 
constitutively-active BMP receptor-1 A. The cultures were stained with DAPI 
(blue), TUNEL (green) and with a monoclonal anti-viral coat antibody (red). Mag. 
x280.
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Figure 6-12. Serum starved AV cushion cultures, overexpressing 
constitutively-active BMP receptor IB. Dissociated AV cushion cultures were 
serum starved and infected with RCAS virus containing transcripts for 
constitutively-active BMP receptor-1 A. The cultures were stained with DAPI 
(blue), TUNEL (green) and with a monoclonal anti-viral coat antibody (red). Note 
the increased viral staining overlapping with TUNEL staining and fragmenting 
nuclei (arrows). Mag. x280.
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Overexpression of BMP-receptors 1A and IB in endocardial endothelial cells

Cultures were infected with RCAS viruses expressing the constitutively active 

and dominant negative iso forms of BMP-receptors IA and IB, and were compared to 

uninfected controls. In one experiment of five replicates, with infection of the culture 

with BMPR-1A CA, it was noticed that the cell morphology was changed in each of the 

five cultures. The cells took on the appearance of cells undergoing EMT, whereby they 

attained an elongated migratory appearance, which was not seen with other treatments 

(Figure 6-13). Treatment with BMPR-IB DN also induced some changes, but not to the 

same extent (Figure 6-13). It was concluded that in these cultures, endocardial endothelial 

cells were the dominant cell type, over the endocardial cushion cells, and that 

overexpression of the receptor induced EMT changes that would enable the endocardial 

cell to invade the cushions in vivo. Attempts were made at growing endocardial cell 

cultures from an established protocol (Runyan and Markwald, 1983), which involved 

another five replicates of each treatment and these cultures were infected with the virus. 

The outcome was the same as seen in the initial experiment, with a change in cell 

morphology seen. The cells with an altered appearance did not appear to have migrated 

further than the unaffected cells, but merely to change shape. Further experiments are 

necessary, but this suggests that BMPR-1A is a receptor that is involved in EMT in the 

initial growth stages of the endocardial cushions. It is not known which receptor subtypes 

are present in vivo.

Measurements of the cell area were made on the endocardial cell cultures that 

were infected with the different receptor isoforms, and were compared to the uninfected 

controls (Figure 6-14A). The BMPR1A-CA treated cells, with the most striking
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phenotypic changes, had a significantly smaller surface area (p<0.01), as did the cells 

infected with BMPR1A-DN (p<0.01). Measurements of the aspect ratio of the cells were 

also compared (Figure 6-14B). This is the long axis of the cell divided by the short axis, 

with values closer to I representing rounder cells. The uninfected control cultures and the 

cultures infected with 1B-CA and 1A-DN all had similar results. The cultures with the 

observed phenotypic changes, infected with BMPR1A-CA and 1B-DN both were 

significantly different (p<O.Ol) from the control.
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BMPR IB CA BMPR IB DN

Figure 6-13. Overexpression of BMP receptors in endocardial endothelial cells.
Dissociated endocardial cushion cultures were grown and infected with RCAS 
vectors carrying the transcripts for BMP receptors 1A and IB, constitutive^ active 
(CA) and dominant negative (DN). Treatment with BMPR-1A-CA and 1B-DN 
induced cell changes characteristic o f an epithelial-mesenchymal transformation, 
such as an elongated migratory appearance. This was not seen with the other 
treatments, or in untreated control cultures. Mag. x560.
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Figure 6-14. Effects of BMPR on endocardial cell cultures. Cultures were made 
o f the endocardium lining the heart, and were infected with virus containing 
transcripts for the BMP-receptor, types 1A and IB, constitutively-active (CA) or 
dominant-negative (DN)- (A) Measurements o f the cell area showed that infection 
with I A-CA and 1A-DN significantly decreased the area in comparison to the 
uninfected controls. (B) Aspect ratio values are measurements of the long axis of 
the cell divided by the short axis, with values closer to I indicating rounder cells. 
Treatment with BMPR I A-CA and 1B-DN both significantly affect the ratio. All 
values are calculated on an arbitrary scale, and were analyzed using one-way 
ANOVA and Tukey’s post-test (n=10).
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Chapter 7

BCL-2 OVEREXPRESSION IN THE ENDOCARDIAL
CUSHIONS
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VIRAL-MEDIATED BCL-2 OVEREXPRESSION

A series o f avian-specific replication-competent retroviral vectors has been 

developed by Hughes et al (1987). These proviral vectors are derived from the Rous 

sarcoma virus and have been modified so that sequences o f foreign DNA, up to 2.5kb in 

size can be inserted, with no loss of function. A proviral vector containing the transcript 

for the human bcl-2 gene (pRCASBP(B)(bcl-2) and a proviral vector without a foreign 

sequence insert (RCASBP(B)) were obtained to attempt overexpression of the anti- 

apoptotic bcl-2 protein in the endocardial cushions. The proviral vectors are transfected 

into chick embryo fibroblasts (CEF’s), which subsequently generate and release 

infectious virions into the medium, which can then be collected and concentrated. The 

CEF’s are tested for viral production and bcl-2 insert stability and function. The 

concentrated virus can then be microinjected into the endocardial cushions, where the 

viral sequence, with the DNA insert, will be integrated into the genome of susceptible 

proliferating cells, and result in translation of the active protein.

Virus production and controls

During the generation and amplification steps of the RCAS virus, a number of 

controls were performed to ensure that virus was being produced after transfection of 

CEF’s with the plasmid DNA for both pRCASBP(B) and pRCASBP(B)(bcl-2), and that 

the bcl-2 insert was present and producing protein. Immunocytochemistry was performed 

on the transfected CEF’s with the monoclonal AMV-3C2 antibody, which recognizes the 

viral surface coat protein GAG, and with an antibody to the bcl-2 protein (Figure 7-1).
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Figure 7-1. Immaaocytocheniical coatrob on RCASBP(B) traosfected chick 
embryo fibroblasts. Untransfected negative control chick embryo fibroblasts 
(CEF’s) and CEF’s that were transfected with either RCASBP(B) only, or with 
RCASBP(B)(bcl-2), and each was stained with antibodies to either the viral coat 
protein (AMV 3C2) or to bcl-2. Mag. x560.
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Figure 7-2 Immunoblotting on chick embryo fibroblasts for human bcl-2.
Lane 1, untransfected CEF negative control; lane 2, RCASBP(B)-bcl-2 transfected 
CEF’s: lane 3, RCASBP(B)/(-) transfected control: lane 4, Jurkatt cell positive 
control.
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Immunostaining on CEF’s that had not been transfected was negative for the viral 

coat protein (Figure 7-la) and had low immunoreactivity for endogenous bcl-2 (Figure 7- 

lb). CEF’s that had been transfected with RCASBP(B) with no insert were positive for 

the viral coat protein (Figure 7-lc) and had the same low immunoreactivity for 

endogenous bcl-2 (Figure 7-1 d). Cells that had been transfected with RCASBP(B)(bcl-2) 

were strongly immunoreactive for both the viral coat protein (Figure 7-le) and bcl-2 

(Figure 7-If). This staining confirmed that virus was being produced and that the bcl-2 

insert was stable and transcribed.

CEF's were also collected and analysed by western blotting with a monoclonal 

antibody for the expression of the human bcl-2 protein. Samples of a non-transfected 

negative control and a Jurkatt cell positive control were compared to samples that had 

been transfected with the construct with no insert (RCASBP(B)), and samples that had 

been transfected with the human bcl-2 carrying construct (RCASBP(B)(bcl-2): Figure 7- 

2). The CEF sample that had been transfected with the human bcl-2 carrying construct 

was positive for the 26 kDa band for human bcl-2, as was the Jurkatt cell positive control. 

Both the non-transfected negative control and the samples with the no insert were 

negative for human bcl-2 expression.

Viral bcl-2 overexpression in vitro

To determine if endocardial cushion cells were susceptible to infection with the 

RCAS expression vectors, and to see if human bcl-2 is functional in these cells, the viral 

vectors were tested on primary cushion cell cultures. Primary dissociated cushion cell 

cultures were made as described and were serum-starved to induce the cells to undergo
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Figure 7-3. Retroviral bcl-2 overexpression in dissociated AV cushion cell 
cultures. Dissociated cushion cell cultures were infected with RCASBP(BX-) or 
RCASBP(B)(bcl-2) or left uninfected as a control. (A) Representative 
immunostaining on uninfected control cultures, stained endogenous bcl-2 (green), 
mitochondria (red) and nuclei (blue). (B) RCASBP(B)-bcl-2 infected cultures 
similarly stained, showing increased levels o f fluorescence for overexpressed bcl-2. 
(C) Infected cultures stained for viral coat (green). (D) Comparison o f effects of 
RCASBP(B)-bcl-2 and (-) on serum starved cushion-cell cultures. Bcl-2 
overexpression significantly protects the cells from apoptosis when compared to 
the uninfected control (p<0.01) and the negative-insert control (p<0.05). Results 
were analysed using one way ANOVA and Tukey’s post-test, (n=5). Mag. x560, 
a,b,c.
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apoptosis. As negative controls, the cultures were left untreated or they were infected 

with an aliquot o f the concentrated RCASBP(B) virus. Experimental samples were 

infected with the virus carrying the bcl-2 insert, RCASBP(B)(bcl-2). Cultures were then 

incubated for a further 4-5 days. Representative cultures were stained with either the 

monoclonal antibody AMV 3C2, to immunolabel the viral coat protein, in order to 

confirm infection with the virus, or with an anti-bcl-2 antibody to test for increased 

expression of the bcl-2 protein as seen with increased fluorescence. Concurrent staining 

was performed to label the mitochondria with Mitotracker red and the nuclei with DAPI. 

Uninfected control cells were negative for viral coat and contained endogenous bcl-2, as 

reflected by faint fluorescence (Figure 7-3A). All cells in the infected cultures were 

positive for increased bcl-2 expression, as seen by increased levels of fluorescence 

(Figure 7-3B) and for viral coat protein (Figure 7-3C).

Other experimental cultures were stained with TUNEL to label the apoptotic 

nuclei. The total number staining positively was counted and each treatment was 

compared. Figure 7-3D shows the comparison of the number o f TUNEL-positive cells in 

each treatment. Infection with the bcl-2-carrying virus was found to significantly inhibit 

apoptosis in comparison with the untreated control cultures and cultures infected with the 

negative insert control.

Viral bcl-2 overexpression in vivo

The aim of this work was to virally overexpress the anti-apoptotic bcl-2 protein in 

the embryonic chick heart in the areas that have the highest incidence of cell death, 

namely the AV and OT endocardial cushions, to attempt to inhibit the naturally occurring
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apoptosis. If successful, this inhibition could contribute to our understanding of the 

natural role of this cell death. The RCAS expression system had only limited previous 

use in the embryonic heart, so initially, to see if it was possible to get the virus 

successfully into the endocardial cushions, attempts were made using only the 

RCASBP(B)(bcl-2) vector, without the negative control virus. If this proved adequate at 

infecting the areas of interest, i.e. the endocardial cushions, then subsequent attempts 

would make use of the negative control virus with no insert.

The endocardial cushions initially arise by an epithelial-mesenchymal 

transformation (EMT) from the endothelial layer, under the stimulation of the 

myocardium at approximately HH stage 14-16 in the chick heart (Markwald et al, 1990). 

Retroviruses are known to infect only actively dividing cells, so the theory behind the 

experiment was to infect the endothelial layer during the stage when EMT was occurring, 

so that the cushion derivatives would be infected. We have also previously shown that 

there is active proliferation of the cushion cells during the timeframe that apoptosis is 

occurring (see Chapter 4), which should facilitate infection. Another consideration for 

viral injection is the 18 h needed for viral incorporation and expression of the protein of 

interest, so sufficient time needs to be allowed prior to cell migration from the 

endocardial layer.

Initial attempts at injection of the concentrated virus directly into the cushions 

proved technically unsuccessful, as the injection pipette pushed the heart away, and the 

beating of the heart also prevented accurate injection. In subsequent attempts, the 

pericardial sac was flooded with viral concentrate, which functioned to contain the 

injected solution, and maintained it in contact with the outer muscular layer of the
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Figure 7-4. Immunocytochemistry for viral coat and human bcl-2 in 
RCASBP(B)-bcl-2 infected heart, (a) Immunocytochemistry for viral coat protein 
on embryo section, following injection o f the virus into the pericardial sac. The 
viral spread can be seen to be limited to the heart, with immuno reactivity in the 
atrial walls (atr) and outflow tract (ot), with little spread throughout the rest o f the 
body, (b) At a higher magnification o f the same section, stained for the viral coat 
protein, viral immuno reactivity can be seen in the atrial walls (atr) and in the 
endocardial cushions (ec) and myocardium (m) o f the OT. (c) 
Immunocytochemistry on an adjacent section for human bcl-2, shows a more 
restricted expression o f the protein, in the atrial walls (atr) and myocardium (m) of 
the OT. Mag. xl40, a; x280, b,c.
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primitive heart (see Figure 3-1). The layers o f the heart at this stage o f injection (HH 10- 

14) are thin, consisting of only a few cell layers. The viral concentrate was not injected 

into the lumen of the heart, as the heart is already beating at this stage and the viral 

solution would be pumped away from the cushion region. After injection, the eggs were 

re-incubated for 3-5 days. The embryos were subsequently sectioned and stained with the 

monoclonal antibody to the viral coat protein, or with a monoclonal antibody to human 

bcl-2. Figure 7-4a shows a representative section of an infected embryo stained for the 

viral coat protein. The viral spread, following initial injection into the pericardial sac, has 

been maintained in the heart, with little or no spread to other tissues or regions of the 

embryo. At a higher magnification (Figure 7-4b), the staining for the viral coat protein 

shows expression in the atrial walls and in the myocardium and endocardial cushions o f 

the OT. When an adjacent section was stained for human bcl-2 (Figure 7-4c), there was a 

much more restricted expression of the protein, with only parts of the atrial wall and 

myocardium of the OT showing immunoreactivity.

In another example of infection in the OT (Figure 7-5a), staining for the viral coat 

protein again showed expression throughout the muscular layers of the heart, and in the 

OT cushions. However, when an adjacent section was stained for human bcl-2, a more 

restricted pattern was observed (Figure 7-5b). Some staining was seen in the endocardial 

cushions, but most was observed in the muscular layers of the ventricle and OT.

In another example (Figure 7-6a), staining for the viral coat protein again revealed 

expression throughout the muscular layers of the atrial walls and the ventricles, along 

with immunoreacivity in the AV cushions. With staining for human bcl-2 in the same
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Figure 7-5. Immunocytochemistry for viral coat and human bcl-2 in 
RCASBP(B)-bcl-2 infected heart, (a) Immunocytochemistry for viral coat 
protein after viral injection into the pericardial sac. Viral immuno reactivity is 
seen throughout the heart, in the atrial walls (atr), the ventricle (v), and in the 
myocardium (m) and endocardial cushions (ec) o f the outflow tract, (b) 
Immunocytochemistry for human bcl-2 on an adjacent section, shows a more 
restricted expression o f the protein, with immunoreactivity only seen in parts of 
the atrial walls (atr), ventricle (v) and the myocardium (m) and endocardial 
cushions (ec) o f the outflow tract. Mag. xl40.
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Figure 7-6. Immunocytochemistry for viral coat and human bcl-2 in 
RCASBP(B)-bcl-2 infected heart, (a) Immunocytochemistry for viral coat protein 
after viral injection into the pericardial sac. Viral immuno reactivity is seen 
throughout the heart, in the atrial walls (atr), the ventricle (v) and throughout the 
central mass o f AV endocardial cushions (ec). (b) Immunocytochemistry for human 
bcl-2 on the same heart, showing a more restricted expression o f the protein, with 
immunoreactivity only seen in parts o f the atria (atr), ventricle (v) and the AV 
cushions (ec). Mag. xl40.
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tissue (Figure 7-6b), again a more restricted pattern o f expression was seen, with only 

some of the AV cushions having positive staining.

In summary, under the parameters tested, bcl-2 was not sufficiently overexpressed 

in the endocardial cushion tissue to merit further analysis of these tissues, by measuring 

changes in the levels of apoptosis. The examples shown represent the best results of viral 

spread, after many repeats and slightly altered parameters of injections e.g. larger 

quantities o f viral solution, increased polybrene concentration, injection into different 

sides of the pericardial sac. Each experiment involved injection of 24-36 embryos, with a 

post-injection survival rate of 50%, with 17 total experiments performed. Further 

attempts are needed, using different parameters, to ensure adequate and consistent 

infection.

DNA OVEREXPRESSION VIA ELECTROPORATION

Another more recent method for gene overexpression in the embryo is via 

electroporation (Swartz et al, 2001). This involves the application of electric current 

pulses to introduce an exogenous DNA sequence of interest into a particular site in the 

embryo. Two electrodes are placed either side of the tissue of interest, in this case the 

heart, and the DNA is microinjected into the tissue. As the DNA is negatively charged, 

the application of the electrical current results in the DNA moving towards the cathode of 

the electrodes. At the same time, the current disrupts the cell membranes, resulting in the 

formation o f pores in the cells. The migrating DNA can then enter the cells through the 

disrupted membrane. After cessation of the electric current, the cell membrane returns to 

normal, providing the correct voltage parameters have been met. In this work, attempts
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were made to overexpress human bcl-2 DNA and green fluorescent protein (GFP) in the 

endocardial cushions of the AV and OT by means of electroporation.

Bcl-2 and GFP DNA Electroporation

There has only been a little work done with electroporation into cardiac tissue 

(Harrison et al, 1998), so various modifications were made in each attempt in these 

experiments. Two of the main parameters to be considered in electroporation are the site 

o f injection of the DNA, and the frequency and strength of the current pulses applied. In 

addressing the first parameter, the endocardial cushions were the target tissues for 

electroporation, so the DNA solution was injected as close to the target tissue as possible. 

In the heart, this involved injection of the DNA into the lumen of the heart, to lie adjacent 

to the endothelial layer lining the developing cushions (see Figure 3-2), in the expectation 

that during the pulsing process, the DNA would enter the endothelial cell layer, or pass 

directly into the cushions.

The DNA samples used were the proviral DNA constructs RCASBP(B)(gfp) and 

RCASBP(B)(bcl-2). A summary of the experimental parameters and results are shown in 

Table 7-1.

Initially, small amounts of concentrated DNA (either GFP or bcl-2) were injected 

into the lumen of the heart of HH 14-17 embryos (total 68), and these were pulsed for 5 x 

25 ms at 25V. The following day, the GFP injected embryos were examined using 

fluorescent wholemount microscopy, but no fluorescence was seen. A second set of 

electroporations used the same parameters (total 108), but with larger amounts of DNA, 

and again no fluorescence was seen. For both sets of injections, the combined survival
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Figure 7-7. Brightfield a id  fluorescence views of embryonic heart following GFP 
electroporation, (a) Bright field whole mount o f ED 3 heart, showing the different 
regions: atria (atr), AV cushions (avc), ventricle (v) and OT cushions (otc). Note that 
both ridges o f the OT cushions are visible in the outflow tract, (b) Fluorescence view 
o f the same heart showing some GFP expression at the base o f both ridges o f the OT 
cushions and in the region o f the AV cushions, following GFP-DNA electroporation.
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was about 65%. For a third set of injections, HH 11-14 embryos (total 79) were injected 

with larger amounts of DNA and 10 x 50 ms pulses, 25V were used. The extra pulses 

proved more deleterious to the embryos, with a combined survival of about 40%. Some 

of the GFP injected embryos were examined under fluorescence wholemount after 18-24 

hours. Some fluorescence was seen in a few of these embryos, but not consistently in the 

same area, or with the same intensity. An example is seen in Figure 7-7. Under 

brightfield view, the two ridges of the OT cushions are visible, as are the swellings of the 

AV cushions and the boundaries of the atria and single ventricle (Figure 7-7a). In the 

same heart (Figure 7-7b), fluorescence can be seen at the base of each OT cushion ridge 

and in the area of the AV cushions.

On the next attempt at electroporation, the heart was stopped temporarily while 

the DNA was injected, in the hope that this would prevent the DNA being removed by 

the beating heart and circulation. For this, ice-cold Ringer’s saline was added to the 

embryo immediately prior to DNA injection and electroporation. An increased volume of 

DNA was again used and the pulses reduced to 8 x 25 ms, 25V, or 10 x 25 ms, 25V. 

However, the survival rate remained about 40%, presumably with the increased volume 

in the circulation being fatal to the embryos. After 24 hours, some o f the GFP-injected 

embryos were examined for fluorescence. Figure 7-8a shows a representative embryo 

with some green fluorescence in the heart, but it is not seen elsewhere in the embryo. At a 

higher magnification, when the heart was removed from the body (Figure 7-8b), the 

fluorescence can be seen in the apex of the ventricle and around the base o f one of the OT 

cushion ridges. In another example (Figure 7-8c), fluorescence can be seen in the 

common ventricle, but not in the endocardial cushions.
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Figure 7*8. Examples of green fluorescent protein in the embryonic chick heart 
following electroporation, (a) Electroporation o f GFP-DNA in the heart resulted in limited 
GFP expression in the heart, but nowhere else in the embryo. Regions o f the heart are 
clearly distinguishable, showing, in each picture, the atrium (atr), AV cushions (AVC), 
ventricle (V) and outflow tract (OT). (b) In the same heart, green fluorescence is expressed 
in the apex o f the ventricle, (c) In another example, green fluorescence is seen again in the 
ventricle wall, and also around the regions o f the OT cushions.
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Other attempts at electroporation were made to assess the quality of injection and 

construct integrity. These entailed electroporation of either the anterior or posterior neural 

tube of 10-15 embryos with GFP and subsequent analysis for protein expression. With 

each surviving embryo (about 40% survival), positive staining was seen in the tissue that 

had been on the cathode side of the electrode, and not on the other (not shown).

Similar experimental embryos were electroporated in the heart with DNA 

encoding human bcl-2, under each of the above conditions. These were subsequently 

processed for immunohistochemistry and stained with a monoclonal antibody to human 

bcl-2. Positive staining was found in only 4-5 individual embryos. Figure 7-9a shows an 

example of positive staining in the OT, with human bcl-2 expressed on one side of the 

OT, and in the atrial wall. At a higher magnification of the OT (Figure 7-9b), the 

immunoreactivity can be seen in the myocardium of the OT, and to a lesser extent in the 

endocardial cushions. In another example (Figure 7-10), immunoreactivity for human 

bcl-2 can be seen in the interventricular septum and apex of the ventricle, but not in the 

AV cushions.

In summary, under the parameters tested, bcl-2 or GFP were not sufficiently 

overexpressed in the endocardial cushion tissue to merit further analysis of these tissues, 

by measuring changes in the levels of apoptosis. Further attempts will be needed, using 

different parameters, to ensure adequate and consistent infection.

Future approaches: TIMP-2 / TAT studies

One potential future method o f targeting the endocardial cushions might be to 

make use of the developing technology utilizing TAT-mediated protein transduction
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OT

Figure 7-9. Im mu nostain ing for human bcl-2 following electroporation of 
RCASBP(B)-bcl-2 into the embryonic chick heart, (a) Human bcl-2 expression 
is seen only on one side o f the outflow tract (OT) and the atrial wall (atr). Mag. 
xl40. (b) At a higher magnification o f the same heart, bcl-2 expression can be seen 
in the myocardium (m) and endocardial cushions (ec) o f the OT, with only a few 
individual cells on the edge o f the AP septum (aps) staining positively. Mag. x280.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 7-10. Immunostaining for human bcl-2 following electroporation of 
RCASBP(B)-bcl-2 into the embryonic chick heart. The various regions o f the 
heart are visible, namely the atria (atr), the AV cushions (avc), and the left and right 
ventricles (h r and rv). Immunoreactivity for the human bcl-2 protein is only seen in 
the interventricular septum (ivs) and some trabeculae at the apex o f the heart. Mag. 
xl40.
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3 1 <)-15x 
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Tahle 7-1. Summary of electroporation experiments, Tor RCASBI'(B)-gfp and RCASBP(B)-hcl-2.



(Fawell et al, 1994). This method allows for the introduction of full-length 

proteins into primary cells and tissue. Belonging to the human immuno-deficiency virus 

(HIV), the HIV-Tat protein was found to be able to cross cell membranes. The 

technology involves linking a protein of interest to the TAT molecule (the protein 

transduction domain of Tat), forming a fusion-protein. When added to cell culture or 

injected into mice, the TAT-domain transduces the entire fusion-protein of interest into 

every cell in the population, in a concentration-dependant manner, although the exact 

mechanisms of transduction remain unclear (Schwarze et al. 1999; Becker-Hapak et al. 

2001 ).

When P-galactosidase-TAT-fusion proteins were injected intraperitoneally into 4- 

8-week old mice, the biologically active fusion protein was seen in all tissues, including 

the brain (Schwarze et al, 1999), reaching maximal intracellular concentrations within 15 

minutes.As part of preliminary investigations into the potential use of this technology, in 

collaboration with Dr. C. Femandez-Patron, University of Alberta, the effectiveness of 

TAT-mediated transduction into the chick embryo was examined. In work performed 

here, TAT linked to tissue inhibitor of metalloproteinase-2 (TIMP-2) was added to 

primary cushion cell cultures or was injected into the lumen of the chick heart in vivo. 

Although the work was very preliminary and raises more questions than answers, the 

results are promising, for developing and utilizing this technique as a tool for 

embryologists. When added to primary dissociated cushion cultures, TIMP-2 -TAT with 

FITC attached was seen to enter the cells in a concentration-dependant manner (Figure 7- 

11). The fusion-protein was also injected into the circulation of the chick embryo. An 

initial experiment involved injection of equal volumes of TIMP-2-TAT, GFP-TAT or
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PBS control to 3 x 48-hour embryos, with reincubation for another 24 hours. As seen in 

figure 7-12, in comparison to the PBS control, the TIMP-2-TAT injected embryo had 

under-developed endocardial cushions and ventricular and atrial -musculature. The GFP- 

TAT injected embryo appeared normal, similar to the control (not shown). The initial 

invasion o f the endocardial cushion cells is known to involve matrix-metalloproteinases 

(MMP’s; Song et al, 2000), which are inhibited by TIMP’s. The disruption o f the 

endocardial cushions may be due to the impairment of the initial EMT by the transduced 

TIMP-2-TAT. When the experiment was repeated with twice the initial volume of TIMP- 

2-TAT, again in 3 embryos for each treatment, the TIMP-2-TAT embryos could not be 

sectioned as the embryos disintegrated during the sectioning process, which did not 

happen in the controls. Although many further experiments are needed, this technology 

raises the possibility of targeting the developing endocardial cushions with anti- 

apoptotic-TAT conjugated proteins. Transduction of a modified TAT-caspase-3 has 

already been demonstrated to induce apoptosis in HIV-infected cells (Vocero-Akbani et 

al, 1999).

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FITC-TIMP-2-TAT DAPI
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Figure 7-11. TIMP-2-TAT-FITC transduces into primary caltares of 
eadocardial coshioa cells ia a concentration-dependant maaaer. Addition of 
TIMP-2-TAT fusion protein conjugated to FITC appears to enter primary cultures 
of endocardial cushion cells in a concentration dependant manner. Counterstaining 
with DAPI shows the cell nuclei Mag. xS60.
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PBS Control TIMP-2-TAT

Figure 7-12. Injection of TIMP-2-TAT into the circulation of the chick 
embryo. Chick embryos (ED2) were injected with equal volumes o f Timp-2-TAT, 
and a PBS control. The embryo receiving the fusion-protein showed obvious 
impaired heart structure, with thinner musculature (arrows), no visible endocardial 
layer (arrowhead), and no initial seeding o f the endocardial cushions (ec). Mag. 
x55.
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Chapter 8 

DISCUSSION
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Discussion

The interest in apoptosis in heart development has dramatically increased since 

the current research program began (Fisher et al, 2000; Poelmann et al, 2000; van den 

Hoff et al, 2000). Much of this recent work has concentrated on the distribution and 

occurrence of apoptosis in the developing heart, with a reassessment o f the detailed work 

of Pexieder (1975), using more modem techniques. These techniques seem to be pointing 

to a more localized distribution of dying cells than previously thought, with a smaller 

number of main foci of cell death. Atrial and ventricular tissue seem to have little cell 

death in very early development, while the AV and the OT cushions seem to be the 

principle foci with the largest numbers of dying cells (Poelmann et al, 1998; Keyes and 

Sanders. 1999). Outflow tract myocytes have also been shown to be eliminated in large 

numbers (Watanabe et al, 1998) and some neural crest cells undergo apoptosis in the AV 

region after entering the heart through the venous pole of the heart (Poelmann and 

Gittenberger-de Groot. 1999). A large number of dying cells are also reportedly seen in 

the superior aspect of the interventricular septum, at the site of its fusion with the atrial 

septum and OT septum (Fisher et al, 2000; van den Hoff et al, 2000). However, the 

knowledge of the regulation of the process or the exact role of the cell death is far from 

conclusive.

The w ork presented here had a number of aims. Firstly, to help elucidate the 

distribution patterns o f apoptotic cells during heart development, using techniques 

specific for programmed cell death. Secondly, to unravel some of the mechanisms 

involved in this cell death, concentrating on the better-known regulators o f the apoptotic 

pathway and on some o f the suspected stimuli for cell death. And thirdly, attempts were

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



made to understand the role of this cell death, by inhibition o f the normal pattern of 

apoptosis with overexpression studies.

Are members o f the bcl-2 family involved in the regidation o f apoptosis in the 

endocardial cushions?

To date little work has been done to characterize the factors involved in the 

apoptosis of cushion cells. The suggested involvement of the bcl-2 family of cell death 

regulators arises from inconclusive results using knockout mice or mRNA localization in 

heart extracts (reviewed by van den Hoff et al., 2000). The bcl-2 gene has been shown to 

be present in the heart of the chick embryo (Eguchi et al, 1992). The results presented 

here show for the first time that anti-apoptotic bcl-2 and pro-apoptotic bax and bak are 

present and developmentaily regulated in the endocardial cushions of the heart. 

Immunoblotting studies show that bcl-2 itself is present throughout the main phase of 

apoptosis (ED4-8) with a transient downregulation of the protein seen at day 4 in the OT 

cushions and at day 5 in the AV cushions. Bcl-2 acts in a cytoprotective manner in cells, 

by interacting with and hindering the function of pro-apoptotic stimuli. That fact that 

there is a downregulation of protein level may suggest interplay of other factors or 

signaling molecules. Levels of the pro-apoptotic bax protein appear to remain constant 

throughout the time course examined, while the pro-apoptotic molecule bak appears to be 

upregulated at the time of the highest incidences of cell death in the cushions, further 

implicating members of this family in regulating cell death in these areas. When 

compared to the distribution and timeline of TUNEL staining in heart sections, there is 

little direct overlap between increases in pro-apoptotic proteins and decreases in anti-
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apoptotic bcl-2. This obviously implies that there are complex signaling pathways in 

effect in these tissues, with other family members probably being involved. Only further 

analysis of other family members will lead to more conclusive results. Both pro- and anti- 

apoptotic members of the bcl-2 family seemed to strongly associate with the prongs of 

the aorticopulmonary septum, but were also seen in individual cells throughout the 

endocardial cushions. However, immunoblotting for these proteins does not reflect the 

distribution patterns, but merely the levels seen in the tissue extracts.

Using the cushion-culture model, the sub-cellular distribution of bcl-2 and bax 

was examined in the presence of normal- and reduced-serum conditions. Anti-apoptotic 

bcl-2 was seen to associate with the mitochondria when the serum was removed, which is 

a signal for apoptosis in many cell types. Bcl-2 normally protects the cell via interaction 

with, and inhibition of, the function of pro-apoptotic family members, but when 

conditions become too stressful for the cell, the apoptotic pathway is initiated. In the 

same culture model, pro-apoptotic bax was not observed to associate with the 

mitochondria under apoptosis-inducing situations, but was seen to associate with the 

nucleus. This may imply that other pro-apoptotic molecules may be interacting with bcl-2 

at the mitochondrial membrane, resulting in activation of apoptosis. Pro-apoptotic bak is 

shown to be upregulated in vivo at the time when cell death is seen, and it too is known to 

translocate to the mitochondrial membrane under apoptotic conditions and to interact 

with bcl-2. It would be interesting to investigate the sub-cellular distribution of bak, or 

other pro-apoptotic molecules under similar conditions in the cushion-culture model.

In each case, the apparent sub-cellular translocation o f bcl-2 and bax under 

apoptosis-inducing conditions was seen to be inhibited by a general caspase inhibitor.
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The general caspase inhibitor used here was also shown in this work to significantly 

protect these cells from apoptosis, so it is known to be functional in these cells. Both bax 

and bcl-2 have been shown to be cleaved by caspases (Gross et al, 1999), and inhibiton 

by a caspase inhibitor would implicate the bcl-2 family downstream of caspase activity, 

and not at the beginning of the cascade.

Both bcl-2 and bax have also been shown to associate with the nuclear matrix 

(Wang et al, 1999), which has been shown to be the site of initiation of DNA- 

fragmentation during apoptosis (Walker and Sikorska, 1997). Bax-antisense 

oligonucleotides have also been shown to inhibit cleavage of the nuclear lamins, which 

are involved in maintenance of the nuclear scaffold, and are cleaved during apoptosis 

(Robertson et al, 2000). Interestingly, PARP cleavage is not inhibited by bax antisense 

oligonucleotides, implying specific roles for bax in the nucleus.

In addition to showing that bcl-2 is present in the endocardial cushions, it is 

shown that this molecule can also protect primary cultures of the cushions from serum- 

starvation induced apoptosis. Bcl-2 has been shown to protect numerous cell types from a 

variety of insults. It would be interesting to identify the cell types predominating in our 

cushion cultures, but as yet, there are no specific antibodies to distinguish endocardially 

derived cushion cells from the neural crest cells. One interesting observation in this 

culture model was the fact that under serum-starved conditions, when the cells were 

stained using the TUNEL technique, only 3-5% of the cultures were ever apoptotic at any 

one time, w hich may suggest that a specific population of cells is dying. However, bcl-2 

seems to be functional in the majority of the heterogeneous population of cells in the 

culture model.
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In tissue sections, the pro-apoptotic bcl-2 family members bax and bak appear to 

predominantly associate with the prongs of the AP septum. However, the previously 

shown distribution patterns of apoptotic cells appear not to overlap exactly with the 

pattern of these pro-apoptotic molecules. One possible explanation for this is that the pro- 

apoptotic members may not yet be active. Bax and bak are often normally found to reside 

in the cytoplasm of healthy cells, and on receiving a necessary signal, these molecules are 

activated and translocate to the mitochondria and nucleus where they contribute to the 

downstream apoptotic-signaling pathway (Gross et al, 1999). As the antibodies used in 

the current study do not distinguish between the inactive and active forms, it is possible 

that the NC cells contain the inactive pro-apoptotic molecules during migration and 

invasion of the different regions of the heart, especially in the endocardial cushions. On 

reaching a certain site, probably associated with remodeling, the NC cells may receive an 

activation signal that brings about translocation of the pro-apoptotic molecules. Another 

explanation is that other pro-apoptotic bcl-2 family members may be present and active 

in the apoptotic cells, with a pattern of direct overlap with TUNEL distribution, or even 

that other non-bcl-2 family regulators of apoptosis are involved.

Are members o f the caspase family o f enzymes involved in apoptosis in the 

endocardial cushions?

Some evidence for caspase involvement in heart development has been 

demonstrated. Homogenous disruption of the caspase-8 gene in mice results in, amongst 

other features, impaired ventricular musculature (Varfolomeev et al., 1998). Disruption 

of the upstream receptor linked to caspase-8, FADD/MORT1 (Yeh et al., 1998; Zhang et
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al., 1998) results in a similar phenotype, as does inactivation of casper (c-FLIP), the 

upstream inhibitor of this pathway (Yeh et al, 2000). These gene knockouts do not 

however, appear to affect cushion development and the hypothesis has been suggested 

that these molecules may act in a cell death independent manner (Yeh et al, 2000). Also, 

some evidence for caspase-3 activity has been found by Watanabe et al. (1998), who 

showed enzyme activity in homogenates of whole chick OT. Immunoblotting of the 

dissected AV cushions and the OT provide evidence of caspase activation in these 

tissues. The caspase family of enzymes are the downstream effectors of cell death, that 

bring about the demise of the cell by cleaving and inactivating cellular proteins necessary 

to maintain cellular homeostasis, or by activating other cellular destruction proteins 

(Thomberry and Lazebnik, 1998). Different pathways of caspase activation may be 

present, with simplified processes being either receptor-mediated or mitochondrial- 

initiated. Here we show evidence of activation of one of the upstream mitochondrial- 

associated enzymes. Caspase 9 normally resides in an inactive state in the cytoplasm and 

is activated via the release of cytochrome c from the mitochondria. Activation results in 

cleavage of pro-caspase 9 by a cytochrome c / Apaf-l complex (Li et al, 1997) which 

then activates the downstream caspases (Slee et al, 1999). The antibody used in this study 

recognized the smaller cleavage fragment of the active enzyme, and showed the presence 

of the activated enzyme at times when apoptosis is occurring in vivo. Caspase-9 cleavage 

was seen to begin a day later in AV cushion tissue (ED5) than in the OT (ED4), which 

resembles the pattern of peak apoptosis in the cushions in vivo, thus implicating the 

caspase-9 enzyme. Attempts at immunoblotting with antibodies to caspase-8 and -3  were 

unsuccessful, with the antibodies not recognizing any antigen in the tissue. However,
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evidence for caspase-3 activity has been shown in homogenates o f the entire OT, 

throughout the timecourse that apoptosis is seen in the OT cushions (Watanabe et al,

1998).

Further evidence of caspase activity in endocardial cushion cells is presented here 

in the in vitro studies on primary cultures of dissociated cushions. An inhibitor of the 

upstream mitochondrial pathway associated caspase-9 was as effective as a universal 

inhibitor, while an inhibitor of the downstream caspase-3 was slightly less effective, but 

still significant.

Another hallmark of programmed cell death and usually o f caspase activity is the 

cleavage of PARP, a DNA repair enzyme. In dying cells this protein is cleaved and 

inactivated from a 113 kDA iso form to 89 and 24 kDa cleavage products (Duriez and 

Shah, 1997). PARP cleavage is seen throughout ED3-8 in the OT, which may reflect the 

prolonged timecourse of apoptosis in the OT myocardium (van den Hoff, 1998) as well 

as the slightly earlier phase in the cushions. In the dissected AV cushions, PARP was 

repeatedly seen to be cleaved during ED7-8, which seems to slightly succeed the phase of 

peak cell death.

There is discrepancy between the timing of caspase-9 activation and PARP 

cleavage, as seen with immunoblotting on dissected tissues. As mentioned, caspase-9 is 

seen to be cleaved throughout the timecourse of apoptosis, but in the AV cushions, PARP 

cleavage is only seen during ED7-8, a time later than peak apoptosis level are observed. 

There are a number of different possible explanations for this. First, that PARP is cleaved 

by another caspase family member that may or may not reside downstream of caspase-9 

activation. Caspase-9 is known to activate caspases-3 and -7, both o f which are known to
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cleave PARP (Slee et al, 1999). It would be interesting to see if either protein has a 

differential expression pattern in the endocardial cushions. Results presented here on the 

effect of caspase-inhibitors on the levels of cell death in cushion-cell cultures show that a 

universal inhibitor is more effective at blocking apoptosis than an inhibitor of caspase-3, 

which may suggest a caspase-3-independent pathway. Second, receptor-mediated 

caspase-8 activation may be involved in PARP cleavage. Although the work presented 

here shows no evidence for caspase-8 activity, as mentioned earlier caspase-8 knockout 

mice die as a result of severe cardiac defects (Varfolomeev et al., 1998). In these studies, 

no mention is made of endocardial cushion defects, and the main defect observed is 

impaired ventricular musculature. The inference here is that caspases may have activity at 

other times in apoptosis in the ventricle and myocardial layers in the heart. In the 

postnatal heart, there is a surge in levels of apoptosis in the ventricle and in the 

conduction system of the heart, in both human and mice hearts (James, 1998; Fernandez 

et al, 2001). The findings in the work presented here that bax is constituitvely expressed 

in the ventricle may lend support to this view. Other emerging views are that these 

molecules may be acting in a cell death-independent manner (Yeh et al, 2000). Third, 

PARP cleavage may occur in a caspase-independent manner, via cleavage by the enzyme 

calpain. This cysteine protease is activated in certain types of apoptosis, and in necrosis, 

and has been shown to cleave PARP and even caspase-3 (McGinnis et al, 1999).

What is the cell type dying in the endocardial cushions?

The pattern of apoptotic cells seen in the work presented here does not appear to 

be associated with any identifiable cell type. The pattern does not overlap with the known
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distribution of neural crest cells. The dying cells do not seem to lie to one side of the 

cushion tissue. As no cell-specific marker of the apoptotic cells is known, the type of 

cells which are dying can only be inferred. As discussed below, the evidence seems to 

suggest that some, but not all, of the apoptotic cells are neural crest in origin.

The dying cells may also be myocardial in origin, after migrating from the inner 

curvature of the earlier stage looping heart. During the looping of the heart tube, the 

posterior wall of the conal OT and the anterior wall of the AV canal fuse to form a 

common wall between the two areas, consisting of myocytes on the outside and cushions 

cells on the inside of the inner curvature area (see Figure 2-1). The non-proliferating 

myocytes from this area migrate into the endocardial cushions of the AV and OT regions, 

in a process called myocardialization (Mjaatvedt et al, 1999). This is an earlier process of 

"myocardialization" than is discussed elsewhere (see "what is the role o f apoptosis in the 

endocardial cushions?"), when at a later stage, during valve maturation, ingression of 

myocytes from the adjacent myocardium is also seen. The timing of migration here is 

after HH stage 24, which is consistent with the timing of apoptosis. It is thought that the 

developing cushions may induce the migration of the myocytes from the inner curvature, 

through the putative interactions of homeobox genes expressed in the area, including 

Msx-l (Chan-Thomas et al, 1993), Mox-1 (Candia et al, 1992), Prx-l and Prx-2 

(Leussink et al, 1995). These genes are upregulated in cushion mesenchyme following 

the EMT of the endocardial layer, and are thought to induce differentiation and 

maturation of cushion mesenchyme, which subsequently induces migration of the 

adjacent myocytes (Mjaatvedt et al, 1999).
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Are similar processes o f cell death in effect in both sets o f  cushions?

The derivation of the endocardial cushions in both the AV and OT regions 

appears to be similar (Nakajima et al, 2000), but no work has commented on mechanisms 

of apoptosis. A number of the findings presented here suggest a similar pathway is in 

effect in both sets of cushions. Bcl-2 appears to be down regulated at the onset times of 

peak cell death in both areas, whereas the pro-apoptotic bak appears to be up regulated in 

each area. Immunoblotting also shows the cleavage fragment of active caspase 9 in both 

sets of cushions. Evidence of PARP cleavage in the AV cushions and the OT further 

support the idea that it is indeed apoptosis that is occurring in the cushions of the heart, 

and that similar processes are in effect in both regions.

Are the dying cells neural crest in origin?

There is debate as to whether or not the apoptotic cells in heart development are 

of neural crest origin. Retroviral and TUNEL labeling of neural crest cells (Poelmann et 

al, 1998) suggests that some of the apoptotic cells in the conal cushions of the outflow 

tract may be crest derived. However, quail-chick chimeras imply a fate of differentiation 

as opposed to apoptosis for most neural crest cells (Waldo et al, 1998; van den Hoff et al,

1999). Furthermore, the mismatch of timing of invasion and arrival at their final 

destination of migrating neural crest cells, with the distribution and numbers o f apoptotic 

cells further adds to the complexity. Probably, some neural crest cells are eliminated by 

apoptosis (Poelmann et al, 1998) but whether or not it is the final fate of the majority of 

them remains to be shown conclusively.
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The work presented here shows some evidence of NC cells in the OT cushions 

and the prongs of the AP septum undergoing apoptosis. The overlap of Dil labeling with 

the fragmenting nuclei, characteristic o f apoptotic cells, suggests that for at least some 

NC cells, cell death is the final fate. This is further supported by the apparent association 

of the pro-apoptotic bcl-2 family members bax and bak with the prongs o f the AP 

septum, the neural crest derived mesenchyme that invades the endocardial cushions, with 

staining seemingly absent from the condensed mesenchyme. The significance of this is 

uncertain, but it is known that the prongs of the AP septum are located in an area that will 

become muscularized, as opposed to the condensed mesenchyme of the septum, which 

remains mesenchymal (Poelmann et al. 2000). Poelmann et al (1999) contend that only a 

subpopulation of neural crest cells in the distal tips of the prongs undergoes apoptosis. It 

is this hypothesis that best fits the results presented here. However, the patterns of 

apoptosis shown by TUNEL labeling in this work do not exactly overlap with neural crest 

distribution. This would suggest an even more complex process, with other cell 

populations in the cushions dying also. In neural crest ablated embryos, the cushions of 

the outflow tract fail to fuse, resulting in a heart defect known as persistent truncus 

arteriosus (PTA) (Waldo et al, 1998; Kirby et al, 1985), amongst other phenotypic 

changes, depending on the completeness of ablation. However, it remains to be seen if 

levels of apoptosis in the cushions o f the developing heart are affected in neural crest 

ablated embryos. In the cardiac conduction system, it is speculated that the apoptosis of 

neural crest cells that target the prospective cardiac conduction, play a role in the final 

phase of differentiation of the cells of the conduction system, due to the overlap of timing 

of arrival of the migrating cells and a change in the electrophysiological activity of the
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heart (Poelmann and Gittenberger-de-Groot, 1999). Alternatively, the apoptosis of the 

cells aids in separating the central conduction system from the working myocardium. A 

large number of dying cells are also supposedly seen in the superior aspect of the 

interventricular septum, at the site of its fusion with the atrial septum and OT septum 

(Fisher et al, 2000; van den Hoff et al, 2000). This area includes the sites of formation of 

the AV node, the bundle of His and the left and right bundle branches, and is also the 

final destination of some of the cardiac neural crest cells. Probably many cardiac neural 

crest cells undergo apoptosis, but regarding the cushion-targeted neural crest cells, the 

situation remains unclear. Evidence here and elsewhere suggests that some cushion- 

neural crest cells do die, but that these are in the minority.

What are the species differences in the distribution o f apoptosis?

In his initial studies, Pexieder (1975) compared chick, human and rat hearts, 

although he admits that only poor-quality human samples were available. However, that 

study pointed to species differences, with fewer foci of cell death seen in the rodent and 

human hearts when compared to the avian model. Despite the differences in incidence, 

there were areas common to each species that contained large numbers of dying cells, 

which included the OT and AV endocardial cushions. Much of the recent work on cell 

death in the heart has used the chick as a model, with some work performed on mouse 

and rat hearts. The distribution of apoptotic cells in each species seems similar, with each 

having cell death in the AV and OT cushions. However, in the mouse and the rat hearts, 

the number o f apoptotic cells, as seen by TUNEL labeling seems to be much lower than
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in the chick (Takeda et al, 1996; Abdelwahid et al, 2001a). In this study, attempts were 

made to label the mouse embryonic heart using TUNEL, but did not prove successful in 

identifying more than individual isolated cells, and the attempts were abandoned. 

Because the TUNEL technique is now known to label only a fraction of the total number 

of dying cells at any one time, due to the rapid clearance of the cell fragments, it was 

probably a mistake not to pay more attention to the individual cells, which may have 

represented smaller foci. However, it is still correct to say, based on Pexieders work, and 

the more recent studies, that the chick appears to have a higher incidence of cell death 

than mammalian species (van den Hoff et al, 2000). Studies on human embryos have not 

progressed much beyond Pexieder’s initial assessment on poor-quality tissue samples 

from human embryos, with a description of 16 foci of cell death (Pexieder, 1975). Again, 

in my study, attempts were made to obtain suitable human embryonic tissue for TUNEL 

labeling, from the Canadian Embryo and Fetal Tissue Bank, University of Alberta. 

However, due to the very early stage required, only one embryo was obtained that was at 

a stage with endocardial cushion tissue. This sample had been in fixative for a long 

period of time, which is a hindrance to TUNEL labeling, and again, only a few isolated 

individual cells in the late-stage AV cushions stained positively with the test. So, the 

conclusion seems to be that apoptosis is seen in at least the AV and OT cushions of each 

species examined, but that the chick may have the highest incidence of cell death.
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Why is there a more limited distribution o f  apoptotic cells than initially

described?

In his initial studies, Pexieder (1972; 1975) described 31 different foci of cell 

death in the chick heart. More recent studies seem to point to a lower number of foci at 

the same stages. There may be a number of reasons for this. Firstly, Pexieder performed 

his analysis using vital dyes and cell morphological assessment. Although these are 

accurate methods of identifying dying cells, they are not as specific as the TUNEL 

technique for quantitative descriptive accounts in localizing studies. Pexieder also 

included macrophages containing cell debris in his counts of dying cells. Secondly, in his 

studies, Pexieder mostly worked on isolated hearts and squashed samples in counting 

dying cells. In my study, it was found that dissecting the heart from the embryo resulted 

in damage to the tissue that subsequently gave false-positive results. Subsequently, whole 

embryo sections were stained in the present work, with no direct contact made with 

cardiac tissue, thus making it possible that Pexieder may also have had damaged tissue- 

staining in his work. Thirdly, in his detailed analysis of the regions of cell death in the 

heart, Pexieder was much more thorough in his identification of specific areas than the 

more recent studies. For example, in that work, cell death was described in the left and 

right, proximal and distal bulbar cushions and in the bulboventricular groove as five 

different areas, whereas more recent work has grouped these areas together under general 

all-encompassing headings, such as “the OT”. Finally, whereas Pexieder’s work included 

individual dying cells, or scattered individual cells as specific foci, my study tended to 

view these as background cell death, and does not include them, even though scattered 

TUNEL positive cells were seen in other regions such as the ventricle and atrial walls.
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What is the stimulus fo r  the cells to die?

There are many different signals that are know to instruct cells to undergo 

apoptosis. It has been postulated that apoptosis is the default state of all metazoan cells, 

which die if they are deprived of certain survival signals (Raff, 1992). Different cell types 

require different survival signals that are only available in their own environment, such as 

cell-cell interactions, cell-matrix interactions, soluble cytokines and hormones, or 

synaptic connections. Then, in differentiated cells, should they stray from their correct 

environment, the default cell death pathway is activated. Apoptotic cells may also receive 

inductive signals in the form of secreted growth factors, triggering the apoptotic pathway. 

The transforming growth factor-beta family of growth factors, and the bone 

morphogenetic protein subfamily are likely candidates as inducers of apoptosis in the 

endocardial cushions.

The initial culture work presented here on cushion explants suggests that some 

factor present in the cushions may induce apoptosis. The timecourse of the increase in 

levels of apoptosis precedes that seen in vivo by 24 h, suggesting that some factor present 

in the degrading explant may be inducing cell death in the outgrowing explant.

Also presented here, treatment of endocardial cushion cultures with conditioned 

medium from various regions of the heart showed that both AV and OT cushion-cell 

apoptosis was increased by addition of conditioned medium from the cushions 

themselves, and in the OT, also from the ventricle. Attempts at immunoblotting the 

conditioned medium samples for BMP4 proved unsuccessful. However, the areas of the 

heart that were shown to increase levels of cell death are known to contain the message 

for BMP’s and TGF-p. The work presented here describes the presence of BMP2 protein
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in the endocardial cushions o f both the AV and OT regions. As described, BMP2 has also 

been shown to induce apoptosis in some cell populations (Kimura et al, 2000). It would 

be interesting to examine the cushion conditioned medium for the presence of BMP2 

protein, or attempt to inhibit the apoptosis-inducing effects of the medium with function- 

blocking anti BMP2 antibodies. As also described, overexpression of the constitutively- 

active BMP-IB receptor was shown to induce apoptosis in some of the endocardial 

cushion cells in culture. This receptor is known to transduce BMP signals in the absence 

of protein. Addition of the dominant-negative BMP receptor may also block the 

apoptosis-inducing effects of the cushion-conditioned medium, if it is indeed BMP2 

protein that is the inductive signal.

As described, there is a differential distribution of the message for various BMP 

family members prior to and during endocardial cushion development (Nakajima et al,

2000). However, most of this work has been descriptive in nature, localizing the message 

to the myocardium, and recently in the mouse cushions. The work presented here shows 

that with immunocytochemistry, BMP2 protein is actually seen in the cushions, and that 

this expression may be different between the chick and the mouse. The expression for 

BMP4 protein correlates with the previous descriptions of mRNA expression, with 

protein expression seen in the musculature o f the heart. Bone morphogenetic protein-4 

has been shown to induce cell death in the tissue culture explants of the endocardial 

cushions of the OT and AV regions (Zhao and Rivkees, 2000), as well as in other 

developmental tissues, such as the limb (Yokouchi et al. 1996) and the paraxial and 

lateral plate mesoderm (Schmidt et al, 1998). The findings of the work presented here 

implicates the BMP receptor IB in apoptosis o f some cells in cushion cultures, possibly
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acting in a concentration-dependent manner. The RCAS expression system is known to 

act in a concentration-dependent manner (Morgan and Fekete, 1996) and viral mediated 

overexpression of constitutively-active BMP receptor-1A has previously been shown to 

act in a threshold-dependent manner in primary cultures (Varley et al, 1998). Some 

recent reports (Abdelwahid et al, 2001b; Allen et al, 2001; Kim et al, 2001) further 

examine the involvement of the BMP’s in apoptosis during cushion development. The 

message for BMP2 and 4 and the homeobox gene msx-2 were suggested to overlap with 

areas of apoptosis in the mouse endocardial cushions. Kim et al (2001) examined 

apoptotic levels in BMP6:BMP7 double mutant mice, and found no difference in the 

levels of cell death in the myocytes compared to the wild-type control. However, they 

observed no apoptosis in the endocardial cushions of either wild type or mutants, which 

may exclude these factors from apoptosis in the heart, or may further support the 

possibility o f species differences. Allen et al (2001) inhibited BMP-2/4 via retroviral 

noggin overexpression, and mention that no increase in apoptosis was seen in the 

cushions. However, if BMP signaling is implicated in triggering apoptosis, then its 

inhibition will not increase levels. It would be interesting to know if any decrease in 

levels of cell death was observed in these mice. Also, from their results, it would appear 

that the endocardial cushions were not adequately infected with the virus, so perhaps no 

inference on cushion cell death can be made. Interestingly, knockout mice for the 

intracellular BMP-signaling molecule Smad-6 develop severe cardiac defects, with 

hyperplasia o f the cardiac valves, and defects of septation in the OT (Galvin et al, 2000). 

Taken together, the outlined work points to a potential role o f BMP’s in apoptosis in the 

endocardial cushions of the developing heart.
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What is the role o f  apoptosis in the endocardial cushions?

It has been suggested that the dying cells in the cushions play a role in the 

subsequent myocardialization of the cushions (Poelmann and Gittenberger-de Groot,

1999). It has also been suggested that these myocardializing apoptotic cells are neural 

crest derived (Poelmann et al, 1998). So far, the emphasis of the role of apoptosis in the 

cushions seems to be on the muscularization of the cushions during development of the 

valve leaflets. At later stages of cushion development, myocardial cells invade the 

mesenchymal tissues by migration from the adjacent muscle layer (Ya et al, 1998; van 

den Hoff et al, 1999). In the OT, this process has been shown to be stimulated by the 

mesenchymal tissue of the distal OT. The timing of this migration follows the period of 

peak cell death in the cushions, and corresponds with the timing of invasion of NC cells. 

Poelmann and Gittenberger-de Groot (1999) postulate that apoptotic NC cells may 

release “molecules" that stimulate myocardialization of the septa. So far however, there is 

little evidence of apoptotic cells acting as in such a signaling manner. Specific roles have 

also been postulated for some of the other apoptotic populations o f cells in the heart. Cell 

death in the neural crest cells that enter the heart via the venous pole are thought to 

induce the final differentiation of cardiomyocytes into the specialized conduction system. 

(Poelmann and Gittenberger-de Groot, 1999). Apoptosis of the OT myocytes have been 

suggested to be involved in the shortening of the OT, which changes from a relatively 

long and separate tubular structure, to a compact ring o f tissue incorporated into the heart 

(Watanabe et al. 1998). This remodeling and shortening of the OT facilitates correct 

alignment of the ventricles with the aorta and the pulmonary artery (Watanabe et al, 

1998). To address the role of apoptosis in the cushions, in the current study attempts were
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made at in vivo bcl-2 overexpression via retroviral microinjection and DNA 

electroporation. It was hypothesized that if cell death could be specifically inhibited, 

perhaps the resulting phenotype could aid in attributing a role to the cell death. It would 

be interesting to see if the invasion of myocytes during muscularization is inhibited, or if 

valve structure is impaired. If a significant portion of NC cells are indeed dying, 

inhibition of apoptosis should reflect this perhaps by impaired septation or fusion of the 

cushions.

IVhat are the possible reasons for lack o f  viral infection?

There are a number of reasons why the virus may not have infected the 

endocardial cushions adequately. The most probable is that the viral titer used was too 

low. Morgan and Fekete (1996) report that a viral titer below 5 x 107 would not be 

considered useful, and that routinely, stocks o f a minimum of 10s infectious units (IU)/ml 

are needed. The stock used in this work (5 x 107 lU/ml) was probably below the level of 

optimal infection efficiency and only further experiments with a higher titer virus will 

provide more answers.

The RCAS virus expression system is known only to infect actively dividing 

cells. The PCNA staining shown here indicates that the myocardial layer of the heart 

contains many proliferating cells by the stage that apoptosis is seen in the cushions, while 

the endocardial cushions contain proliferating cells initially in the area adjacent to the 

endocardium, but at later stages, proliferating cells are seen throughout the cushions. This 

supports the feasibility of infecting the endocardium with virus prior to and during the 

stages o f EMT during cushion development- Addition o f the virus to the outer myocardial
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layer may not have achieved this, whereas injection o f the virus into the lumen of the 

heart would have resulted in the viral solution being removed by the bloodflow.

The RCAS virus has been shown to require an infection period of approximately 

18 hours before maximal viral expression (Homburger and Fekete, 1996). In the work 

presented here, the virus was added to the pericardial sac, with the aim of infecting the 

outer and inner layers of the heart. It is possible that the rate of infection and 

incorporation of the proviral insert was approximately equal to the rate of proliferation of 

the outer myocardium of the heart, such that the viral spread only infected the growing 

myocardium, and only minor secondary infection reached some parts of the endocardial 

cushions. This however, would not account for the apparent viral staining in the cushions, 

without the accompanying pattern of human bcl-2 expression. Preliminary attempts in 

this study were made to infect the precardiac mesoderm, prior to formation of the heart 

tube. This proved fatal to embryo in each of the initial attempts, so this approach was 

abandoned in favour of injection into the heart itself. However, the approach of labeling 

the mesoderm was used in recent studies that also used the RCAS expression vector to 

overexpress noggin in the developing heart (Allen et al, 2001). In this study, the 

precardiac mesoderm was flooded with a high concentration viral solution, and the 

embryos reincubated. Although the endocardial cushions were not the main focus of that 

work, the pattern o f viral expression seen in the cushions is similar to that shown here. 

Also, a higher viral titer was used in that work, and it still did not adequately infect the 

cushions. Taken together, the results seem to suggest that there may be some cell-specific 

factor, intrinsic to cushion development, preventing viral infection.
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The same viral DNA construct was used in the electroporation studies, in an 

attempt to incorporate the DNA sequence of interest into the developing cushions. 

Although the extent of proviral incorporation and secondary infection by virus is not 

known, use of the proviral DNA constructs as a reagent for electroporation is known to 

be adequate at infecting embryonic cells, as seen with infection of the neural tube with 

GFP constructs (not shown). In the work outlined here, some limited expression of green 

fluorescent protein and bcl-2 was seen in the heart tissues, which suggests that the tissue 

is susceptible to incorporation of the DNA inserts. As outlined, the initial attempts at 

electroporation involved small amounts of DNA, and the beating heart probably pumped 

the solution away from the heart. Attempts were then made at stopping the heart with ice- 

cold saline while the DNA solution was injected. This resulted in only a few examples of 

protein expression. However, even when the heart was stopped prior to injection, the 

pulses of current applied immediately reactivated and increased the heartbeat, which 

presumably removed most of the DNA present.

Future attempts at retroviral bcl-2 overexpression in the heart may take a number 

of approaches. Initially, similar injections with a high-titer virus will be needed, to assess 

if a similar pattern of exogenous bcl-2 protein is seen. Further attempts at injection of the 

precardiac mesoderm should also be attempted with a high concentration virus, to attempt 

to infect the endocardial layer prior to the EMT. Other attempts could target specific 

populations of cardiac cells. Electroporation of neural crest cells prior to their migration 

from the neural tube would be a very interesting experiment. As outlined here and 

elsewhere, a sub-population of the cardiac neural crest cells undergoes apoptosis in the 

heart environment. Inhibition of this process may help define the role o f at least some of
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the neural crest cells in the heart. Viral infection of the myocytes of the inner curvature of 

the heart may also prove interesting, if these cells do indeed invade the endocardial 

cushions and undergo apoptosis. Concomitant staining with muscle-specific markers 

could also be performed.

In conclusion, these results provide a better understanding of apoptosis as a 

natural process during early heart development. Labeling of apoptotic cells using the 

TUNEL technique has shown that the highest incidence of apoptosis occurs during the 

development and morphogenesis of the endocardial cushions. Fluorescent labeling of 

neural crest cells show that some, but probably not all, of these dying cells are neural 

crest-derived. Analysis of the bcl-2 and caspase families of apoptosis regulators and 

effectors shows expression patterns of bcl-2, bax and bak suggestive of roles in the 

regulation of apoptosis, while evidence of caspase-9 activity and caspase inhibitors on 

cell cultures suggests that these molecules may also be active in vivo. 

Immunocytochemistry for bone morphogenetic proteins -2  and -4  displays different 

expression patterns, with a novel finding of BMP-2 protein in the endocardial cushions. 

Preliminary studies with BMP receptor overexpression implicate BMPR-1A in the 

epithelial-mesenchymal transformation that occurs during cushion formation, with 

BMPR-1B possibly having a role in apoptosis of some cells in the cushions. Further 

attempts to inhibit the normal pattern of apoptosis using retroviral and DNA 

overexpression techniques will contribute to the understanding o f the functional role of 

apoptosis in these regions.
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FUTURE DIRECTIONS

The majority o f the work outlined here is descriptive in nature, describing the 

patterns of distribution o f dying cells and some of the main factors involved in this 

process. Attempts were also made at functional studies of the role of apoptosis, via 

inhibition of the naturally occurring process. Future functional studies to consolidate this 

work could take a number of directions. As described, inhibiton of cell death in specific 

populations of cells in the endocardial cushions could provide information on the roles of 

these cells. Premigratory neural crest cells or cardiac myocytes could be infected with 

bcl-2 before they enter the endocardial cushions. Further analysis o f the cell types dying 

in the cushions should be made, possibly with cell-type specific markers of myocytes and 

endocardial cells as they become available. Preliminary studies have been described here 

that suggest specific roles for members of the BMP family, and some of their receptors. 

Using the culture model, further analysis of the functions of the receptor subtypes under 

more defined conditions, such as varying viral concentrations and functional receptor 

expression assessment could be performed. To identify the receptor subtypes present in 

vivo, in situ hybridisation studies could be performed to localise the receptors in the 

developing heart. Functional studies with BMP’s or their inhibitor noggin, could be 

performed in ovo, by implanting beads soaked in the protein into the developing heart, 

which would enable specific regions of the heart to be targeted at spefic times, with the 

subsequent assessment of apoptosis levels and morphological development of the valves. 

The analysis of the involvement of the bcl-2 and caspase family could be comtinued, as 

evidenced by the lack of direct overlap between apoptosis and the levels and distribution 

of the main apoptotic regulators. As the mechanism of apoptosis involves an ever-
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increasing number of factors, further analysis of the bcl-2 and caspase pathways, as well 

as other apoptotic pathways will be needed.
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