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A b s t r a c t

Programmed cell death has been demonstrated to be of importance in 

mammalian organogenesis. In this thesis, the distribution, regulation and function of 

programmed cell death are investigated during mouse cardiac septation. During this 

process, the four chambers and two outflow vessels of the heart become separated from 

one another. In the mouse, this occurs between embryonic days 10.5 to 13.5. The study 

commences with a detailed spatio-temporal analysis of programmed cell death during 

cardiac septation. This demonstrates specific, reproducible foci of apoptotic activity, 

which are grouped into low intensity and high intensity, the latter occurring in the 

endocardial cushions as septation completes. This qualitative investigation is then 

supplemented, and supported, by a quantitative analysis. Immunohistochemical 

techniques demonstrate which cell types undergo apoptosis during cardiac septation and 

show that macrophages are not clearing apoptotic debris. The question of an 

association between cardiac neural crest cells and programmed cell death during the 

process of septation is addressed using double-labelling for a cardiac neural crest 

marker, a-smooth muscle actin, and an apoptosis marker, TUNEL, and by investigation 

of apoptosis in the mutant mouse, in which neural crest cell migration to the 

cardiac outflow tract is impaired. The results suggest that neural crest cells are involved 

in apoptosis, and may indeed be dying, within the cardiac outflow tract cushions. The 

molecular mechanisms that lead to programmed cell death in the heart are then 

examined, focusing on the death receptor-mediated apoptosis pathway. Evidence is 

provided that this pathway is involved in programmed cell death during septation. 

Finally, inhibition of apoptosis in embryo culture is described. Although only 

preliminary, the results suggest that inhibition of programmed cell death can cause 

defective development of the interventricular septum.
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RIP = receptor interacting protein
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CHAPTER 1

G e n e r a l  In t r o d u c t io n
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Cardiac septation is the process by which the linear heart tube is divided into 

four chambers and two outflow vessels. Perturbations in this process are the 

commonest cause of congenital cardiac defects (Clark, 1987), which are the most 

common life-threatening congenital malformations, occurring in up to one percent of 

live births (Larsen, 1993; Edmonds and James, 1993; Hoffman, 1995; Tynan and 

Anderson, 1996). Currently, although we have a good understanding of the changes in 

morphology and histology of the heart during this crucial period, our knowledge of the 

nature of the mechanisms that underlie these changes is relatively poor. An improved 

appreciation of these mechanisms is essential in order to understand normal and 

abnormal cardiac development.

Programmed cell death is an important mechanism that has been shown to sculpt 

tissues and act to control cell numbers, and could therefore regulate many of the 

changes that are observed during cardiac septation. The last major study of 

programmed cell death in the heart was in 1975 (Pexieder). In the last ten years, 

however, our understanding of the molecular pathways regulating programmed cell 

death and techniques for its in situ identification have increased dramatically.

The aim of this thesis is to assess the timing and location of programmed cell 

death during mouse cardiac septation. In addition, recent advances in our knowledge of 

the molecular mechanisms and function of programmed cell death will be used to try to 

understand how it is controlled and what its functions are during cardiac septation.

The General Introduction is divided into three parts. The first part concerns the 

process of programmed cell death and the second concerns cardiac development, 

particularly focusing on events during the process of septation. Finally, these two parts 

are brought together in an analysis of the existing literature on the role of programmed 

cell death during cardiac development.
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1.1 Programmed cell death

Programmed cell death (PCD) is the process by which cells die in a highly 

organised and enzymatically-mediated fashion (Huppertz et a l, 1999). Essentially, it is 

a feature of multicellular organisms, including plants (Greenberg, 1996a), and is a 

mechanism by which cells can be efficiently removed when, and if, necessary. The 

various cues that prompt this cell death may trigger different initial molecular pathways, 

but the final results are the same. The cell undergoes a series of changes that 

irreversibly disable it, including DNA cleavage and cytoskeletal breakdown. While 

maintaining membrane integrity, the dying cell detaches from neighbouring cells and 

the extracellular matrix, and is phagocytosed by neighbouring cells or macrophages. 

Since, unlike in necrosis, cell membrane integrity is maintained, cellular contents do not 

spill into the extracellular compartment and potentially harmful inflammation does not 

ensue. The term apoptosis refers to the morphological appearance of cells undergoing 

this process (Kerr et a l, 1972).

Originally PCD was so named because it was thought that specific cells were 

fated, or programmed, to die (Lockshin and Williams, 1965a and b). Now that it is 

evident that neighbouring cells or environmental conditions can regulate PCD, the 

“programme” is considered to refer to the highly conserved, intracellular cascade of 

molecules that leads to apoptosis, rather than to the specification of which cells die 

(Jacobson et a l, 1997). Although the term PCD originally referred to, and technically 

still refers to, the whole process involved in this type of cell death, and apoptosis to its 

morphological features, the expressions are frequently used interchangeably.

In this section, an overview will be given of PCD, with particular emphasis on 

aspects that are relevant to the current study, such as death receptor-mediated apoptosis 

and its roles in development. The section will commence with a look at the history of 

investigation into PCD. This is followed by a sequential look at the literature
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concerning the common executive mechanisms and features of PCD, and then the 

molecular changes that elicit it. Finally, the role of PCD in physiological and 

pathological situations will be briefly described.

1.1.1 Overview and history of programmed cell death

Despite the discovery of cells in the latter half of the seventeenth century 

following Malphigi’s invention of the microscope (Hooke, 1665, from Vaux and 

Korsmeyer, 1999), it seems that the first report of cells dying in physiological situations 

did not appear until 1842 (Vogt, from Vaux and Korsmeyer, 1999), describing cell 

death that occurs during amphibian morphogenesis. Over the following seventy years, 

cell death was largely ignored, until a study in 1914 by Graper (from. Rich et a i, 1999). 

In this study, which looked at carcinogenesis, particularly in the breast, Graper made the 

observation that under normal circumstances, proliferation is counterbalanced by the 

death of cells. However, until the early fifties, the importance of this work was missed 

(Rich et a l, 1999), perhaps because during this time cellular and biochemical science 

largely focused on understanding how cells proliferate and pass on hereditary 

information.

The first major work on cell death in non-pathological conditions after 1914 was 

published by Glucksmann, in 1951. The study made a detailed survey of cell death 

found during normal vertebrate development. Initially, no clear distinction was made 

between the appearance of this cell death and that which occurs during pathology 

(Glucksmann, 1951; Rich et a l, 1999). Classically, cell death, or necrosis, is 

considered to involve a generalised loss of cellular homeostasis, rapidly followed by 

cellular swelling and lysis (Kerr et a l, 1972). In 1965, non-pathological cell death that 

occurs in a regular, predictable fashion was observed during insect development by 

Lockshin and Williams, and so was termed programmed cell death.
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A notable difference between PCD and necrosis was observed in 1969, when 

Tata showed that the PCD required to remove the tail of tadpoles could be blocked by 

cyclohexamide and so, unlike necrosis, was dependent on protein synthesis. 

Furthermore, during a study on cytotoxicity in the liver, some dying cells were observed 

to have a different appearance to necrotic cells (Kerr et a l, 1972). These cells 

demonstrated a distinct cellular and nuclear morphology, in which there was cell 

shrinkage, detachment from neighbouring cells and chromatin condensation (Kerr et a l, 

1972). This morphological appearance was termed “apoptosis”, from the Ancient 

Greek for “falling-off’, due to the metaphorical similarity of the physiological necessity 

for this cell death in animals to the necessity of leaf fall in deciduous trees (Kerr et a l, 

1972; Rich graZ., 1999).

During the 1970s, PCD was also being analysed during animal development, for 

example in the developing interdigital webs and in the developing nervous system 

(Schweichel and Merker, 1973; Hamburger; 1975; Oppenheim et a l, 1978). It was 

during this time that Pexieder’s work on cell death in heart development was published 

(1975), which provided the first evidence that inappropriate cell death may cause 

cardiac malformations. This research focused on when and where PCD occurred, and 

on its possible functions, as knowledge of its molecular and genetic controls was very 

limited.

In the early 1980s, genetic analysis of PCD was carried out in the nematode 

Caenorhabditis elegans (C. elegans). During its development, 131 of the somatic cells 

of C.elegans are fated to die by apoptosis, and mutations in a certain group of their 

genes were found to alter this otherwise invariant number of cell deaths (Horvitz et a l, 

1982; Ellis and Horvitz, 1986). These genes were named the cell death {Ced) genes. 

Some of these genes were shown to promote cell death {Ced-3 and -4) and one (Ced-9) 

to inhibit it (Hengartner and Horvitz, 1994).
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Interest in the intracellular mechanisms of PCD in mammals was accelerated by 

the observation, in 1988, that the B-cell lymphoma-causing oncogene, Bcl-2, encodes an 

anti-apoptotic molecule (Vaux et al). Subsequently, Vaux et a l (1992) showed that 

Bcl-2 is a highly conserved mammalian homologue of Ced-9 and can inhibit apoptosis 

in C.elegans (Vaux et a l, 1992). This marked the beginning of the understanding that 

cellular mechanisms induce apoptosis when proliferation becomes uncontrolled, and 

that these mechanisms are invariably faulty in cancers. It might be expected, then, that 

if neoplastic cells could be caused to apoptose this would provide a theoretical cure for 

cancer. With a prize of such potential clinical importance (and potential financial 

reward), interest in the molecular aspects of PCD increased dramatically. In the mid

nineties, it became apparent that all apoptosis, irrespective of the context in which it 

occurs, relies on a common group of enzymes, that when activated, cleave proteins at 

specific aspartate residues (Yuan et a l, 1993; Heusel et a l, 1994; Greenberg, 1996b; 

Rich et a l, 1999). In vertebrates, these are known as the caspases (cysteine aspartases, 

for review of nomenclature, see Alnemri et a l, 1996). These enzymes form a cascade, 

with the “upstream” caspases causing the early changes in PCD and initiating the 

cleavage of “downstream” caspases, which execute the later stages of the process 

(reviewed in Huppertz et a l, 1999).

Further insight into the molecular biology of PCD was derived in part from the 

development of mouse knockouts of specific apoptotic genes (reviewed by Vaux and 

Korsmeyer, 1999, and Wang and Leonardo, 2000). Many of these null mutants develop 

abnormally, and some die in utero. Predictably, several of these mutants display defects 

in tissues and systems previously shown to exhibit apoptosis. Examples include the 

capsase-3 and -9 null mutants (Kuida et a l, 1996; Kuida et a l, 1998), which both 

exhibit an overgrowth of neural tissue, and the caspase-8, FADD and FLIP knockouts.
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which develop heart defects (Varfolomeev et a l, 1998; Yeh et a l, 1998; Yeh et a l, 

2000).

1.1.2 Characteristic features of PCD and their molecular basis

A summary of the major molecular pathways leading to PCD and their effects is 

shown in Figure 1.1. As described above, apoptosis was first shown to be distinct from 

necrosis on the basis of its characteristic morphology under the electron microscope 

(Kerr et a l, 1972), During apoptosis, cells first shrink and their cellular membranes 

develop a characteristic “blebbed appearance” (Kerr et a l, 1972). These features appear 

to be mediated by the cleavage of cytoskeletal proteins such as actin and vimentin 

(Kayalar et a l, 1996; van Engeland et a l, 1997). Concurrently there is an 

externalisation of some cell membrane molecules such as phosphatidylserine, following 

cleavage of the translocase/fiippase enzyme (Martin et a l, 1995). Phosphatidylserine, 

and other similar externalised molecules, are then believed to act as signals instructing 

either neighbouring cells or macrophages to phagocytose the apoptotic cell (Fadok et 

a l, 1992). This is the basis for the annexin V assay for PCD, in which annexin V binds 

to the externalised phosphatidylserine molecule (Koopman et a l, 1994; Martin et a l, 

1995). Phagocytosis of apoptotic cells is discussed in more detail in Section 1.1.6.

These early events in apoptosis are thought to be directly due to enzymatic cleavage by 

upstream/initiator caspases such as caspase-8 and -9 (Greidinger et a l, 1996; Kayalar et 

a l, 1996; van Engeland et a l, 1997). Activation of caspase-8 and -9 is described in 

more detail in Section 1.1.3. The upstream/initiator caspases also cause the cleavage and 

activation of downstream/executor caspases such as caspase-3, -6 and -7 (Green and 

Kroemer, 1998; Huppertz et a l, 1999; Kruidering and Evan, 2000).

Following these early events, the chromatin within the nucleus of the dying cells 

becomes condensed, as does the nucleus itself. The cells also become detached from
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Figure 1.1 Overview of the molecular and cellular aspects of PCD

Overview of molecular pathways and cellular events that follow activation of upstream

caspases (8 or 9) and downstream, executor caspases.

Activated caspases-8 and -9 cleave cytoskeletal components and cause cell surface 

upregulation of phosphatidyl serine, which in turn leads to phagocytosis. The activated 

upstream caspases also activate downstream effector caspases, which irreversibly 

commits a cell to an apoptotic fate by causing cellular and nuclear collapse and DNA 

fragmentation.

PPS = phosphatidyl serine
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neighbouring cells and the extracellular matrix, and are phagocytosed. Chromatin 

margination against the nuclear envelope then occurs, giving it an annular shape. This 

is followed by fragmentation of the nucleus to give small “apoptotic bodies” (Kerr et 

a l, 1972). These terminal events in apoptosis result from the activation of the executor 

caspases-3, -6 and -7 (Huppertz et a l, 1999). Immunochemical labelling of cleaved- 

caspase-3 can therefore be used as an effective assay for PCD (Black et a l, 1998; 

Srinivasan, 1998). These caspases cleave, and thereby activate, one another, although 

the hierarchy of these interactions remains unclear (Cohen, 1997; Hirata et a l, 1998; 

Grossmann et a l, 1998; Lincz, 1998; Slee et a l, 1999). Cleaved-caspase-3 can also 

cleave the upstream caspase-8 and, by a positive feedback loop, accelerate its own 

cleavage, and so apoptosis (Kruidering and Evan, 2000). In addition, the downstream 

caspases directly cleave other substrates such as a- and p-catenin (Brancolini et a l,

1997). These proteins regulate the anchoring of cells to neighbouring cells, so their 

cleavage leads to cellular collapse (but not loss of membrane integrity). Lamins, which 

form structural supports for the nucleus, are also cleaved specifically by caspase-6, 

leading to nuclear collapse (Orth et a l, 1996; Takashi et a l, 1996). Simultaneously, the 

downstream, executor caspases cleave and thus activate other, non-caspase, enzymes, 

such as cytoplasmic transglutaminase. This enzyme, once activated, moves to the inner 

aspect of the cell membrane and, by cross-linking cytoskeletal components in this 

region, prevents loss of cell membrane integrity (Cummings 1996; Fesus et a l, 1996).

The executor caspases also cleave enzymes required for DNA maintenance such 

as poly-ADP ribose polymerase (PARP), and caspase-activated DNAse (CAD), which 

normally inhibit DNA kinases (Tewari et a l, 1995; Enari et a l, 1998). As a 

consequence, DNA cleavage occurs. This is the basis for the detection of PCD by the 

laddering seen when DNA from apoptotic cells is run on an agarose gel, and also 

underlies the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-
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labelling (TUNEL) assay. In this latter assay, the TdT enzyme attaches labelled nucleic 

acid molecules to the terminal ends of DNA fragments, and since there are millions 

more terminal ends following apoptotic DNA cleavage than in either live cells or 

necrotic cells, the effect is to specifically label apoptotic cells (Gavrieli et a l, 1992). If 

phagocytosis does not occur, then the apoptotic cell finally loses membrane integrity 

and ruptures in what is known as secondary necrosis (Kerr et a l, 1972).

1.1.3 Molecular pathways leading to PCD

As described in the previous section, the execution of PCD can occur following 

two molecular pathways. One is frequently termed the stress-mediated pathway and is 

largely dependent on caspase-9, and the other, the death receptor-mediated pathway, 

involves caspase-8. For a time, these pathways were thought to be relatively separate. 

Recent evidence suggests, however, that there is cross talk and co-operation between 

them. Nonetheless, for the sake of descriptive clarity, the two pathways will be 

considered independently.

1.1.3.1 PCD following cellular stress

Cells in multicellular organisms are constantly exposed to stress of one type or 

another, from deprivation of nutrients to genotoxic irradiation. Broadly speaking, 

exposed cells can either succumb to this stress or recover from it. However, each of 

these responses can have potentially disastrous consequences for the organism. For 

example, in the case of a cell that is exposed to genotoxic radiation, if the cell is 

irreparably damaged and simply lyses, spilling its intracellular contents into the 

extracellular compartment, inflammation will ensue. This is a highly energy- 

demanding process, which may also result in the loss of neighbouring cells, and, 

furthermore, poor wound healing often follows the inflammatory response, which may
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be a reason why embryonic wound healing, which does not involve inflammation, can 

occur without scar formation (Mast et a l, 1992; Nodder and Martin, 1997). On the 

other hand, the cell may survive but with DNA damage. In this case, there is always the 

chance, however minimal, that the cell has undergone a potentially carcinogenic 

mutation, and could therefore threaten the whole organism. Stress-mediated apoptosis 

is an alternative to these two scenarios. In outline, cellular stress appears to upregulate 

pro-apoptotic molecules in the cytoplasm (p53 and certain members of the Bcl-2 

family) or in the mitochondrial outer membrane (members of the Bcl-2 family), which 

cause apoptosis largely by allowing the release of cytochrome c from the mitochondria, 

which activates caspase-9. The molecular interactions involved in stress-mediated 

apoptosis are summarised in Figure 1.2.

The mitochondria are central to stress-mediated apoptosis. Following cellular 

stress, release of the haem-containing form of cytochrome c from the mitochondria 

allows the apoptotic protease-activating factor 1 (Apaf-1) to activate cytoplasmic 

caspase-9 (Li et a l, 1997; Zou et a l, 1997), although exactly how this occurs is unclear. 

Recent evidence suggests that Apaf-1 and caspase-9 form a holoenzyme, which then 

performs the various enzymatic cleavages, described in Section 1.1.2, necessary to bring 

about apoptosis (Rodriguez and Lazebnik, 1999). Biochemical evidence suggests that 

caspase-3 is a major downstream target of caspase-9 (Li et a l, 1997; Zou et a l, 1997). 

This is supported by evidence from knockout studies, which show very similar 

abnormal phenotypes in caspase-9, Apaf-1 and caspase-3 null mutants, including 

neuronal overgrowth (Section 1.1.9). Furthermore, since death receptor-mediated PCD 

is not affected in these null mutants, this suggests that caspase-3 is not vital for the 

action of caspase-8 (Section 1.1.4). Recently, it has been shown that at the same time as 

cytochrome-c is released from the mitochondria, so is the second mitochondria-derived 

activator of caspases (Smac; Du et a l, 2000). This protein, upon release, inhibits by
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Figure 1.2 Stress-mediated apoptosis

A summary of molecular pathways leading to apoptosis that occur following various 

forms of cellular-stress. The stress either directly or indirectly (via p53) increases the 

amount of pro-apoptotic Bcl-2 family members in the outer mitochondrial membrane. 

This allows the release of cytochrome-c into the cytoplasm, where it allows Apaf-1 to 

activate caspase-9, thus stimulating apoptosis (Figure 1.1). Under normal 

circumstances, the inhibitor of apoptosis proteins help prevent autocatalysis of caspases, 

but when the apoptotic programme is triggered, Smac is released from the mitochondria 

inhibiting them and facilitating apoptosis.

Note that p53 is normally maintained at a constant level because of a negative feedback 

loop with Mdm2.

lAP = inhibitor of apoptosis proteins 

Cyto.c = cytochrome c
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direct interaction the inhibitor of apoptosis proteins (lAPs), which normally themselves 

inhibit caspases from spontaneously activating and initiating apoptosis (Deveraux and 

Reed, 1999; Shi, 2001), and so Smac acts to facilitate apoptosis.

In the mechanism described above for caspase-9-mediated PCD, the factor 

deciding whether or not apoptosis occurs is the release of cytochrome c from the 

mitochondria. This appears to be controlled largely by the Bcl-2 family of proteins. 

These molecules comprise various combinations of the four Bcl-2 homology (BH) 

domains (Adams and Cory, 1998; Kelekar and Thompson, 1998; Gross et a l, 1999), 

which allow the different members of the family to form homo- or heterodimers.

Certain members of the family are pro-apoptotic whereas others are anti-apoptotic. The 

pro-apoptotic members, which all have the BH3 domain, are sub-divided into the Bax 

subfamily (including Bax and Bak) and the BH3 subfamily (including Bad and Bid) 

(Knudson and Korsmeyer, 1997; Adams and Cory, 1998; Kelekar and Thompson,

1998). It seems that the relative proportions of activated anti-apoptotic and pro

apoptotic Bcl-2 family molecules in the outer mitochondrial membrane, and whether, or 

how they dimerise, determines whether cytochrome c is released, causing apoptosis 

(Knudson and Korsmeyer, 1997; Adams and Cory, 1998; Kelekar and Thompson, 1998; 

Gross et a l, 1999; Vlaeminck-Guillem et a l, 2001). The exact manner, however, in 

which these proteins allow the release of cytochrome c into the cytoplasm, in the case of 

the pro-apoptotic molecules, or inhibit its release, in the case of the anti-apoptotic 

molecules, remains elusive (Adams and Cory, 1998; Gross et a l, 1999; Shi et a l, 2001)

A variety of cellular stresses can result in a relative increase in the pro-apoptotic 

members of the Bcl-2 family. For example, deprivation of the survival factor 

interleukin-3 (IL-3), which normally keeps cytoplasmic Bad phosphorylated, results in 

its dephosphorylation and relocation to the outer mitochondrial membrane, where it has 

a pro-apoptotic effect (Gross et a l, 1999). In some types of cellular stress, there can
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also be a transcriptional upregulation of pro-apoptotic Bcl-2 family members. For 

example, some genotoxic stimuli can result in an upregulation of Bax transcription 

(Evan and Littlewood, 1998; Vousden, 2000). This particular upregulation is caused by 

the tumour suppressor protein, p53. The importance of this protein can be gauged by 

the fact that 50% of all human cancers carry a mutation in the p52 gene (Raff, 1998; 

Steller, 2000).

Similarly to the Bcl-2 family, p53 acts as a sensor for cell stresses, including 

genotoxicity. Following DNA damage, for example, intracellular levels of p53 

increase. Exactly how this occurs is uncertain, but it seems likely to be linked to the 

DNA binding properties of p53 (Liu and Kulesz-Martin, 2001). The relatively high 

levels of p53 in a cell then appear to increase transcription of pro-apoptotic proteins, 

such as Bax (see above) or death receptors that transduce pro-apoptotic signals, such as 

Fas, rendering a cell susceptible to apoptosis (Bennett et a l, 1998; Muller et a l, 1998; 

Hill et a l, 1999; Vousden, 2000; Vlaeminck-Guillem et a l, 2001). Simultaneously, 

p53 causes arrest of the cell cycle, for example by causing upregulation of the 

p2 jWAF/ciPi cyclin-dependent kinase inhibitor, which binds and thereby inhibits 01 

cyclin-dependant kinases (Norbury and Hickson, 2001). It seems that normally, levels 

of p53 are maintained in a “non-apoptotic” range by a negative feedback loop in which 

p53 causes the transcription of the ligase Mdm2, which itself causes the proteosomic 

degradation of p53 (by an as yet undetermined mechanism) (Prives, 1998; Vousden, 

2000; Evan and Vousden, 2001). Mdm2 is also negatively regulated by p i9^^, which 

binds and inactivates it. This interaction allows mitogenic factors, such as Myc and 

Ras, a method by which they can predispose a cell to apoptosis since they upregulate 

pjçARF same time as stimulating proliferation (Vousden, 2000). This coupling of 

the proliferative and apoptotic pathways, making proliferating cells particularly
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vulnerable to PCD, may sound paradoxical, but has been suggested to be important as 

mutations may occur following mitosis.

This section has given a brief overview of stress-mediated apoptosis, in an 

attempt to outline some of its key components and principles, particularly the 

importance of the balance existing between pro- and anti-apoptotic signals in 

determining whether or not a cell undergoes PCD. Attention is now turned to what has 

been described as “death receptor-mediated apoptosis”.

1.1.3.2 Death receptor-mediated PCD

Apoptosis can be triggered by activation of a trans-membrane death receptor, 

which, via an adaptor molecule, results in the cleavage of pro-caspase-8 into activated 

caspase-8, which is then believed to cleave downstream caspases by the mechanisms 

described in Section 1.1.2.

Trauth et al. (1989) and Yonehara et al. (1989) both identified a cell surface 

receptor responsible for lymphocytic induction of apoptosis. This was named Fas, or 

APO-1, although it is the former term that is now generally used. The Fas/Fas ligand 

interaction, and the subsequent molecular pathways it regulates, forms the archetypal 

death receptor/ligand apoptotic signal, and it is this that will be described first. A 

summary of death receptor-mediated PCD is shown in Figure 1.3.

Fas ligand is a cytokine belonging to the tumour necrosis factor (TNF) family of 

cytokines. It is synthesised as a type II membrane protein, having an extracellular 

carboxy-terminus and an intracellular amino-terminus (Suda et al. 1993; Nagata, 1997). 

Although it may be cleaved from the cytoplasmic membrane, in mouse models, its 

potency as an endocrine agent is much reduced compared to when it is membrane 

bound, and so it generally activates Fas in an autocrine or paracrine manner. Indeed, 

cleavage of Fas ligand from the cell membrane may serve to inactivate it (Nagata,
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Figure 1.3 Death receptor-mediated apoptosis

A summary of molecular pathways following activation of death receptors. Upon 

trimérisation, death receptors either directly, or indirectly via TRADD, activate FADD. 

This results in the oligomerisation of caspase-8 (unless there is sufficient competition 

from FLIP). Caspase-8 then cleaves downstream caspases to cause apoptosis. 

Sometimes, the trimérisation of Fas may activate Daxx. The exact functions of Daxx 

are unknown, but it is believed that it can both enhance and attenuate apoptotic 

induction, depending on the circumstances. TRADD may also activate RIP, which can 

activate NF-kB and so inhibit apoptosis. However, RIP cleaved by caspase-8 may 

actually have a pro-apoptotic function.

DD = death domain

DED = death effector domain
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1997). Fas, itself, is a member of the TNF receptor (TNFR) family, which are all type I 

membrane proteins and have a characteristic intracellular, carboxy-terminal death 

domain (DD) consisting of 65-80 amino acids (Itoh et a l, 1991; Oehm et a l, 1992; 

Nagata, 1997; Kruidering and Evan, 2000). On binding of Fas ligand to Fas, there is a 

trimérisation of the receptor via the death domain of Fas, which is thereby activated 

(Banner et a l, 1993; Nagata, 1997; Ashkenazi and Dixit, 1998; Kruidering and Evan, 

2000).

In 1995, two independent yeast two-hybrid studies found that activated Fas 

associates with a cytoplasmic molecule, which was called the Fas-associated death 

domain (FADD) (Boldin et a l, 1995; Chinnaiyan et a l, 1995). FADD has a carboxy- 

terminal death domain comparable to that of Fas, and also an amino-terminal domain 

called the death effector domain (DED). Upon aggregation of Fas receptors, FADD 

cross-links to their death domains, via its own, in a homotypic manner. This renders the 

death effector domain of FADD active (Kischkel et a l, 1995; Muzio et a l, 1996; 

Nagata, 1997; Yeh et a l, 1998). In 1996, another yeast two-hybrid study, again by 

Boldin et a l, identified a cytoplasmic molecule that was named the FADD-like IL-ip 

converting enzyme (FLICE) or caspase-8, which was found to have its own death 

effector domain in its amino terminus. The active death effector domain on FADD 

recruits, again via homotypic interactions, the death effector domain of caspase-8. 

Recruitment of multiple caspase-8 molecules appears to result in their oligomerisation, 

which in turn causes the caspase-8 molecules to auto-cleave and consequently become 

active (Yang et a l, 1998; Kruidering and Evan, 2000). This structure, consisting of 

Fas, FADD and capase-8 is known as the death-inducing signalling complex (DISC) 

(Kischkel et a l, 1995). The DISC then releases activated caspase-8 into the cytoplasm. 

Caspase-8 can then cleave downstream caspases, resulting in apoptosis, as described in 

Section 1.1.2.
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Another important group of death ligands and death receptors are TNF-a and -p, 

and their receptors, TNFR-1 and -2. The cascade from TNF-a and -p-induced 

trimérisation of TNFR-1 and -2, leading to activation of caspase-8, is similar to that 

following Fas trimérisation, with the exception that the activated receptor complex, 

rather than recruiting FADD directly, recruits the TNFR-associated death domain 

(TRADD) (Hsu et a l, 1995; Nagata, 1997). TRADD does not have a death effector 

domain of its own, but has two death domains through which it recruits and activates 

FADD (Hsu et a l, 1996; Nagata, 1997). Other less well investigated death receptors, 

such as death receptor 3, 4 and 5 (DR-3, -4 and -5) also act either via the FADD- 

caspase-8 pathway (Ashkenazi and Dixit, 1998; Kuang et a l, 2000).

Confusingly, in some situations, activation of death receptors -  particularly 

TNFRl -  can have a pro-survival effect (Nagata, 1997). TRADD, in addition to 

recruiting FADD, may also recruit the receptor interacting protein (RIP) (Ashkenazi and 

Dixit, 1998). RIP can then activate nuclear factor k B (NF-kB), which resides in an 

inactive form in the cytoplasm, by activating the I-kB kinase (IKK) which 

phosphorylates, and so inactivates, the inhibitor of NF-kB (I-kB) (Ashkenazi and Dixit,

1998). Once active, NF-kB translocates to the nucleus, where it transcribes 

cytoprotective and pro-inflammatory proteins (Ashkenazi and Dixit, 1998). Although 

in some circumstances, it appears that RIP may have an anti-apoptotic role. For 

example, cleavage of RIP by caspase-8 in cell culture, and overexpression of RIP can 

induce apoptosis (Nagata, 1997; Lin et a l, 1999). Death receptor activation can also be 

inhibited by the presence of FLICE (caspase-8) inhibitory protein (FLIP). FLIP has two 

death effector domains, which mimic that of caspase-8, and therefore FLIP behaves as a 

competitive inhibitor of caspase-8 (Thome et a l, 1997; limier et a l, 1997; Shu et 

al, 1997; Yeh et a l, 2000). In overexpression systems, however, FLIP can actually 

accelerate cell death by an as yet unknown mechanism (Irmler et a l, 1997; Shu et

42



al., 1997; Yeh et a l, 2000). In addition, it has recently been shown that activated Fas 

receptor can activate Daxx (Yang et a l, 1997; Michaelson et a l, 1999). Little is known 

about this promiscuous 120 kD protein, although it appears that it may have both pro- 

and anti-apoptotic effects (Michaelson et a l, 1999). It seems that these may be 

mediated by the c-Jun amino-terminal kinase (JNK) pathway, which causes activation 

of c-Jun (Yang et a l, 1997; Michaelson et a l, 1999; Jochum et a l, 2001). c-Jun, in 

turn, forms part of the activating protein-1 (AP-1) transcription factor (Jochum et a l, 

2001; Mechta-Grigoriou, et a l, 2001). AP-1 is a heterodimer and can be made up of 

various combinations of members of the Jun and Fos protein families. AP-1 has 

multiple functions and may be both pro- and anti- apoptotic (Jochum et a l, 2001). The 

circumstances that pre-dispose Daxx and AP-1 to being pro- or anti-apoptotic are as yet 

unclear.

1.1.3.3 Cross-talk between stress-mediated and death receptor-mediated apoptosis 

Stress-mediated and death receptor-mediated PCD are not completely 

independent of one another. p53, which is upregulated following genotoxic stress, can 

upregulate Fas, and thus accelerate PCD by the death receptor-mediated pathway. The 

practical effect of this is shown by a study in which skin cancer, following UV light 

exposure (i.e. genotoxic stress), was shown to be very frequent in Fas ligand deficient 

mice (70% of mice examined), whereas in control, wild type mice, the rate was only 5% 

(Hill et a l, 1999). Furthermore, PCD following detachment of cells from their 

neighbours or the extracellular matrix (anoikis) can be inhibited via dominant-negative 

FADD and Bcl-2 expression, suggesting that both pathways are activated (Rytomaa et 

a l, 1999; Kruidering and Evan, 2000). Also, recent evidence has shown that the 

cytosolic Bcl-2 protein Bid can be cleaved by activated caspase-8 (Luo et a l, 1998). 

Cleaved Bid then translocates to the outer mitochondrial membrane where it has a pro-
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apoptotic effect by facilitating the release of cytochrome-c into the cytoplasm. It has 

also been shown that downstream caspases can potentially activate upstream caspases 

(Kruidering and Evan, 2000), so it is theoretically possible for activated caspase-9 to 

activate downstream caspases, which could then, in turn, activate caspase-8. Some of 

the main components involved in the interaction between the stress- and death receptor- 

mediated pathways are shown in Figure 1.4.

1.1.4 Clearance of apoptotic cells

As stated in Section 1.1.2, if apoptotic cells are not rapidly cleared, they undergo 

secondary necrosis, with all the features of inflammation that would normally follow 

necrosis. To prevent this, upregulation of cell surface molecules on the apoptotic cell, 

such as phosphatidylserine, stimulate other cells to phagocytose them (Fadok et a l, 

1992). This process is very rapid, and as a result, by the time apoptotic morphology is 

visible, the apoptotic cell has usually been phagocytosed by another cell in in vivo 

situations (Camp and Martin, 1996; Jacobson et a l, 1997). Cleared apoptotic cells are 

then rapidly digested by the phagocyte.

Although this phagocytosis can be performed by neighbouring cells, in tissues 

where the intensity of PCD is high, it is often specialised cells, that is to say 

macrophages, that perform phagocytosis (Hopkinson-Woolley et a l, 1994; Camp and 

Martin, 1996; Pamaik et a l, 2000). This occurs, in the developing kidney and also in 

the developing limbs, where apoptosis removes the interdigital webs (Hopkinson- 

Woolley et a l, 1994; Camp and Martin, 1996). Interestingly, in mouse mutants in 

which no macrophages develop, clearance of apoptosis in the interdigital webs still 

occurs, but by neighbouring cells (Wood et a l, 2000). The neighbouring cells are not 

as efficient as macrophages in clearing the apoptosis, taking approximately three times 

as long to do so. Correspondingly, the regression of the interdigital webs takes three
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Figure 1.4 Cross-talk between death receptor-mediated apoptosis and stress- 

mediated apoptosis

A summary of some molecular pathways that link death-receptor- and stress-mediated 

apoptosis. Death receptor-mediated apoptosis may result in the cleavage of cytosolic 

members of the Bcl-2 family of molecules that then relocate to the mitochondria, 

facilitating cell death by the stress-mediated pathway.

Also, activation of stress-mediated mechanisms for apoptosis can cause an upregulation 

of Fas via p53, facilitating cell death by the receptor-mediated pathway.

Cyto. C = Cytochrome c
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times longer. In some developmental situations macrophages have also been shown to 

actually induce apoptosis, for example in the development of the lens, which requires 

removal of the hyaline vessels by apoptosis (Lang and Bishop, 1993).

1.1.5 Necrosis and apoptosis

Apoptosis was originally defined by the morphological features that distinguish it 

from necrosis. Recently, however, it has been observed that there are circumstances in 

which apoptosis and necrosis can occur at the same time, and furthermore, individual 

cells can be seen to be simultaneously showing signs of apoptosis and necrosis. This 

occurs in the heart wall following myocardial infarction, or in the regressing vestigial 

tail during human development (Sapunar, Vilovic and England, 2001; Kajstura et a l, 

1996; Saraste and Pulkki, 2000). This is, perhaps, unsurprising. PCD is often a 

response to cellular stress, as is necrosis, albeit markedly different. It is, then, 

conceivable that apoptosis and necrosis may “compete” with one another to kill a cell 

exposed to some cellular stress. In this case, if one or other mechanism is inhibited, the 

other one may kill the cell. For example, inhibition with the pan-apoptotic inhibitor 

benyloxycarbonyl-valine-alanine-aspartate fluoromethylketone (zVAD-fmk) prevents 

apoptosis in the mouse interdigital webs (Chautan et a l, 1999). zVAD-fmk is a peptide 

that mimics the target sequences of the caspases, binds to them, and thereby inhibits 

their function (McCarthy et a l, 1997; Garcia-Calvo et a l, 1998; Sun et a l, 1999). 

However, despite this, “programmed” cell death may still proceed by necrosis 

independently of caspases (Chautan et a l, 1999).

1.1.6 Programmed cell death in development

Ever since the seminal study by Glucksmann (1951), it has been evident that 

apoptosis is an important part of development. More recently, new methods for
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studying apoptosis, and the development of animals with mutations in apoptotic genes, 

has led to an enhanced understanding of the role of apoptosis during development which 

include regulating cell numbers and sculpting of structures.

In the developing nervous system, there is strong evidence for a role for 

apoptosis in controlling cell numbers (reviewed by Burek and Oppenheim, 1996, and 

Pettmann and Henderson, 1998). It is estimated that in the vertebrate nervous system, 

up to twice as many neurons develop as are finally required. There is evidence to 

suggest that some of this neuronal cell death follows competition for growth factors, 

such as members of the neurotrophin family. For example, amputation of an embryonic 

chick limb during development leads to a vastly increased loss of the neurons that 

would normal innervate it, but this increased loss can be reduced by grafting another 

limb bud onto the amputation site, or by supplementation with muscle extract (Caldero 

et a l, 1998; Pettmann and Henderson, 1998). In support of the importance of apoptosis 

in regulating cell numbers in the nervous system, and potentially providing the 

molecular mechanism by which at least some developmental neuronal PCD may occur, 

the caspase-9, caspase-3 and Apaf-1 null mutants all display a developmental 

overgrowth of central nervous tissue (Kuida et a l, 1996; Kuida et a l, 1996; Yoshida et 

a l, 1998). lnterestingly,a recent study has provided evidence that neurones from the 

caspase-9 and caspase-3 knockout mice may still undergo cell death, but that this cell 

death is delayed (Oppenheim et a l, 2001).

Cell death can also play an important part in sculpting the embryo, by removing 

vestigial structures. A relatively well-understood example of this is in the interdigital 

webs, which are removed by apoptosis under the influence of the bone morphogenetic 

proteins (BMPs; Zou and Niswander, 1996). This cell death is signifcantly reduced in 

the Hammertoe mouse mutant, in which, correspondingly, the interdigital webs remain 

(Zakeri et a l, 1994; Chautan et al, 1999).
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It has also become evident that PCD is vital for the development of the immune 

system. It is known that PCD via the Fas/Fas ligand pathway is very important for the 

peripheral clonal deletion of T cells (Alderson et a l, 1995) and indeed, as a result both 

the Fas and Fas ligand deficient mice develop severe lymphoproliferative disorders 

(Nagata and Suda, 1995).

Apoptosis may also be important for the fusion of structures during 

development. Studies on the closing chick neural folds, which once fused form the 

neural tube, have shown that cell death occurs near the fusion seam. Furthermore, when 

this cell death was inhibited, so was fusion of the folds (Weil et a l, 1997). The 

mechanism by which apoptosis allows this fusion remains unknown. A link between 

apoptosis and cardiac development will be described in more detail in Section 1.3.

1.1.7 Programmed cell death in pathology and physiology

The average human being loses around 100, 000 cells per second through 

apoptosis and gains roughly the same amount through proliferation, allowing the 

maintenance of a constant cell number (Vaux and Korsmeyer, 1999). How this 

equilibrium is achieved is largely unknown, but implies some kind of feedback 

mechanism. Occasionally, the checks and balances involved go wrong, providing an 

insight into their mechanisms, for example in cancer. PCD has been shown to be 

important in both physiological and pathological situations. In some cases, the 

apoptosis protects the body, in some cases it is detrimental and in others, it is unclear 

whether the apoptosis is a good thing or a bad thing.

Natural killer cells, white blood cells involved in the immune response to 

parasites, express Fas L, which, since Fas is apparently ubiquitously expressed, may kill 

infected cells (Nagata, 1997). Sometimes this system can go wrong, for example in 

acquired immunodeficiency syndrome (AIDS) following infection with the human
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immunodeficiency virus (HIV). It seems that in this case, the immune cells themselves 

are infected, and that this may result in their own apoptosis, thus weakening the immune 

system (Gougeon and Montagnier, 1999). Neurodegenerative diseases such as 

Parkinson’s and Alzheimer’s are believed to involve inappropriate apoptosis (Pettmann 

and Henderson, 1998). In Parkinson’s disease, for example, there is a loss of 

dopaminergic neurons in the substantia nigra, which are vital for normal voluntary 

motor function.

Following myocardial infarction, it has been shown that between 5 and 33% of 

the loss of cardiac cells is as a result of apoptosis, with the remainder dying by necrosis 

(Haunstetter and Izumo, 1998). In some models, the size of the infarct directly 

following a hypoxic insult has been shown to decrease with the inhibition of apoptosis, 

for example by administration of the apoptosis inhibitor zVAD-fmk. The long-term 

benefits of inhibiting apoptosis following myocardial infarction are not known, 

however. It may be better that a cell undergoes apoptosis in the acute stage rather than 

necrosis in the longer term, which could result in inflammation and poor wound healing.
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1.2 Cardiac development

The mammalian heart initially forms as a tubular structure, with a single lumen, 

from a genetically pre-specified region of splanchnic mesoderm (DeRuiter et a l, 1992), 

and is the first organ of the body to develop and function (Christoffels et a l, 2000a). 

From the initiation of a heartbeat, at E8.5 in the mouse, the heart’s contractions sustain 

the circulation of blood, which in turn sustains the growth and development of the 

embryo to birth, and onwards through life. The primitive heart has a caudal, venous 

inlet and a rostral, arterial outlet. This linear heart tube then bends so that its caudal, 

venous end is brought to be dorsal to its central portion and arterial end by a process 

called looping (Taber et a l, 1995, Brown and Anderson, 1999). Subsequently, during a 

process known as septation, a series of walls, or septa, and valves develop. These 

divide the ventricles and atria of the heart from each other and into left and right sides, 

while the common outflow tract and aortic sac are divided into the aorta and pulmonary 

trunks. This process results in the development of two parallel streams of blood flow. 

One stream flows through the left side, which comprises the left atrium, the left 

ventricle and the aorta. The other stream flows through the right side, which comprises 

the right atrium, the right ventricle and the pulmonary trunk. In maturity, the left side of 

the heart forms the driving force for the high-pressure systemic circulation, and the right 

side will pump blood in the low-pressure pulmonary circulation. Towards the end of 

septation, the intrinsic conduction system of the heart, vital to the co-ordination of 

cardiac contractions, begins to form. Thereafter, the chambers of the heart are aligned 

as they will be in the mature heart, and most of the rest of development consists of 

sculpting of the chambers, valves and septa of the heart, and development of the 

ventricular myocardium (Webb et a l, 1996).

Congenital cardiac defects comprise the commonest, life threatening congenital 

malformations, occurring in up to one percent of live births (Edmonds and James, 1993;
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Hoffman, 1995), and it is during septation that the majority of these defects arise (Clark, 

1987). This is perhaps a reflection of the complexity of the process, which requires the 

largely independent septation processes in the atria, ventricles and outflow tract to be 

accurately co-ordinated with one another. This biological complexity can be rendered 

even more difficult to understand by the inconsistent naming of cardiac structures, 

particularly of the outflow tract region.

In this section of the General Introduction, I will mainly focus on the events during 

cardiac septation. I will also describe other aspects of heart development that aid the 

understanding of septation, and some that are of general importance and interest. The 

emphasis of this section is more on the morphological and cellular events during cardiac 

development, and septation in particular, rather than on the genetic events, which are 

less pertinent to this study. I will also define the nomenclature that I mean to use 

throughout this thesis.

1.2.1 Comparative time-line of cardiac development

Many studies on the development of the heart have looked at human, rat and chick. 

The human and rat hearts are similar in morphology to the mouse heart (Pexieder, 1975; 

Webb et a l, 1996; Christoffels et a l, 2000a). Furthermore, although birds (through 

their dinosaur ancestors) and mammals both diverged from reptiles in the Triassic 

period, around 240 million years ago (Bakker, 1996), there is still a remarkable 

comparability in the morphology and histology of the chick to the mammalian heart 

(Pexieder, 1975). Since studies on rat, chick and human have been drawn on to help 

understand cardiac development in the mouse, differences between the hearts of the 

different species are important to appreciate. Perhaps the most obvious difference is in 

the gestation periods of these species, and therefore the timescale over which 

development occurs. A comparison of the stages of cardiac development in the
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different species is shown in Figure 1.5. The comparison between human, rat and chick 

is taken from Pexieder (1975). A subsequent comparison between rat and mouse is 

derived from Christoffels et al. (2000a), which compares some aspects of mouse and rat 

cardiac development, and by cross-referencing events in rat septation described by Ya gr 

at. (1998a), with those in mouse septation.

1.2.2 Formation of the primary heart tube and cardiac looping

Although the pre-septal development of the heart is itself a field of great interest, 

it will not be described in detail here, but will essentially be described with a view to 

facilitating the understanding of the septation of the heart. Endodermal cells form the 

endocardial component of the heart, and mesodermal cells will give rise to the muscular 

component of the heart form bilateral paired primordia (Figure 1.6 a). These cells 

express the Nkx 2.5 transcription factor, one of the earliest known marker of the 

vertebrate heart (Lints et a l, 1993). The paired primordia fuse with each other to give 

the primary heart tube at E8.5, which runs approximately rostro-caudally (DeRuiter et 

a l, 1992) (Figure 1.6 a-b). At this time the heart consists of an inner epithelial layer, 

the endocardium, ensheathed in a muscular outer layer, the myocardium, and these two 

cellular layers are separated by a layer of extracellular matrix (DeRuiter et a l, 1992).

The caudal region of the tube comprises the presumptive atria (Figure 1.6 b) and 

is connected to the left and right sinus homs, from which it derives its vascular inflow 

(in development, this is oxygenated blood from the yolk sac and placenta). The rostral 

region will form the ventricles (Figure 1.6 b). The outflow tract is fused at its rostral 

end with the aortic sac (Figure 1.6b), which is formed at the convergence of the 

branchial arch arteries, giving the heart its vascular outlet. The idea that the chambers 

of the heart are pre-specified in a rostro-caudal series, as described here, is explained in 

more detail in Section 1.2.3.
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Figure 1.5 Temporal comparison of events in cardiac development in different 

species

From data in the literature, the timing of events in cardiac development common to 

humans, chicks, rats and mice is compared. The numbers represent developmental 

stage, as measured by embryonic day.

IVS = interventricular septum 

NCC = neural crest cells 

PAS = primary atrial septum
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Figure 1.6 The paired cardiac prim ordia and looping

a)-b) Schematic representation of the fusion of the paired cardiac primordia. b)-d) 

Schematic representation of cardiac looping, a) Paired cardiac primordia, linked by their 

rostral end by the putative outflow tract segment, fuse with one another (indicated by 

bowed arrows), b) Fusion of the primordia results in the formation of the straight heart 

tube, which is fused at its rostral end with the aortic sac. The different components of 

the tube are brought into the correct, relative spatial positions to allow septation, as the 

caudal most part of the heart (the common atrium) moves rostrally, dorsally and to the 

left of the rest of the heart, in the direction indicated by the bowed arrow, c) This brings 

the chambers and outflow tract of the heart into the correct relative spatial positions, d) 

Following looping, the chambers of the heart can grow and undergo septation.

The different coloured bands indicate how the different chambers and outflow 

components of the heart are suggested to be pre-specified by some authors, although 

specific, segmental gene-expression patterns have only been demonstrated from the 

linear heart tube onward (b)-d)).

OFT = outflow tract
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Before septation can occur, the prospective atria, ventricles and outflow tract 

need to be brought into their correct spatial arrangement. The process of looping 

achieves this (Taber et a l, 1995, Brown and Anderson, 1999). In looping, the caudal 

atrium moves dorsally and to the left of the presumptive ventricles (Figure 1.6 b-d).

This results in the correct relative spatial positioning of the presumptive atria, the 

embryonic left and right ventricles and the outflow tract (Figure 1.6; Moorman et a l, 

1994). In order that looping can occur properly, the heart tube must have “knowledge” 

of its left-right, rostro-caudal and dorso-ventral axes. At this stage, although the 

embryo has rostro-caudal and dorso-ventral asymmetry, it has no morphological left- 

right asymmetry. The left-right axis identity of the heart is dependent on a molecular 

cascade initiated by the primitive node (reviewed by Capdevila et a l, 2000). The heart 

is the first organ to display left-right asymmetry, which it does as it commences 

looping. The mechanisms that lead from the asymmetric expression of molecules to 

looping are poorly understood. Following looping, the components of the heart are still 

in series. Septation causes their transformation into two parallel pump systems.

1.2.3 Genetic pre-specification of the cardiac compartments: The segmental

heart tube and the ballooning hypothesis

Genetic analysis of the rodent heart has provided evidence that the linear heart 

tube, prior to looping, has a segmental expression of genes along its rostro-caudal axis. 

For example, fi-myosin heavy chain (/3-MHC) is expressed in the rostral end and middle 

region of the primary heart tube (Lyons et a l, 1990; Christoffels et a l, 2000a) whereas 

atrial natriuretic factor {ANF) is expressed in the caudal and midsection of the linear 

heart tube (Zeller et a l, 1987; Christoffels et a l, 2000a). Following looping, the same 

genes are expressed along the looped heart tube in regions that are now morphologically 

definable as the atria, ventricles and outflow tract. For example /3-MHC is expressed in
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the ventricular regions and the outflow tract (Lyons et al., 1990; Christoffels et a l, 

2000a) and ANF is expressed in the atria and in the ventricles, particularly strongly in 

the left ventricle (Zeller et a i, 1987; Christoffels et a l, 2000a). Furthermore, in 

isolated chick hearts in culture, even prior to the fusion of the paired heart tubes, the 

intrinsic muscular contractility in the caudal, presumptive atrial regions is faster than the 

rostral, presumptive outflow tract regions (Satin et al, 1988). This has led to the 

suggestion that the primary heart tube is genetically pre-specified to form the 

presumptive chambers and outflow tract even prior to looping and chamber 

specialisation (De la Cruz et a l, 1989). This also means that what are classically called 

the “left” and “right” ventricles are not embryologically derived from the “left” and 

“right” sides of the primordial ventricular region, but from its caudal and rostral parts, 

respectively. Originally, these gene expression patterns were assumed to extend around 

the circumference of the heart tube (Figure 1.6a-c). These circumferential regions, 

following looping, were thought to differentiate and grow into the chambers and 

outflow tract vessels of the heart (for review see Olson and Srivastava, 1996).

Recently, this segmental model has been re-assessed and refinements have been 

suggested. Once the heart has looped, it has an inner curvature and an outer curvature. 

Morphological analysis suggests that the growth of the chambers occurs only from 

regions of the outer curvature (de Jong et a l, 1997). Furthermore, the outer curvature, 

which forms essentially from the ventral aspect of the un-looped heart, has different 

functional properties. For example, the outer curvature has a higher conduction velocity 

than the inner curvature and outflow tract, which itself has a similar conduction velocity 

to the un-looped primary heart tube (De Jong et a l, 1992; Moorman and Lamers, 1994; 

Moorman et a l, 1997). Also, proliferation rates are highest in the outer curvature 

(Rumyantsev, 1977; Thompson eM/., 1990).
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These observations have lead to a re-assessment of the expression patterns of the 

genes thought to be expressed in a segmental, circumferential manner in the rodent by 

Christoffels et a l (2000a,b). These include ANF and J3-MHC described above, as well 

as Iroquois homeobox genes, chisel, sarcoplasmic reticulum Ca^^ ATPase {SERCA2a) 

and other myosin family members. These studies have shown that although chamber 

specific gene expression does occur in a linear segmental pattern, it is not 

circumferential, but rather is found only in the ventral aspect of the primary heart tube, 

and the outer curvature of the looped heart (compare Figures 1.7 a and b with Figures 

1.7 c and d, respectively; Christoffels et a l, 2000a, b). Christoffels et a l (2000a) 

suggest that specified regions of the outer curvature of the heart form the “working 

myocardium” of the chambers (Figure 1,7 f), and that the bulk of the chambers form by 

expansion, or “ballooning”, that occurs only from these regions of the outer curvature. 

Furthermore, since the inner curvature and the regions between the chambers do not 

form working myocardium, and have similar properties to the myocardium of the un- 

looped primary heart tube, they have been dubbed the “primary myocardium”, and have 

been suggested to go on to form the atrioventricular canal and outflow tract. Moreover, 

it appears that the endocardial cushion tissue develops exclusively adjacent to the 

primary myocardium, and not from working myocardium (compare Figures 1.7 c and f; 

Mjaadtvedt e/a/., 1989),

1.2.4 Early development of the endocardial cushions

The endocardial cushions are vital to cardiac septation. Their importance can be 

gauged by their conservation in all five classes of chordates, unlike, for example, the 

interventricular septum. In this section only their initial development will be described, 

as their later development will be described in the section on cardiac septation (Section 

1.2.6). There are two major groups of endocardial cushions in mouse cardiogenesis.
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Figure 1.7 Early chamber-specific gene expression

Schematic comparing different models of cardiac chamber specification and subsequent 

growth, c) and f) are coronal sections through b) and e), respectively. The green, light 

blue and dark blue represent chamber specific gene expression in the right ventricle, left 

ventricle and atria, respectively.

a)-c) Some authors have reported genetic pre-specification of chamber myocardium in a 

circumferential manner around the linear heart, d) Recent re-evaluation of gene 

expression in cardiac development suggests that chamber specific gene expression only 

occurs on the ventral aspect of the primary heart tube, e) Following cardiac looping, the 

ventral aspect of the primary heart tube becomes the outer curvature of the heart, f) 

Therefore according to the recent re-evaluation, chamber-specific gene expression 

occurs on the outer curvature of the heart, and it is suggested that growth of the 

chambers occurs from a “ballooning” out from these regions of the outer curvature 

(indicated by the arrowheads). Furthermore, it is suggested by this model that 

endocardial cushion formation occurs in non-chamber myocardium only (compare c) 

and f)).

AVC = atrioventricular cushion 

OFT = outflow tract 

OFTC = outflow tract cushion 

LV = left ventricle (light blue) 

RV = right ventricle (green)
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These are the outflow tract cushions and atrioventricular cushions. Initially, these pairs 

of cushions act as primitive valves in the un-septated heart (Ya et a l, 1997). Later, at 

the end of septation, they form the semilunar and atrioventricular valves, and when they 

do so, recent evidence suggests they are accompanied by the formation of the 

intercalated ridges and lateral endocardial cushions, respectively (Ya et a l, 1998a; 

Markwald, 2001). In addition to these endocardial cushions are the mesenchymal caps 

of the primary atrial septum and the vestibular spine, which are essential for proper 

atrial and atrioventricular septation (Webb et a l, 1998a). The development and 

regulation of the largest endocardial cushions, in the outflow tract and the 

atrioventricular regions, have been most thoroughly studied and will be described here. 

The development of the other endocardial cushions is poorly understood.

The endocardial cushions of the mouse heart are histologically discernible by 

ElO (Webb et a l, 1998a). The basic cellular mechanisms involved in the formation of 

the two sets of cushions are very similar. An extracellular matrix consisting of 

proteoglycans, collagens and glycosaminoglycans (the “cardiac jelly”) is secreted by the 

underlying myocardium, creating an acellular compartment between the myocardium 

and the endocardium (Kitten et a l, 1987; Markwald et a/., 1996). The endocardial cells 

then undergo an epithelial to mesenchymal transformation under the influence of signals 

from the adjacent myocardium (Nakajima et a l, 2000; Krug et a l, 1985, detach from 

one another, and migrate into the compartment between the endocardium and the 

myocardium to create the mesenchyme of the endocardial cushions (Markwald et a l, 

1977; Bemanke and Markwald, 1982).

During development, epithelial to mesenchymal cell transformations are 

associated with an upregulation of cell-extracellular matrix interactions and a down- 

regulation of cell-cell adhesion (Gumbiner, 1996; Lauffenburger and Horwitz, 1996).

In the chick endocardial cushions, downregulation of the cell-cell adhesion molecule.
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neural cell adhesion molecule (NCAM), has been observed just prior to the epithelial to 

mesenchymal transformation (Burroughs et a l, 1991) and in the mouse, upregulation of 

cell-extracellular matrix adhesion molecules such as versican have been reported 

(Henderson and Copp, 1998). Growth of the cushions follows further migration of 

endocardial cells and proliferation of the cushion cells themselves (Keyes and Sanders, 

1999), perhaps under the influence of extracellular matrix molecules such as versican 

(Henderson and Copp, 1998) or transcription factors such as paired related homeobox 

(Prx) -1 and -2 (Leussink et a l, 1995).

1.2.5 Re-alignment of the cardiac channels

Following looping, at E9.5 in the mouse, the presumptive atria are connected 

solely to the left ventricle, and the outflow tract solely to the right ventricle (Figure 

1.8a). Over the next two days, the atrioventricular channel shifts rightward (white 

arrows. Figure 1.8 a-c), so that the atria connect to the left and right ventricles, and the 

ventricular-outflow tract channel shifts leftward, so that both ventricles have an outflow 

connection (black arrows. Figure 1.8 a-c). These two re-alignments occur 

synchronously so that by El 1.5, the left atrium connects to the left ventricle, which exits 

into the aorta, forming the systemic part of the heart, and the right atrium connects to 

the right ventricle, which exits into the pulmonary trunk, forming the pulmonary part of 

the heart (Webb et a l, 1998a). The mechanisms that underlie these changes are not 

well understood. For example, it is uncertain to what extent the shifts may actually be 

due to an expansion of the channels, and to what extent they may result from differential 

growth or movement of the cardiac chambers and outflow tract. Webb et a l (1998a), in 

a detailed study of mouse atrioventricular development, carefully traced the rightward 

shift of the atrioventricular channel and suggested, following comparison with
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Figure 1.8 Realignment of the outflow tract, ventricles and atria

Schematics showing how the outflow tract and atrioventricular junctions change during 

septation. The images represent ventral views with “windows” cut into the ventricles, 

a) Initially, the outflow tract only exits from the right ventricle and the presumptive left 

atrium leads solely into the left ventricle. Gradually the outflow tract expands leftward 

(black arrow) and the atrioventricular junction expands rightward (white arrow), c) 

Through these movements, a state is achieved in which the left and right ventricles 

communicate with the outflow tract vessels, and each atrium communicates with its 

respective ventricle.

AV = atrioventricular

LA = (presumptive) left atrium

LV = left ventricle

OFT = outflow tract

RV = right ventricle
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neighbouring structures such as the interventricular septum, that the shift is largely due 

to a rightward expansion of the channel.

1.2.6 Morphological changes during cardiac septation

In addition to, and coincident with, the re-alignment of the atria, ventricles and 

outflow tract, the two sides of the cardiac chambers and the great vessels become 

physically separated from one another, allowing full partition of the systemic and 

pulmonary circulations. One-way valves form between the chambers, and between the 

chambers and the outflow tract, ensuring unidirectional blood flow. Concurrent 

processes of septation achieve these changes. The division of the atria from the 

ventricles is essentially achieved by the formation of the atrioventricular endocardial 

cushions. The atria and the ventricles are divided into left and right sides by the 

primary atrial septum and interventricular septum, respectively. The outflow tract 

cushions separate the common outflow tract into the left and right ventricular outflows, 

while the aortopulmonary septum divides the aortic sac into the aorta and pulmonary 

trunk. These septation processes are finely co-ordinated with one another and the 

realignment of the atrioventricular and ventricular-outflow tract canals, as described in 

Section 1.2.5. Inaccurate co-ordination of septation may lead to a variety of cardiac 

defects in which different parts of the heart communicate inappropriately with one 

another.

1.2.6.1 Atrial septation

Separation of the left and right sides of the common atrium begins by 

the growth, at E l0.5 in the mouse, of the primary atrial septum from the mid atrial wall 

(Figure 1.9a). Initially, the septum is mesenchymal in nature, but as it grows, it can 

soon be seen to consist of a muscular stalk with a mesenchymal cap (Figure 1.9 b). At
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Figure 1.9 Atrial septation

Figures a)-c) diagrammatically show how the common atrium septates. 

a) At E l0.5, a small growth from the mid atrial wall develops. Between it and the 

atrioventricular cushions there is a gap, called the primary atrial foramen, b) In 

growing, the primary atrial septum closes the primary atrial foramen. At this stage the 

septum has a mesenchymal cap at its leading edge, c) As the mesenchymal cap of the 

primary atrial septum fuses with the atrioventricular cushions at El 1.5, completing 

atrial septation, a further foramen appears between the septum and the atrial wall. This 

is the secondary atrial septum. It forms a flap valve that consists of the primary atrial 

septum and the secondary atrial septum, which is in fact an infolding of the atrial wall.

CA = common atrium

IC = inferior atrioventricular cushion

LA = left atrium

MCPAS = mesenchymal cap of the primary atrial septum

PAF = primary atrial foramen

PAS = primary atrial septum

RA = right atrium

SAP = secondary atrial foramen

SAS = secondary atrial septum

SC = superior atrioventricular cushion
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this time, a gap exists between the septum and the atrioventricular cushions, with which 

it will eventually fuse (Figures 1.9 a and b). This gap is known as the primary atrial 

foramen. At El 1.5, the mesenchymal cap of the septum fuses with the superior 

atrioventricular cushion, closing the primary atrial foramen and dividing the atrial 

chambers into left and right (Figure 1.9 c). However, at around the time that the 

primary atrial septum fuses with the atrioventricular cushions, another foramen appears 

within the primary atrial septum, close to the atrial wall (Figure 1.9c). This is the 

secondary atrial foramen (also called the oval foramen). As the secondary atrial 

foramen forms, a protrusion appears in the atrial wall, which has been called the 

secondary atrial septum (Figure 1.9c), although it is actually an infolding of the atrial 

wall rather than a true septum (Webb et a l, 1998a). This infolding overlaps the primary 

atrial septum, covering the oval foramen and forming a flap valve. This flap valve is 

vital to the survival of the embryo, allowing the oxygenated blood received in the right 

atrium to be shunted into the left atrium. At birth, the valve shuts due to the reduction 

in pressure in the pulmonary circulation, and so in the right atrium, that occurs 

following inflation of the lungs. The valve then fuses shut. Failure of this fusion 

following closure results in a probe-patent oval foramen and occurs in a third of live 

births. Under normal physiological circumstances, however, it is of no clinical 

significance.

Six in 10,000 live births have an atrial septal defect (Larsen, 1993). Frequently, 

these are due to the flap valve not being large enough to cover the oval foramen.

Despite its clinical significance, little is understood about the cellular and molecular 

controls involved in the development of the primary atrial septum. However, molecular 

expression data in human and mouse suggest that the septum expresses proteins and 

genes, such as creatine kinase B and Pitx2, associated with the left atrium, rather than 

the right (Wessels et a l, 2000; Kitamura et a l, 1999). This supports the clinical
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observation that isomerism of the right atrial appendages (the appendages being the 

mature derivatives of the embryonic atria), in which the heart has two morphologically 

right atrial appendages, is more frequently associated with an absence of the primary 

atrial septum than isomerism of the left atrial appendages (Brown and Anderson, 1999).

1.2.6.2 Ventricular septation

The ventricles are separated by the upward growth of the muscular 

interventricular septum. The septum originates as a ridge of muscular tissue at the 

junction of the two ventricles at late E9.5. The interventricular septum grows to meet 

and fuse with the atrioventricular and outflow tract cushions at E l3.5 (Figures 1.10 a-c) 

separating blood flow in the right and left ventricles.

Currently, there are at least two models to explain the development of the 

interventricular septum. One model suggests that it forms by the coalescence of 

trabeculae in the ventricles (Figures 1.11 a-c). This was suggested to occur in the chick 

by Ben-Shachar et al. (1985), who used scanning electron microscopy to analyse 

interventricular septal development. Another theory is that the apposition of the 

ventricles during their expansion forces the medial aspects of the ventricles inwards, 

forming the interventricular septum (Figures 1.11 d-f). Evidence for this was provided 

by De la Cruz et al. (1997), who labelled cells in the interventricular sulcus of 

developing chicks with India Ink, prior to development of the interventricular septum. 

Subsequently, as the septum grew, the label was found in the apical third of the septum, 

supporting the idea that some growth was due to the apposition of the expanding 

ventricles forcing up the interventricular septum (black dots, Figures 1.11 d-f). There is 

no reason why fusing of trabeculae and the apposition of the expanding ventricles 

should be mutually exclusive explanations for the development of the interventricular 

septum. In the mammalian heart, however, there is no direct evidence for either of these
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Figure 1.10 Development of the interventricular septum

Diagrammatic overview of interventricular septal growth.

a)-c) The interventricular septum grows from between the two ventricles to completely 

divide them once it fuses with the atrioventricular cushions and outflow tract cushions 

(not shown in these diagrams).

AVC = Fused atrioventricular cushions

IC = inferior atrioventricular cushion

IVS = interventricular septum

LV = left ventricle

RV = right ventricle

SC = superior atrioventricular cushion
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Figure 1.11 Possible mechanisms for the development of the interventricular 

septum

a)-c) and d)-e) Diagrams representing the two models for the development of the 

interventricular septum. Blue represents epicardium, red myocardium and green 

endocardium.

a)-c) The model for interventricular growth resulting from fusion of the trabeculae. 

Following such fusion, endocardial channels may form within the septum, as shown by 

the endocardial “islands” in b) and c). These are progressively lost as the septum grows 

(c).

d)-f) Expansion of the ventricular chambers of the heart (indicated by the arrows) may 

result in apposition of the medial surfaces of the left and right ventricles and so 

contribute to the growth of the interventricular septum. This might result in the trapping 

of epicardial cells at the base of the septum (white arrow in f)). Formation of the 

interventricular septum by this mechanism obligates an increase in its length. The 

developing interventricular septum is indicated by the boxed area. The black circle 

represents a hypothetical label. According this model, it can be seen how if the label is 

placed in the interventricular sulcus before appearance of the septum (d)), it will 

eventually become incorporated into the more apical region of the septum (f)).

LA = left atrium 

LV = let ventricle 

RA = right atrium 

RV = right ventricle
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models. Furthermore, proliferation occurs within the interventricular septum, 

suggesting that it may be responsible for at least some of the growth of the septum 

(Zhao and Rivkees, 2000)

Clinically, ventricular septal defects occur in 26/10000 (0.26%) of live births, 

and are the commonest congenital cardiac defects (Tynan and Anderson, 1996). These 

defects are potentially life threatening and frequently require surgery as they can result 

in shunting of blood from left to right chambers (Larsen, 1993). Many of the defects 

appear to occur as a result of a failure of the septum to fuse with the atrioventricular or 

outflow tract cushions; these are known as perimembranous ventricular septal defects 

(Skandalakis and Gray, 1994). Muscular ventricular septal defects comprise a group of 

abnormalities in which the defects in the septum have entirely muscular boundaries 

(Skandalakis and Gray, 1994). These include “Swiss-cheese” muscular ventricular 

defects (Mace et a/., 1999), where the septum has apparently grown normally to fuse 

with the endocardial cushions, but has numerous holes in the base of the septum. Ben- 

Shachar et a l (1985) suggested that these defects occur because trabeculae have not 

fused properly in these regions to form the septum, although currently there is no direct 

evidence to explain the formation of such abnormalities.

1.2.6.3 Atrioventricular septation: the central mesenchymal mass

When they first form, the atrioventricular cushions act as rudimentary valves 

(Ya et a l, 1997). The atrioventricular cushions then grow and become more densely 

cellular and finally, at El 1.5, they begin to fuse with one another (Webb et a l, 1998a). 

At the beginning of this period, at around E9.5, the atrioventricular junction is really a 

junction between the left atrium and the right ventricle. Realignment of the atria and 

ventricles occurs over the next two days (Section 1.2.5) so that at El 1.5 the 

atrioventricular cushions can fuse with the interventricular septum and the primary atrial
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septum. This co-ordination of atrioventricular septation with atrial and ventricular 

septation allows the left and right atria to lead into their respective ventricles.

At El 1.5, the atrioventricular cushions fuse with the primary atrial septum, and 

with the mesenchymal cap of the vestibular spine. The vestibular spine is a structure 

that is continuous with the right venous valve, one of the valves guarding the entrance 

of the caval veins into the right atrium. The vestibular spine, during E l2.5, extends into 

the fused endocardial cushions, and, at least in humans, becomes myocardial (Kim et 

a l,  2001). This is in contrast to the atrioventricular cushions themselves, which 

immunohistochemical evidence suggests become fibrous (Lamers et a l, 1995; 

Oosthoek et a l, 1998). In the mature heart, the vestibular spine can be recognised and 

is known as the Tendon of Todaro. It has been suggested to be important by forming an 

anchor for the developing atrioventricular cushions, through which it extends (Wessels 

et a l, 2000).

At late El 1.5, a continuum consisting of the mesenchymal caps of the primary 

atrial septum and vestibular spine, the atrioventricular cushions and the interventricular 

septum exists. This structure has been called the septum intermedium and also the 

central mesenchymal mass (Figure 1.12; Kirby, 2001; Webb et a l, 1998a).

Perturbations in the processes of septation and realignment can lead to impaired 

development of the central mesenchymal mass and congenital cardiac defects. For 

example, in the trisomy 16 mouse (a model for human Down’s syndrome), impaired 

looping results in reduced atrioventricular canal expansion, which is therefore 

malaligned with regard to the interventricular septum. This finally results in a poorly 

formed central mesenchymal mass and atrioventricular septal defects (Webb et a l,

1999).
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Figure 1.12 The central mesenchymal mass

The central mesenchymal mass forms from the fusion of the mesenchymal caps of the 

spina vestibuli and the primary atrial septum, the interventricular septum, and the 

superior and inferior atrioventricular cushions. Fusion between all these structures 

occurs at late El 1.5.
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After El 1.5, the atrioventricular cushions thin and further morphogenesis will 

transform them into the atrioventricular valves by E l3.5 (Webb et a l, 1998a). Some 

authors report that the atrioventricular cushions extend around the sides of the canals to 

form the mural leaflets of the atrioventricular valves, whereas other authors claim that 

de novo synthesis of endocardial cushion tissue, called the lateral cushions, at around 

El 1.5, is responsible for these leaflets (Markwald, 2001). This issue has not yet been 

resolved.

1.2.6.4 Outflow tract - definitions

The nomenclature in the literature used to describe the embryonic outflow tract 

is particularly contentious and inconsistent (Pexieder, 1995). Therefore, before 

detailing the morphological processes that occur during outflow tract septation, I will 

define the different regions of the outflow tract. Figure 1.13 shows stylised diagrams of 

transverse sections through an E10.5 and an E12.5 outflow tract. In Figure 1.13, the 

outflow tract has an axis that is defined in relation to the junction of the outflow tract 

with the embryonic ventricles. The distal outflow tract is the half furthest from the 

junction and the proximal outflow tract is the half closest to the junction. There are two 

outflow tract cushions, which can be histologically distinguished from the rest of the 

outflow tract. Although their position changes as they spiral through the outflow tract, 

in accordance with Ya et al. (1998a) and Webb et al. (1998a), they are referred to as the 

dextro-dorsal and sinistro-ventral outflow tract cushions. Where the outflow tract 

cushions can be seen to fuse with one another, I refer to them as the outflow tract 

septum (Figure 1.13b).

The aortic sac lies distal to the outflow tract cushions, and at E l0.5 contains the 

aortopulmonary septum (Figure 1.13a). The aortic sac and aortopulmonary septum will
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Figure 1.13 Outflow tract terminology

Schematic, transverse sections through an E l0.5 (a) and an E l2.5 (b) embryonic 

outflow tract.

The aortic sac, and later the great arteries mark the distal end of the outflow tract, and 

the most proximal border of the outflow tract cushions. The beginning of the right 

ventricular trabeculations defines the proximal extent of the outflow tract. At El 2.5, the 

outflow tract cushions are fused in the distal outflow tract, and where this has occurred 

the cushions are referred to as the outflow tract septum.

APS = aortopulmonary septum 

AS/GA = aortic sac/great arteries 

DD = dextro-dorsal outflow tract cushion 

OFTC = outflow tract cushions 

OFTS = outflow tract septum 

RV = right ventricle

SV = sinistro-ventral outflow tract cushion
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give rise to the trunks of the great arteries (compare Figure 1.13 a with Figure 1.13 b) 

(Ya et a l, 1998a). The aortic sac is not considered as part of the outflow tract, as it 

does not contain endocardial cushion tissue and is not muscular, unlike the rest of the 

outflow tract (Ya et a l, 1998a). Therefore the aortic sac, and later the trunks of the 

great arteries, mark the distal boundary of the outflow tract. As a consequence of the 

intimate relationship of the aortic sac and the great arteries with processes in outflow 

tract septation, they are frequently considered at the same time in this thesis. Just 

proximal to the outflow tract cushions is the right ventricle, which is trabeculated. I 

consider this point to mark the proximal extent of the outflow tract. The distal and 

proximal limits of the whole outflow tract as described here are also marked by the 

distal and proximal extent of the outflow tract cushions. The outflow tract, by my 

definition, will go on to form the ventricular outlet and the base of the great arteries, in 

which the semilunar valves are found, whereas the aortic sac will form the trunks of the 

great arteries.

1.2.6.5 Outflow tract septation

Outflow tract septation is a complex process that not only involves the 

outflow tract cushions, but is also intrinsically linked with the septation of the aortic sac 

and the migration of the cardiac neural crest cells. The process is summarised in Figure 

1.14. Since their contribution is vital to aortic sac and outflow tract septation, and 

since Chapter 5 in part focuses on them, the neural crest cells are described next, in 

some detail. This is then followed by a description of events in outflow tract septation 

and the role of neural crest cells in these events.
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Figure 1.14 Outflow tract septation I

Schematic, transverse sections through E l0.5 to E l3.5 embryonic outflow tracts. The 

green stars represent cardiac neural crest cells and the red and blue arrows in d) show 

the separated systemic and pulmonary blood streams, respectively, 

a) The aortopulmonary septum is partially formed by neural crest cells, which are also 

invading the outflow tract cushions by way of the walls of the aortic sac. b) At El 1.5, 

growth of the aortopulmonary septum to fuse with the distal-most ends of the outflow 

tract cushions has separated the aortic sac into the aorta and pulmonary trunk. The 

common wall of the trunk is partially formed by the aortopulmonary septum. The 

cardiac neural crest cells begin to organise themselves in the outflow tract cushions into 

an inverted “U” or “Y” called the septation complex, c) The proximal movement of the 

septation complex is associated with fusion of the distal outflow tract cushions. At the 

same time, the common wall of the aorta and pulmonary trunk is dividing to form the 

apposing walls of the aorta and pulmonary trunk (arrowhead), d) At El 3.5 the proximal 

outflow tract cushions fuse, completely separating systemic outflow (red line) and 

pulmonary outflow (blue line)

APS = aortopulmonary septum 

NCC = neural crest cells 

OFTC = outflow tract cushions 

SCx = septation complex
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The Cardiac Neural Crest

The neural crest cells are a population of epithelial cells that delaminate from the 

length of the tips of the neural folds, migrate throughout the embryo, and have a variety 

of essential functions during embryogenesis. Neural crest cells from all axial levels 

give rise to glia, melanocytes and sensory neurons (LaBonne and Bronner-Fraser,

1998). In addition, other structures to which their progeny give rise are determined by 

their original position along the length of the neural tube. For example, cranially- 

derived neural crest cells give rise to components of the craniofacial skeleton and teeth 

(Chai et al., 2000), and neural crest cells that delaminate from the mid-otic placode to 

the third somite give rise to the tunica media of the branchial arch arteries and the aortic 

sac, and also to structures in the outflow tract of the heart. It is this latter group which 

are described in the current section.

Pre-migratory neural crest cells from chick embryos can be replaced with pre- 

migratory quail neural crest cells and the embryos allowed to develop in ovo. The 

donor quail cells can then be distinguished from host chick cells on the basis of 

histology following Feulgen and Rossenbeck staining, or by using quail specific 

antibodies (Waldo et a l, 1998). This type of chimeric study led to the identification of 

the specific group of neural crest cells that migrate from between the mid-otic placode 

and somite 3 and colonise the aortic sac and heart via the 3"̂ ,̂ 4̂  ̂and 6* branchial arch 

arteries, and are known as the cardiac neural crest (Le Douarin and Teillet, 1974; Le 

Lievre and Le Douarin, 1975; Kirby et a l, 1983). These studies showed that the cardiac 

neural crest cells populate the aortopulmonary septum of the aortic sac (Figure 1.14 a). 

They also migrate, via the aortic sac, whose wall they contribute cells to, into the 

outflow tract cushions. Once in the cushions, many of the neural crest cells organise 

into a distinct structure which resembles an upside down “Y” or “U” (Waldo et a l,

1998; Jiang et a l, 2000), the two prongs extending into the cushions and the base being
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at the aortopulmonary septum (Figure 1.14 b). This structure has been called the 

(aorticopulmonary) septation complex (Waldo et a l, 1998). The structure then moves 

proximally, although how far is unclear (Figure 1.14 c) (Poelmann et a l, 1998; Waldo 

et a l, 1998). Ablation of pre-migratory chick cardiac neural crest cells results in 

outflow tract defects such as in a common arterial trunk, in which both the outflow tract 

and the aortic sac fail to septate (Kirby et a l, 1983).

Recent work using retroviral labelling of chick neural crest cells with a lacZ 

reporter gene has confirmed these results (Poelmann et a l, 1998). However these 

studies have also suggested that there is a group of apoptosis-prone neural crest cells 

from more caudal regions of the neural tube that migrate to the venous pole of the heart 

(Poelmann and Gittenberger-de Groot, 1999). The exact function of these neural crest 

cells is unknown; some of them appear to colonise the atrioventricular cushions, while 

many of them are distributed in the chick in a manner that is reminiscent of the chick 

cardiac conduction system, suggesting that they may be important for its development 

(Poelmann and Gittenberger-de Groot, 1999).

Studies in which the reporter gene lacZ has been driven by promoters of genes 

expressed in neural crest cells have shown that neural crest cells are found in the mouse 

aortic sac and outflow tract, from E10.5, in a comparable distribution to that seen in the 

chick (Waldo et a l, 1999; Epstein et a/.,2000; Jiang et a l, 2000). Importantly, 

however, these studies show no evidence for cardiac neural crest cells entering the 

venous pole or colonising the atrioventricular cushions of the mouse heart. Further 

evidence for a role for neural crest cells in mammalian systems comes from the study of 

mouse mutants. In the splotch 2 / /mutant mouse, for example, a mutation in the Paired 

box-3 (Pax-3) transcription factor results in defective neural crest cell migration 

(Epstein et a l, 1991; Conway et a l, 1997b) and common arterial trunk (Franz, 1989; 

Conway et a l, 1997a). This phenotype is very similar to that seen in the chick
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following neural crest cell ablation. Occasionally, as occurs around 5% of the time in 

splotch mutant mice with the 2H allele, the distal outflow tract does septate, but the 

proximal does not (Conway et a l, 1997a). This leads to the outflow tract exiting solely 

from the right ventricle and the malformation double outlet right ventricle. It has been 

inferred from, this and the distribution of the neural crest cells, that both proximal and 

distal outflow tract septation requires a contribution from the neural crest cells. The role 

of neural crest cells with relation to outflow tract septation is described in further detail 

in the following section, and an association of cardiac neural crest cells with apoptosis 

in the heart and their fate is described in Section 1.3.5.

In rodent models, there is strong evidence that cardiac neural crest cells express 

the structural protein a-smooth muscle actin once they enter the aortic sac and outflow 

tract. Alpha-smooth muscle actin is expressed in exactly the same regions of the aortic 

sac and the outflow tract, particularly in the septation complex, in which transgenic 

analysis has shown neural crest cells to be present, but not in the atrioventricular 

cushions (Ya et a l, 1998a; Ya et a l, 1998b; Waller, III et a l, 2000; Waldo et a l, 1999; 

Conway et a l, 2000; Epstein et a l, 2000; Jiang et a l, 2000). Hence a-smooth muscle 

actin provides a marker for early colonising neural crest cells in the outflow tract.

Cardiac neural crest cells and outflow tract septation

On arrival at the aortic sac, at E l0.5 in the mouse (Jiang et a l, 2000), the cardiac 

neural crest cells populate and help form the aortopulmonary septum. This septum 

grows from the dorsal wall of the aortic sac between the entrances to the 4^ and 

branchial arch arteries (Figure 1.14a; Ya et a l, 1998a). Growth of the septum, which 

eventually fuses with the outflow tract cushions at El 1.5, results in separation of the 

aorta and pulmonary trunks (Figure 1.14 b; Fananpazir and Kaufman, 1988). As 

described above, failure of proper neural crest cell colonisation of the septum leads to
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its underdevelopment, which in turn leads to failure of aortic sac septation (Kirby et a l, 

1983; Conway et a l, 1997). Once septated, the common wall (i.e. the septum) between 

the aorta and the pulmonary trunk will itself divide and become fibrous in order to form 

the apposing walls of the aorta and pulmonary trunk (Figures 1.14 c and d)(Waldo et 

a l, 1998). However, the mechanism by which this occurs is not known.

The mechanism of the initial formation of the outflow tract cushions has already 

been described in Section 1.2.4. At E10.5, as the aortic sac is septating, neural crest 

cells invade the cushions by means of the walls of the aortic sac (Figure 1.14a; Jiang et 

a l, 2000). At E l 1.5, the distal end of the cushions fuses with the aortopulmonary 

septum (Figure 1.14 b). During El 1.5, the neural crest cells present in the mass of the 

cushions become organised into the septation complex, described above (Figure 1.14 b). 

The base of this structure then appears to move proximally, and as it does so, is 

associated with fusion of the outflow tract cushions (Figures 1.14 b-c; Y â et a l, 1998; 

Jiang et a l, 2000). This observation, and the fact that in experiments where neural crest 

cell migration is impaired, the outflow tract cushions fail to fuse, has led to the 

suggestion that the septation complex is necessary for proper fusion of at least the distal 

outflow tract cushions (Poelmann et a l, 1998; Waldo et a l, 1998), although exactly 

how this occurs remains unclear.

By E13.5 in the mouse, the proximal outflow tract cushions have completely 

fused with each other, the interventricular septum and the superior atrioventricular 

cushions, completely dividing the outflow tract, and so separating the pulmonary and 

systemic circulations, and marking the end of septation (Figure 1.14 d and compare 

Figures 1.15 a and b). While our understanding of the septation complex provides some 

explanation of how the distal cushions fuse, it does not explain fusion of the more 

proximal outflow tract cushions. This is because the base of the aortopulmonary 

septum has never been demonstrated to extend to the most proximal part of the outflow
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Figure 1.15 Outflow tract septation II

Figures a) and b) are sketches of the heart made using transverse sections at El 2.5 and 

E l3.5 respectively. The views are ventral and a “window” has been made into the heart 

to enable outflow tract septation to be viewed. The arrow in a) shows an 

interventricular communication.

a) The proximal outflow tract cushions have almost completely fused, however, there is 

still a communication between the left and right ventricles (arrow), b) The proximal 

outflow tract cushions have completely fused together, and with the interventricular 

septum and the superior atrioventricular cushion, completing septation by closing the 

communication shown in a).

Ao =aorta

SV OFTC = sinistro-ventral outflow tract cushion 

IC = inferior 

LA = left atrium 

LV = let ventricle

DDOFTC = dextro-dorsal outflow tract cushion

PT = pulmonary trunk

RA = right atrium

RV = right ventricle

SC = superior atrioventricular cushion
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tract cushions. Waldo et al. (1998) show a group of neural crest cells not associated 

with the septation complex lining the un-fused portion of the outflow tract cushions and 

suggest that these are somehow responsible for the septation of the proximal cushions.

It is noteworthy that failure of fusion of the proximal outflow tract cushions can result 

in their failure to fuse with the central mesenchymal mass, hence resulting in a 

perimembranous ventricular septal defect (compare Figures 1.15 a and b).

Proximal outflow tract development is particularly susceptible to perturbation. 

The number of mouse mutants that exhibit a proximal outflow tract defect, such as 

double outlet right ventricle, is continually growing and includes the TGF-J32 null 

mouse, the neurofibromin-1 knockout, the c-Jun null mouse, and the loop-tail mouse 

(Sanford et a l, 1997; Lakkis and Epstein, 1998; Eferl et a l, 1999; Henderson et a l, 

2001). This is perhaps unsurprising given that proper outflow tract septation requires 

fusion of the proximal outflow tract cushions, and for it to be co-ordinated with the 

movement of the ventriculo-arterial junction and development of the interventricular 

septum. In humans, the most common cyanotic congenital heart disease is the proximal 

outflow tract defect, tetralogy of Fallot, which occurs in 1/1000 live births (Larsen, 

1993). In this abnormality, the pulmonary trunk is stenotic and the aorta overrides the 

right ventricle. This leads to the right ventricle having to contract harder and therefore a 

thickened right myocardial wall. In addition, because of the overriding aorta, the 

outflow tract septum is unable to fuse with the interventricular septum (Figures 1.15 a 

and b) resulting in a ventricular septal defect.

1.2.6.6 Other events in outflow tract septation

Once the outflow tract cushions have fused, completing outflow tract septation, 

the part that actually separates the aortic and pulmonary outflows will form a septum. 

Distally, this septum becomes fibrous and proximally it becomes muscular following an
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invasion of cardiomyocytes from the outflow tract wall, a process known as 

myocardialisation (Ya et a l, 1998a; van den Hoff et a l, 1999). The rest of the dextro- 

dorsal and sinistro-ventral outflow tract cushions are remodelled into two of the three 

leaflets of the semilunar valves at the base of the great arteries. The third leaflets of the 

semilunar valves are thought to arise from de novo endocardial tissue formation in the 

walls of the outflow tract and are called the intercalated ridges or cushions (Ya et a l, 

1998a), although the mechanism by which this occurs is poorly understood. The 

mechanism of the remodelling of the outflow tract cushions is unclear, but has been 

suggested to involve apoptosis (1.3.2), to be a result of haemodynamics (Colvee and 

Hurle, 1983; Broekhuizen et a l, 1999) or as a result of neural crest cells present in the 

cushions (1.2,6.5). However, evidence to suggest exactly how these factors may 

remodel the cushions into valves is lacking, and is currently only associative.

Towards the end of septation, the outflow tract also begins to shorten. This has 

been described in rat, man and chick (Goor et a l, 1972; Watanabe et a l, 1998; Ya et 

a l, 1998a), but not accurately in the mouse. However, referring to the paper by Ya et 

al (1998a) and comparing descriptions of rat and mouse outflow tract development, it 

seems that this period would correspond to around E12.5 - E14.5 of mouse 

development. Ya e/ al (1998a) suggest that the distal myocardium of the outflow tract 

wall migrates proximally, thickening the proximal outflow tract wall and shortening it at 

the same time. Another theory suggests that apoptosis may be responsible for removal 

of cardiomyocytes and consequently shorten the outflow tract walls (Watanabe et a l,

1998). This theory is discussed in more detail in Section 1.3.3.

1.2.7 The role of epicardial cells in cardiac development

Other than the neural crest cells, there is a second important group of cells that 

invades the heart during septation. These are the epicardial cells. At E9.5, cells
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originating from the endoderm-derived epicardial organ, a transient structure located 

just caudal to the heart, arrive at the caudal aspect of the ventricles and migrate over the 

surface of the heart as a single sheet of cells to form the epicardium (Viragh and 

Challice, 1981; Komiyama et a l, 1987). Chick-quail chimeras, in which pre-migratory 

chick epicardial cells were replaced by pre-migratory quail epicardial cells, have shown 

that these cells also invade the myocardium, where they form blood vessels 

(Gittenberger-de Groot et a l, 1998). At E10.5 to El 1.5 in the mouse, subepicardial 

blood vessels (between the epicardium and the myocardium) are derived from this 

population (Moore et a l, 1999). At E l2.5-El3.5 there is further migration of epicardial 

cells into the myocardium itself, where they appear to form the internal vascular 

network of the heart (Moore et a l, 1999). If the epicardial cells fail to migrate to the 

heart in the developing mouse embryo, as occurs in the vascular cell adhesion 

molecule-1 (VCAM-1) deficient mouse, the heart leaks blood through the exposed 

myocardium (Kwee et a l, 1995). The subepicardial blood vessels also fail to form. 

These animals die either at El 1.5 or at El 1.5-E l2.5. Those in the earlier group are 

believed to die because of an abnormality in the development of the chorio-allantois, 

whereas those in the latter group die as a result of the cardiac defects (Kwee et a l, 

1995). Epicardial cells express the Wilm’s tumour-1 (WT-1) transcription factor. WT- 

1 has been shown to efficiently label migrating epicardial cells as they form the 

subepicardial and internal vascular networks (Moore et a l, 1999). Although the 

function of WT-1 in epicardial cells is unknown, it is important for their development 

(Moore et a l, 1999). In the WT-1 null mouse, the epicardium does not form properly, 

and as with the VCAM-1 knockout, this results in bleeding into the pericardial cavity.

Animals deficient for the FOG-2 transcription factor do form an epicardium, but 

fail to form the sub-epicardial blood vessels and die at around E14.5 (Tevosian et a l,

2000). Although the mechanisms underlying this failure of sub-epicardial vessel
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development is unclear, the authors suggest that FOG-2 is necessary for the expression 

of adhesion molecules required for the epicardial cells to form blood vessels.
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1.3 Programmed cell death during cardiac septation

1.3.1 The study of cardiac PCD to date

The most comprehensive study of apoptosis in the developing heart to date was 

published by Pexieder in 1975, which demonstrated, using basic histology and electron 

microscopy, 31 separate regions or “foci” of cell death in the developing chick heart. 

Pexieder was able to show that some of these foci also occurred within human and rat 

hearts, suggesting that they are evolutionarily conserved. Interestingly, many of these 

foci in the chick heart were not reproducibly observed in embryos of the same age. 

Pexieder then focused his study on the consistent foci that occur in the outflow tract. 

Over the subsequent 23 years, until early 1998 when I began this PhD, there were 

relatively few studies looking at apoptosis during cardiac development (Table 1.1). 

Those that did, mainly focused on PCD in the outflow tract and atrioventricular 

cushions during the period of septation. One study even stated that there was no PCD in 

the outflow tract of the mouse during development (Fananapazir and Kaufman, 1988).

In the three years of my PhD, the interest in PCD during cardiac septation has 

increased greatly. During this period there have been at least thirteen studies that have 

involved some investigation of PCD during cardiac development. Nearly all of these 

studies have looked at PCD using at least one of the new techniques that have been 

developed to detect apoptosis, such as TUNEL, annexin V staining or anti-caspase-3 

staining. Table 1.1 provides a brief summary of these studies, their major findings and 

the animal model they used.

The Results chapters of this thesis have been divided into an analysis of the 

location and intensity of PCD during cardiac septation, an assessment of which cell 

types are undergoing this apoptosis and its clearance, the mechanisms that underpin this 

cell death, and a study of the effects of inhibiting PCD during cardiac development.

This section of the General Introduction will be divided similarly.
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Table 1.1
Author (year) Species Observations
Pexieder (1975) Chick, 

human, rat
Widespread PCD throughout heart, localised in foci, particularly in endocardial cushions; perturbation leads to cardiac malformations

Hurle and Ojeda 
(1978)

Chick PCD in outflow tract cushions as fusion occurs. Also in adjacent myocardium, but less intense. PCD in aortopulmonary septum

Thompson et al 
(1985)

Human PCD in outflow tract cushions as fusion; PCD in aortopulmonary septum

Fananapazir and 
Kaufman (1988)

Mouse No PCD in the mouse heart during septation (analysis by histology)

Icardo ( 1990) Chick PCD in proximal outflow tract cushions and aortopulmonary septum
Takeda(1996) Rat PCD in outflow tract cushions as fusion occurs
MacLellan and 
Schneider (1997)

Mouse PCD greatest at E l3.5 in mouse (empirical observation)

Ghyselinck et al 
(1998)

Mouse RAR-p/deficient-RXRa - reduced PCD in outflow tract cushions, which fail to fuse normally

Lakkis and Epstein 
(1998)

Mouse NF-1 null mouse has reduced PCD and increased proliferation in its endocardial cushions - develops double outlet right ventricle

Poelmann et al 
(1998)

Chick Retro-viral labelling o f neural crest shows that neural crest dense regions o f outflow tract cushions also undergo PCD.

Watanabe et al 
(1998)

Chick PCD in the outflow tract wall is responsible for outflow tract shortening

Ya e r a /(1998) Rat PCD occurs in the proximal outflow tract cushions, following fusion. Insufficient PCD in outflow tract wall to cause shortening
Varfolomeev et al 
(1998)

Mouse Caspase-8 null mutant mouse develops poorly formed ventricles

Yeh e r a /(1998) Mouse F ADD null mutant mouse develops poorly formed ventricles
Keyes and Sanders 
(1999)

Chick PCD occurs in the endocardial cushions, but not in the fusion seams. Associated with proliferation.

Abdelwahid et al 
(1999)

Mouse PCD occurs in the ventricles and is greater in the ventricular walls than the trabeculated ventricles

Zhao and Rivkees 
(2000)

Mouse PCD occurs in endocardial cushions, in aorta and pulmonary trunk, ventricles (greater in wall than in trabeculated ventricles and greater 
in left than in right ventricle)

Yeh e r a /(2000) Mouse FLIP null mutant mouse develops poorly formed ventricles
Abdelwahid et al 
(2001)

Mouse PCD in the outflow tract and atrioventricular cushions has complementary association with PCD

van Gijn et al (2001) Mouse Frizzled 2 is exfxessed in neural crest rich areas and associated with regions undergoing PCD
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1.3.2 Spatio-temporal location of PCD during cardiac septation

The most striking consistency in papers studying PCD during cardiac septation 

in rodent, human and chick models is the observation of a zone of PCD that develops in 

the proximal outflow tract cushions around the time of their fusion. In the chick, PCD 

is visible within the outflow tract cushions at E4.5, before their fusion, to around E7.5 

just after fusion (Keyes and Sanders, 1999) or possibly to E8 (Pexieder, 1975, Hurle and 

Ojeda, 1979). In rat, the evidence is more conflicting. A study by Ya et a l (1998a) 

suggests that PCD occurs in the outflow tract cushions just after their fusion at around 

E l5, whereas Pexieder (1975) suggested that the PCD occurs around E l4, prior to 

fusion of the proximal outflow tract cushions, and that it continues to El 7.5. It also 

appears that in human, obvious PCD begins in the outflow tract cushions prior to 

completion of proximal outflow tract septation, around 30 days of gestation (Thompson 

et a l, 1985; Pexieder, 1975). In mouse, this cell death has been said to begin at E l2.5 

and continue until E16.5 (Zhao and Rivkees, 2000; Abdelwahid et a l, 2001) again, just 

prior to their fusion and for sometime afterward. However, the exact timing, location 

and quantity of this cell death have not been described in detail.

The atrioventricular cushions have also been observed to have foci of apoptosis, 

at very similar times to the outflow tract cushions, in rat, chick, human and mouse 

(Pexider, 1972; Keyes and Sanders, 1999; Zhao and Rivkees, 2000; Abdelwahid et a l,

2001). The main inconsistency between studies of PCD in this region appears to be 

with regard to the location of this cell death. While most authors have suggested that 

apoptosis occurs in the seams of the fusing cushions (Pexider, 1972; Keyes and Sanders, 

1999; Zhao and Rivkees, 2000; Abdelwahid et a l, 2001) with some PCD also in the 

mass of the cushions (Pexider, 1972; Abdelwahid et a l, 2001), one study in the chick 

suggested that it occurs exclusively in the mass of the cushions (Keyes and Sanders,
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1999). Again, the exact timing, distribution and quantity of the cell death in the 

atrioventricular cushions have yet to be described in the mouse.

In chick, the aortopulmonary septum has been shown to have significant cell 

death within it around E6 (Pexieder, 1975; Icardo, 1990). This has also been described 

in human, as septation is occurring (Thompson et a l, 1985). In rat and mouse, this has 

not been observed, although it has not been specifically examined. In contrast, PCD has 

been described in the walls of the aorta and pulmonary trunk in all four species. In rat, 

this occurs at E15-16, in chick at E6-E7.5, in human at E34-39 (Pexieder, 1975) and in 

mouse from E12.5 to E17.5 (Zhao and Rivkees, 2000). However, in the latter study, 

this PCD was not described in detail, nor was it related to morphological events in the 

development of the great arteries.

The walls of the outflow tract have been reported to display cell death from 

around E5-E8 in the chick, from before, to after, outflow tract septation (Pexieder,

1975; Hurle and Ojeda, 1979; Watanabe et a l, 1998). In the latter study, the 

myocardium of the outflow tract wall was infected with a retrovirus that contained a p- 

galactosidase construct. The association of PCD with a reduction in p-galactosidase- 

labelled myocardial cells, and with the reduction in length of the outflow tract, was used 

to suggest that PCD was important in outflow tract shortening. In contrast to this 

finding, Zhao and Rivkees (2000) noted the presence of very few apoptotic cells in the 

mouse outflow tract wall. Similarly, no significant apoptosis was observed in the 

outflow tract wall of the rat by Ya al (1998a).

PCD has been described in the developing mouse ventricles by Abdelwahid et 

al (1999) and Zhao and Rivkees (2000) from El 1.5 to 16.5. Both of these studies 

reported that cell death appeared to be more intense in the non-trabeculated walls of the 

ventricles than in the trabeculated walls. It was also shown that the apoptosis tended to 

be greater in the left than the right ventricle (Zhao and Rivkees, 2000). Cell death in the
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interventricular septum was alluded to in these studies, but thought to be minimal, and 

less frequent than in the ventricles. Pexieder (1975) suggested, however, that PCD 

occurs from E6 in the base of the chick interventricular septum. Furthermore, he 

suggested that PCD is also present in a ring that surrounds the interventricular foramen. 

Presumably this refers to the base of the atria, the apex of the interventricular septum, 

and the parts of the endocardial cushions that are adjacent to the interventricular 

communication.

Only the study by Pexieder (1975) has described PCD in the atrial walls, where 

it was found in the left atrium. Zhao and Rivkees (2000) specifically state that 

significant PCD is not seen in the atria from El 1.5 to birth in the developing mouse 

embryo. There are suggestions in textbooks and reviews (Larsen, 1993; van den Hoff et 

a l, 2000) that apoptosis in the primary atrial septum may be responsible for the 

formation of the secondary atrial foramen, although, to my knowledge, only the study 

by Pexieder (1975) described PCD in this structure at E4 to E8 in the chick.

In the developing rodent embryo, although we have a rough idea of where and 

when apoptosis occurs, a detailed qualitative and quantitative map of this PCD, with 

regard to concurrent events in cardiac morphogenesis, is still lacking. Such a map is 

essential when attempting to understand the potential role of apoptosis during heart 

development and also the effects of perturbations in PCD on cardiogenesis.

1.3.3 Cell types undergoing apoptosis during cardiac septation

One of the most studied aspects of PCD in the heart is its association with the 

migrating neural crest cells, which arrive at the mouse outflow tract at E l0.5 (Jiang et 

a l, 2000) and in the chick outflow tract at E6 (Kirby et a l, 1983). In the chick, the 

location of neural crest cells in the aortopulmonary septum at E6 (Kirby et a l, 1983) 

matches with Pexieder's observation of a focus of PCD in the septum at E6 (1975). In
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addition, in vivo retroviral labelling of pre-migratory neural crest cells with |3- 

galactosidase shows that the PCD that occurs in the chick outflow tract cushions, as 

fusion takes place, co-localises with labelled neural crest cells (Poelmann et a l, 1998). 

This happens at a similar time to myocardialisation of the outflow tract cushions. The 

observation that the proximal outflow tract cushions of the TGF-/32 null embryos do 

not myocardialise properly (Sanford et a l, 1997) led Poelmann et a l (1998) to suggest 

that as they apoptose, dying neural crest cells release TGF-P 2, which stimulates 

myocardialisation. This is at odds with the classical idea that cells do not lyse during 

apoptosis, and that their intracellular contents are degraded and not released (Section 

1.1.2). Furthermore, a recent re-evaluation of the TGF-p 2 knockout mouse cardiac- 

phenotype has shown that the defective myocardialisation is secondary to abnormal 

fusion and a relatively large proximal outflow tract cushion total volume (Bartram et a l, 

2001).

Evidence also exists in the mouse for an association between PCD and neural 

crest cells, van Gijn et a l (2001) demonstrated that the Wnt receptor Frizzled 2 is 

associated with regions colonised by neural crest cells and is expressed in the outflow 

tract septum from E12 to E l8 in a similar region to that in which apoptosis occurs.

Jiang et a l (2000) developed a transgenic mouse in which the promoter for Wnt-1, 

which specifically labels pre-migratory neural crest cells, drove a lacZ construct. The 

lacZ construct remained active in all neural crest cells, even when Wnt-1 expression 

was downregulated, thus allowing the neural crest cells to be traced. This study 

suggested that between septation and birth, there is a relative reduction in the neural 

crest cell contribution to the outflow tract, although it is not clear whether this is due to 

overgrowth by neighbouring cells or selective removal by apoptosis. Theoretically, 

then, if PCD were to occur in cardiac neural crest cells, an association would be 

expected between neural crest cell markers and apoptosis. Moreover, within a mouse
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model where neural crest migration is impaired, such as splotch, PCD within the 

outflow tract cushions, and not the atrioventricular cushions, would be expected to be 

reduced.

Interestingly, recent work from Poelmann and Gittenberger-de Groot (1999) 

which showed that neural crest cells might migrate to the venous end of the heart and 

populate regions that form the cardiac conduction tissue, has also provided evidence 

that these neural crest cells are associated with apoptosis. An actual reduction in neural 

crest cell numbers was not demonstrated, however, so it remains unclear whether the 

neural crest cells themselves die. Moreover, the effect of ablating these neural crest 

cells on the PCD was not examined. As noted previously, it appears that in mouse, 

neural crest cells do not migrate to the venous pole of the heart (Jiang et al., 2000).

In the mouse, rat and chick, PCD in the outflow tract cushions has been shown 

to occur within the cushion tissue (1.3.2). This apoptosis occurs at a similar time to the 

invasion of cardiomyocytes into the mesenchymal cushion tissue (myocardialisation) in 

the rat and chick, leading some authors to suggest that the cell death may make room for 

migrating myocardial cells (Ya et a l, 1998a; van den Hoff et a l, 1999). However, in 

the mouse, such an association has not been shown.

1.3.4 Clearance of apoptosis during cardiac development

Pexieder (1975), using haematoxylin and eosin staining of sectioned hearts, 

described macrophages clearing apoptotic debris in the chick outflow tract. Also, Ya. et 

al (1998a) used a specific antibody to identify macrophages in the outflow tract, 

adjacent to the cushions. Although macrophages were not specifically co-localised with 

the cell death in the outflow tract cushions, it was suggested that these macrophages are 

being recruited to clear the dying cells. Abdelwahid et a l (1999) also looked for 

macrophages and apoptosis in the ventricles of the mouse by electron microscopy, and
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although they noted that there were occasional macrophages, non-specialised local cells 

appeared to clear most of the apoptosis.

1.3.5 The molecular controls and the effects of abnormal PCD during cardiac

septation

Null mutants for caspase-8, F ADD and FLIP develop cardiac defects and die 

during the period of septation (Varfolomeev et a l, 1998; Yeh et a l, 1998; Yeh et a l

2000). These molecules are all involved in the death receptor-mediated apoptotic 

pathway and are reportedly expressed in the embryonic heart (Varfolomeev et a l,  1998; 

Yeh et a l, 1998; Yeh et a l, 2000). All three mutants develop poorly formed trabeculae 

and thinned ventricular walls, display signs of cardiac failure, such as pericardial 

oedema, and die at E13.5, E l 1.5 and E10.5 respectively. Caspase-8 and F ADD both 

transduce the signal from activated death receptors causing apoptosis. FLIP, in contrast, 

is believed to inhibit apoptosis, although in some circumstances, may enhance it 

(Section 1.1.3.2). In the FLIP and caspase-8 mutants, the cardiac defects are potentially 

secondary to some other defect, such as the hyperaemia observed in caspase-8 null 

embryos (Varfolomeev et a l, 1998; Yeh et a l, 2000). In the case of the FADD mutant, 

chimeric studies showed that embryos in which the heart was mainly made up of non

mutant cells were less likely to be abnormal at E l 1.5 than those in which the heart 

mainly consisted of FADD null cells, suggesting that the heart defect is probably 

primary (Yeh et a l,  1998).

Interestingly, TUNEL analysis of the FADD and FLIP knockouts showed no 

obvious differences in PCD between the hearts of null and wild type embryos, leading

91



the authors of these papers to suggest that these molecules had some as yet undescribed 

downstream function, other than apoptosis (Yeh et a l, 1998; Yeh et a l, 2000), although 

notably these analyses were not described quantitatively. Despite the finding that 

components of the death receptor-mediated pathway are important in cardiac 

development, no death receptor or death ligand null mice show any cardiac defects.

This might suggest that during cardiogenesis there is some, as yet undiscovered, death 

receptor/ligand interaction, or that more than one death receptor/ligand interaction 

occurs causing redundancy.

In contrast to the effects of perturbations in death receptor-mediated apoptotic 

pathways, null mutants for components of the stress-mediated apoptotic pathway, such 

as the Apaf-1 and Caspase-9, do not have an obvious cardiac phenotype (Kuida et a l, 

1998; Yoshida et a l, 1998). This suggests that the stress-mediated pathways are not 

vital for cardiac development.

The neurofibromin-1 (NF-1) null mouse has poorly fused outflow tract cushions, 

and develops a double outlet right ventricle. It also appears to have reduced cell death, 

but increased proliferation, within both the outflow tract and atrioventricular cushions, 

and dies showing signs of cardiac failure at E l2.5 (Lakkis and Epstein, 1998).

Clinically, mutations in the NF-1 gene are involved in the development of Von 

Recklinghausen’s neurofibromatosis, and the gene is thought to act as a tumour 

suppressor (Lakkis and Epstein, 1998). Although the exact mechanism is unclear, NF-1 

appears to act on the ras pathway (Section 1.1.2), potentially implicating NF-1 in 

causing the cell death seen in the endocardial cushions. This is complicated by the fact 

that if, as the paper suggests, the effect was solely through ras and therefore its action 

on p53, one may expect to see a defect in cardiac apoptosis in p53 null mice, which has 

not been reported (Norimura et a l, 1996).
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Another group of genes that may be important in endocardial cushion cell death 

are those encoding the retinoic acid receptors (RARs). Mice null for RAR^ and retinoid 

X receptor a{RXRd) do not have properly fused outflow tract cushions (Ghyselinck et 

a l, 1998). In contrast to the NF-1 null mice, they appear to have increased apoptosis 

within their outflow tract cushions at E12.5 (Ghyselinck et a l, 1998). Again, the 

mechanisms through which the retinoid receptors may be functioning to affect PCD in 

the outflow tract cushions remain unclear. Taken together, the data on the NF-1 and 

RARj3/RXRanu\\ mice suggest that appropriate outflow tract apoptosis may be 

important in proximal outflow tract septation. Furthermore, these data suggest that 

failure of proximal outflow tract septation does not directly affect apoptosis, or else the 

apoptotic phenotype in the cardiac outflow tract cushions of NF-1 and RAR^/RXRanull 

embryos would be expected to be similar.

c-Jun is known to have pro- and anti-apoptotic effects (Jochum et a l, 2001). 

Furthermore, the c-Jun knockout mouse is reported to have a common arterial trunk and 

neural crest defects (Fferl et a l, 1999). Although the extent of apoptosis in the outflow 

tract cushions of c-Jun null embryos has not yet been examined, such analysis may 

prove insightful given that c-Jun is a downstream target of death receptor activation.

BMP-4 has been shown to be important for cell death in the interdigital regions 

of the limb (Zou and Niswander, 1996) although the exact mechanism by which it does 

so is unknown, it is believed to act through the muscle segmental homeobox-2 {Msx-2) 

gene (Marazzi et a l, 1997). Zhao and Rivkees (2000) showed that cultured mouse 

endocardial cushions, at F I 1.5, can be stimulated by BMP-4 to undergo increased PCD. 

This was taken as evidence that BMP-4 signalling may play a role in endocardial 

cushion PCD. Interestingly, Abdelwahid et a l  (2001) have recently shown that the 

PCD in the endocardial cushions occurs in complementary regions to BMP-4 and Msx- 

2 .

93



provides further support for a mechanism in which BMP-4, via Msx-2, could stimulate 

endocardial cushion apoptosis.

Together, these data suggest that apoptosis in the heart is not regulated in a 

simple manner, but is influenced by a variety of factors. Furthermore, there appears to 

be a particularly important role for the death receptor-mediated pathway in heart 

development, although perhaps not necessarily by influencing levels of apoptosis in the 

heart.

Pexieder (1975) used two approaches to alter cell death in the chick. First, he 

altered blood flow through the heart by clamping the 6^̂ aortic arches at E4, mimicking 

pulmonary stenosis. This resulted in a reduced level of PCD in the atrioventricular 

cushions and also delayed their fusion. Secondly, he used chemical teratogens, 

specifically cyclophosphamide, which he found increased PCD in the outflow tract 

cushions, and dexamethasone, which reduced PCD in the outflow tract cushions. In 

some cases, ventricular septal defects, and outflow tract alignment defects were 

observed, resulting in either transposition of the great arteries, or overriding of the 

interventricular septum by the aorta. This evidence further suggests that normal PCD is 

important in cardiac development, although again, exactly why remains uncertain.
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1.4 Aims

This first aim of this thesis is to provide a detailed qualitative and quantitative 

spatio-temporal map of PCD during cardiac development. This is the basis for the rest 

of the thesis, and would also help to assess the effects on heart development of 

perturbations in cardiac apoptosis. The second aim is to investigate how cell death may 

be involved in outflow tract development. This alludes to the questions of whether PCD 

is involved in outflow tract shortening and myocardialisation, and whether neural crest 

cells are involved in apoptosis in the outflow tract cushions of the heart. Thereafter, the 

role of death receptors in developmental cardiac apoptosis is investigated. Finally, the 

possibility that PCD is required for normal interventricular septal development is 

addressed by use of an inhibitor of apoptosis in whole embryo culture.
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CHAPTER 2

M a t e r ia l s  a n d  M e t h o d s
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2.1 General considerations

All chemicals used were obtained from Sigma-Aldrich unless otherwise stated. 

Solutions were made up in MilliRO (Millipore) water and autoclaved, again unless 

otherwise stated, and all water used was MilliRO. Experiments and procedures were all 

performed at room temperature, except where specified differently. All units used 

conformed to, and were derivatives of, the Systèm International

2.2 Maintenance of mouse colonies

2.2.1 GDI and Splotch (Sp^^) mice - colony conditions

GDI mice are an out-bred, normal strain, obtained from Gharles Rivers. Sp^^ is 

a random bred strain carrying a radiation-induced deletion in the Pax3 transcription 

factor (Epstein et a l, 1991). GDI and Sp^^ colonies were maintained according to 

Home Office regulations by appropriately trained staff. Animals were kept on a 12- 

hour light/dark cycle.

2.2.2 Breeding of GDI and Sp^^ mice

Stud males were put together with sexually mature females and left overnight.

In the case of animals, the pairing was between two heterozygote animals, as 

determined by the presence of a white belly spot. Discovery of a vaginal copulation 

plug the next morning was considered evidence of conception, and midday that day was 

designated day 0.5 of gestation (E0.5). Occasionally animals were put together in the 

morning and left together until the evening. In these cases, if a copulation plug was 

found that evening, midday that day was designated EG.
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2.2.3 F ADD dominant negative mice

Transgenic F ADD dominant negative animals were developed by Dr. Anne- 

Odile Hueber at the Centre dImmunologie, INSERM-CNRS de Marseille Luminy, 

Marseilles, France. Embryos from these mice were obtained dehydrated to 70% ethanol, 

following fixation in 4% paraformaldehyde (PFA).

98



2.3 Dissection, storage and staging of embryos

2.3.1 Killing of pregnant dams and removal of embryos from uterus

Pregnant mice were killed on the required gestational day by cervical 

dislocation, a Home Office-approved Schedule 1 method. The uterus was exposed and 

opened and then the embryos, still surrounded by their deciduas and attached to their 

placentas were dissected away and placed into Dulbecco’s Modified Eagles Medium 

(DMEM; Gibco-BRL) containing 10% fetal calf serum (PCS).

When necessary, the thymus was removed from the mother before disposal of 

the body. The thymus was then processed in the same way as El 1.5 embryos.

2.3.2 Dissection of embryos

Embryos were carefully dissected away from the yolk sac and all extra- 

embryonic membranes using a Zeiss SV6 dissecting microscope. The umbilical vessels 

were then cut separating the embryo from the placenta, using fine forceps (Weiss). The 

embryos were then washed briefly in phosphate buffered saline (PBS; Oxoid), and 

processed as required. The yolk sacs of embryos were washed in PBS and stored 

at -20°C for PCR genotyping.

2.3.3 Fixation, storage and paraffin embedding of embryos

To prepare embryos for wax embedding, they were first fixed in 4% PFA in 

PBS. Embryos from E10.5 - El 1.5 were kept in PFA over 1-2 nights and those from 

E l2.5-El3.5 were kept in PFA over 2-3 nights. Thereafter, the embryos were washed 

in PBS, and dehydrated through an alcohol series of 30%, 50% industrial methylated 

spirits (IMS; Charles Tennant) (30 minutes each), and then stored in 70% IMS until 

ready to be processed for wax embedding.
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Embryos were then further dehydrated through 85% and 100% IMS, and then 

100% ethanol (Hayman) (30 minutes each). Thereafter, embryos were left overnight in 

fresh 100% ethanol. In order to allow wax penetration and to remove the ethanol, the 

embryos were then processed twice through Histoclear (National Diagnostics). For 

E10.5 and El 1.5 embryos, each Histoclear step was 10 minutes, and for E12.5 and 

E l3.5 embryos, each Histoclear step was 15 minutes. Embryos were then put into a 

1:1 mix of Histoclear and paraffin wax (Raymond Lamb) at 65°C (20 minutes for El 0.5 

and E l 1.5 embryos, and 30 minutes for E12.5 and E13.5 embryos). Embryos were then 

put into liquid paraffin wax, at 65°C, three times (30 minutes each for E10.5 and El 1.5 

embryos, and 45 minutes each for E12.5 and E13.5 embryos). At the end of the last 

paraffin liquid wax stage, the embryos were oriented for transverse sectioning using 

heated needles (Becton Dickinson). The wax was then allowed to cool and solidify.

2.3.4 Fixation and preparation of embryos for cryosectioning

Prior to cryosectioning, embryos were washed in PBS and then fixed in 4% PFA 

overnight. They were then washed in PBS and processed in 15% sucrose in PBS at 

4°C. Initially, embryos floated in the solution, but usually after 6 hours they sank, at 

this point they were transferred into 30% sucrose in PBS and left overnight at 4°C. 

Embryos were then placed in a small boat containing OCT (BDH), oriented for 

transverse sectioning using needles, and rapidly frozen. This was done by placing the 

boat containing the OCT and the embryo into a dish containing dry ice. Isopentane 

(Prolabo) was added to the dry ice, with the result that the mixture rapidly cooled, 

freezing the contents of the boat. The frozen contents were then stored at -70°C until 

cryosectioning.
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2.3.6 Staging of embryos

Embryos from B10.5 to E12.5 were staged by somite counting. Since the more 

rostral somites become difficult to distinguish, somite number was obtained, either prior 

to fixation with PFA or whilst in 70% IMS, by placing the embryo on its side and 

counting the somites caudal to the hindlimb bud. The most caudal full somite adjacent 

to the hindlimb was designated somite 28, according to common practice in our 

laboratory (Figure 2.1a). Mouse somitogenesis stops at 60 somites (Kaufrnan, 1992), 

and therefore embryos with 60 somites were staged according to limb morphology. The 

embryo was considered to be at early El 3.5 if it had 60 somites, the digits were visible, 

and the distal edge of the interdigital webs were slightly concave, but the digits were 

not separated from one another (adapted from Kaufman, 1992; Figure 2.1c, compare 

with Figures 2.1 b and d).

2.3.6 Division of embryos into somite groups

The rapidity of the process of cardiac septation necessitates that a detailed study 

should not focus on whole embryonic days, but on smaller, more precise temporal 

divisions. The developmental period from E10.5 to E12.5 was divided on the basis of 

embryonic somites. During this period, somites develop at a rate of roughly one pair 

every two hours (Brown, 1990). Empirical observations suggest that in CDl mice,

E l0.5 to El 1.5 corresponds to roughly 31 to 42 somite pairs, El 1.5 to E l2.5 to 43-54 

somite pairs and E l2.5 to E l3 to 55-60 somite pairs.
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Figure 2.1 Developmental staging

a) Diagram of embryo showing somites from the hindlimb through the tail. b)-d). 

Diagram of embryonic hindlimbs at E12.5, early E13.5 and late E13.5/E14.5. Each of 

these embryos has 60 pairs of somites.

a) The last full somite adjacent to the hindlimb was designated the 28^ somite, and 

developmental age assessed by counting somites onwards to the tip of the tail.

b) At E l2.5 the digits in the hindlimb are visible and linked by the interdigital webs, 

which go from the tip of each digit to the tip of the next, c) At early El 3.5 the 

interdigital webs of the hindlimb are clearly regressing, d) At late El 3.5/early E l4.5, 

the interdigital webs have completely regressed in the hindlimb.

IDW = interdigital web
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2.4 Genotyping of embryos

2.4.1 PCR of DNA from embryos

Polymerase chain reaction (PCR) of a fragment of the mutant Pax3 gene was 

used to identify the genotype of embryos. In wild type embryos, a fragment of 

127 base pairs (bp) is produced. Sp^^ISp^^ Qvoibryos yield only a band of 95 bp due to a 

the deletion within the Pax3 gene (Epstein et a i, 1991). Heterozygotes have fragments 

of both sizes.

Yolk sacs from litters were obtained at the time of dissection and stored at 

-20°C (Section 2.3.1). When required, the yolk sacs were thawed and digested in the 

non-specific serine proteinase, proteinase K (Gibco BRL). Specifically, the yolk sacs 

were incubated overnight in 100 pi of proteinase K (10 pg/ml in PBS) at 55°C. The 

following morning, the mixture was vortexed and the proteinase K heat-inactivated at 

100°C for five minutes. Centrifuging the mixture at 13,000 rpm for 10 minutes in a 

bench-top centrifuge pelleted any cellular residue. The supernatant containing the DNA 

was then stored at 4 °C until required for the PCR.

For PCR, a reaction mixture (the “mega mix”) was made, which contained DNA 

primers (Genosys), nucleotides (Promega), and magnesium and ammonium chloride 

and a Taq polymerase enzyme (Bioline). The exact ingredients of the reaction mixture 

are shown in Table 2.1. 23 pis of the reaction mix was then added to 2 pi of the 

supernatant containing the DNA for each sample. In addition a negative control, of 

water only, and a positive control, consisting of 2 pi of DNA supernatant from an 

embryo previously shown to be Sp^^/Sp^^, were used. These mixtures were then 

vortexed. After this, a drop of mineral oil was placed on top of each sample to prevent 

evaporation of the mixture during the PCR.

The samples were placed in an Omnigene thermacycler PCR machine (Hybaid). 

An initial denaturing step, performed at 95°C, was carried out to fully denature the
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Table 2.1

Reagents, and their sources, used in PCR mix

Reagent Supplier

NH4 buffer Bioline
1.5 mM MgCb Bioline
0.16 mM dATP Promega
0.16mMdTTP Promega
0.16mMdGTP Promega
0.16mMdCTP Promega
0.48 itM forward primer Genosys
0.48 pM reverse primer Genosys
0.17 units Taq 
polymerase

Bioline
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DNA prior to cycling. Thirty cycles of PCR were then carried out. Each cycle began 

with a 30 second denaturing step at 94°C, followed by a one minute period at 60°C 

during which the primers annealed, and then a 1 minute primer extension step at 72°C. 

After all the cycles were complete, the samples were kept at 72°C for a further ten 

minutes to help ensure all the products were full length.

2.4.2 Electrophoresis on agarose gels

Separation of the amplified DNA fragments was achieved by electrophoresis 

through an agarose gel. A 2.5% agarose gel in TAB (Tris-acetate ethylenediamine- 

tetra-acetic acid (EDTA) buffer was made. The TAB was made from 4.84 g of Tris, 

1.142 ml of glacial acetic acid and 20 ml of 0.5M EDTA at pH 8, all made up to one 

litre in water. Ethidium bromide (0.5 pg/ml) was added to the gel. Ethidium bromide 

fluoresces in the ultra-violet range, and since it intercalates with DNA, it allows 

visualisation of the amplified fragments under an ultra-violet imager. For each sample, 

9 pi of PCR product was mixed with Ipl of bromophenol blue loading buffer and the 

mixture was loaded into a lane in the agarose gel. One lane was loaded with a Ikb 

molecular weight ladder (Gibco BRL). The gel was run at 80-100 volts for one-two 

hours. The amplified fragments were visualised using an Alpha Imager-200 (Flowgen) 

(Figure 2.2).

2.4.3 PCR of F ADD dominant-negative embryos

F ADD dominant-negative embryos were produced by matings between wild 

type and hemizygote transgenic animals (which carried only one copy of the transgene), 

and therefore offspring were either wild type or hemizygous. The genotyping was 

determined by PCR analysis of embryonic limb buds for the F ADD dominant negative
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Figure 2.2 PCR genotyping of litters

The image is of an agarose gel, through which the DNA of embryos from an litter 

has been run. The positive control lane shows a band of 95 bp. Bands from +/+ (127 

bp), and (127 and 95 bp) and Sp^^ISp^^ (95 bp) are also marked.



Figure 2.2
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transgene. PCR was carried out in Dr. A-0. Huber’s laboratory at Marseilles, France 

prior to shipping of fixed embryos.
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2.5 Histology, Immunohistochemistry and TUNEL

2.5.1 TESPA-coating of slides

Glass slides (Chance Propper) were coated with TESPA (3- 

aminopropyltriethoxy silane) in order to enhance adhesion of sections. The slides were 

put into a metal rack and then sequentially dipped into 2% TESPA in acetone, acetone 

alone twice and then into water, for 10 seconds each time. Slides were then dried 

overnight at 37°C.

2.5.2 Sectioning of wax embedded tissue

Wax blocks containing embryos, prepared as described in Section 2.3.3, were 

trimmed to remove excess wax and sectioned in a transverse plane to 8 pm using a 

rotary microtome (Optech instruments model HM 330; Figures 2.3 a-c). The embryos 

were always oriented in the same manner so that the sections were comparable between 

embryos. As a result, sections of the heart showed left-right and dorso-ventral axes 

(which for the outflow tract represents the proximo-distal axis) as shown in Figure 2.3d. 

The cut sections were floated on a thin layer of water on the TESPA-coated glass slides. 

The slides were placed on a hot plate (Agar Scientific) and heated to 37°C for 5 minutes 

to allow the wax to expand fully, preventing crumpling of the section. The water was 

then drained off, and the slide blotted dry with a tissue paper, allowing the sections to 

adhere to it. The slides were left overnight at 37°C to ensure adhesion of the sections to 

the slides, and then stored at room temperature until required.

2.5.3 Cryosectioning

Frozen OCT blocks, as described in Section 2.3.4, were taken out of the -70°C 

freezer and placed at room temperature for 2-3 minutes, until they were soft enough to 

cut with a razor blade. Blocks were trimmed so that there was the minimal possible
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Figure 2.3 Transverse sectioning of embryos

Diagrams showing the plane through which embryos were sectioned. The horizontal 

black lines in a), b) and c) show the plane through which sections were made, and the 

red line demonstrates the level through which a section was taken to produce the methyl 

green-stained section shown in d).

a) A diagram of a whole embryo at early El 2.5 seen from its left side, with the heart 

shown (grey), b) A diagram of an isolated heart (as in a) at a higher magnification, 

from the same angle, c) A view of the heart shown in b) from the front -  the four 

chambers and great arteries are visible, d) A methyl green-stained section taken from 

the rostro-caudal level indicated by the red line in a) -  c). Note that the outflow tract, 

which at this level only consists of the aorta, runs proximal-distal.

Ao = aorta

D = distal outflow tract 

LA = left atrium 

LV = left ventricle 

P = proximal outflow tract 

FT = pulmonary trunk 

RA = right atrium 

RV = right ventricle 

Scale bar d) = 0.35 mm
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excess OCT, and were then mounted and sectioned transversely to 10pm, at -17 to -  

20°C, using a cryostat (Bright Instruments). Sections were placed on TESPA-coated 

slides, air dried for 15 minutes and stored at -70°C for no more than six weeks before 

use.

2.5.4 Methyl green staining

Methyl green is a nuclear stain, which is useful as both a counterstain and for 

morphological analysis. For the staining procedure, wax sections were first dewaxed in 

three changes of Histoclear stages (five minutes each). Slides were then processed 

through two 100 % ethanol stages, for five minutes each. Thereafter, slides were 

rehydrated through 100%, 70% and finally 50% IMS (three minutes each). This was 

followed by a five-minute wash in water. The sections were then placed in a filtered 

solution of methyl green (0.5% weight/volume) for 10 minutes. Thereafter, the slides 

were dipped ten times in water to remove excess stain. This procedure was repeated in 

fresh water, and the slides were then left for 30 seconds in a third change of water.

Next, the slides were then dipped ten times in butan-l-ol. This procedure was repeated 

in fresh butan-l-ol, and the slides were then left for 30 seconds in a third change of 

butan-l-ol. The slides were placed into three successive changes of Histoclear (five 

minutes each), and mounted using DPX (Fisher Scientific).

2.5.5 Immunohistochemistry procedures

Exactly as for methyl green staining, sections were initially dewaxed using 

Histoclear and then sequentially rehydrated through an alcohol series to 50% IMS. The 

slides were then placed in Tris buffered saline with Triton-X 100 (TBS-TX). TBS-TX 

was made by dissolving 8.77 grams of sodium chloride (BDH) into a solution
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containing 945 ml of water, 50 ml of IM Tris (BDH), at pH 7.5, and 5 ml of Triton-X 

100.

For human F ADD and WT-1 immunohistochemistry, Declere (Cell Marque) 

was used instead of Histoclear and ethanol to dewax and rehydrate sections. Declere is 

an unmasking agent, which enhances detection of antigens by specific antibodies by an 

unknown mechanism. Slides were immersed in 5% Declere and then placed into a 750 

Watt microwave oven (Panasonic) for 20 minutes at medium power. The microwave 

was stopped every five minutes to check that the Declere had not evaporated, which 

would have exposed the sections. Slides were then placed in fresh Declere, which had 

been preheated in a 750 Watt microwave oven at medium power for 5 minutes, and left 

for 15 minutes before being placed in TBS-TX. Slides to be treated with anti-cleaved 

caspase-3 antibodies were first placed in Histoclear twice, for 10 minutes each time, 

before being treated with Declere, as described for F ADD and WT-1 

immunohistochemistry. Frozen sections on them were placed directly into TBS-TX 

with no pre-treatment.

Following these procedures, endogenous peroxidase activity was quenched, to 

reduce background staining with horseradish-peroxidase conjugated secondary 

antibodies and colour development with diaminobenzadine tetrahydrochloride (DAB). 

Slides were placed in 3% hydrogen peroxide in water for six minutes and then washed 

in TBS-TX (three times, two minutes each time). Non-specific antibody binding was 

blocked by placing the slides in 10% FCS in TBS-TX for 30-60 minutes, except for 

cleaved-caspase-3 immunohistochemistry, in which slides were placed in 1% goat 

serum for 30-60 minutes. During this time, the primary antibody was made up to the 

appropriate dilution (Table 2.2) in 1% FCS in TBS-TX and a rectangle of Nescofilm 

was cut for each slide. The slides were placed horizontally in a humidified chamber 

and 100 pi of the diluted primary antibody was placed on each slide, which was
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Table 2.2 Details and sources of antibodies used in immunohistochemistry

1 "Antibody Clone; Source Mono- or 
poly- clonal?

l"Antibody
dilution

Wax or 
Frozen 
sections 
used?

Dewaxing/dehydration 
/antigen unmasking

2"Antibody and 
conjugation; (all from 
Dako)

2"Antibo
dy
dilution

Prof S. Gordon, Dr. 
P. Martin

Mono 1/3 Wax Histoclear, alcohol Rabbit anti-mouse, 
biotinylated;

1/250

Human
FADD

Transduction
Laboratories;

Mono 1/75 Wax Declere Rabbit anti-mouse; 
biotinylated

1/150

Fas pc-69;
Oncogene

Poly 1/40 Frozen N/A Goat anti-rabbit; 
biotinylated

1/150

Fas ligand SC-834;
Santa Cruz 
biotechnology

Poly 1/250 Wax Histoclear, alcohol Rabbit anti-goat; 
biotinylated

1/250

WT-1 sc-192;
Santa Cruz 
biotechnology

Poly 1/100 Wax Declere Goat anti-rabbit; 
biotinylated

1/150

Cleaved-
Caspase-3

9661S;
Cell Signalling 
Technology

Poly 1/250 Wax Histoclear, Declere Goat anti-rabbit; 
biotinylated

1/250

Skeletal slow 
myosin

NOQ7.5.4D;
Sigma

Mono 1/30 Wax Histoclear, alchohol Rabbit anti-mouse, 
rhodamine conjugated;

1/25

a-smooth 
muscle actin,

1A4:
Sigma

Mono 1/30 Wax Histoclear, alchohol Rabbit anti-mouse, 
rhodamine conjugated;

1/25



covered by one of the Nescofilm coverslips to help spread the antibody evenly and to 

prevent evaporation. Slides were left at 4°C overnight (Fas, Fas-ligand, WT-1 and 

human FADD), at 37°C for two hours (F4/80), or overnight at room temperature 

(cleaved-caspase-3).

After the incubation with the primary antibody, slides were washed in TBS-TX 

(three washes, five minutes each). During this time the secondary antibody was made 

up to the appropriate dilution (Table 2.2) in 1% FCS in TBS-TX. After the washes, the 

secondary antibody was applied, Nescoflim coverslips were placed on the slides, and 

they were left for two hours. During this time ABComplex/horseradish peroxidase 

(Dako) was prepared. According to the manufacturers protocol 45 pi of stock biotin 

was mixed with 45 pi of stock avidin. This was then dissolved in 4.75 ml of water, to 

which was added 0.25 ml of IM Tris-HCl at pH 7.5. The resulting solution was left for 

at least 30 minutes before use. The slides were washed in TBS-TX (three washes, five 

minutes each) and 250 pi of ABComplex/horseradish peroxidase placed over the 

sections. They were then incubated for 30 minutes. This step amplified the biotin 

signal of the secondary antibody.

The slides were again washed in TBS-TX (three times, for five minutes each), 

and DAB was prepared. DAB was prepared by placing 1 DAB tablet and 1 urea tablet 

into 5 ml of water. This was vortexed and left to dissolve, then filtered through a 0.22 

pm filter. Next, slides were placed under a Zeiss dissecting microscope at X 5 

magnification and 400 pi of DAB was applied. When red/brown staining reached a 

suitable intensity, the reaction was stopped by placing the slide into water. Slides were 

then washed in water (three times, two minutes each) and subsequently counterstained 

in methyl green for 10 minutes. After this, slides were washed, dehydrated and 

mounted as described in Section 2.5.4.
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2.5.6 TUNEL

In PCD there is a highly organised cleavage of DNA molecules, resulting in the 

production of millions of terminal DNA ends. This is several orders of magnitude 

greater than in normal cells. In the TUNEL procedure, first developed by Gavrieli et al 

(1993), hydroxy-terminal ends are labelled with a tail of digoxigenin conjugated dUTP 

molecules using the terminal deoxynucleotide transferase (TdT) enzyme. An anti- 

digoxigenin horseradish peroxidase conjugated antibody is then used to detect the 

digoxigenin tag.

The protocol and kit used to perform peroxidase TUNEL was from Intergen and 

the procedure was carried out following the manufacturer’s instructions but with 

modifications to the length of proteinase K treatment. Sections to be assayed were 

dewaxed in Histoclear, rehydrated to 70% ethanol (as described in Section 2.5.4) and 

then placed in PBS for five minutes. The slides were treated with 20pg/ml of 

proteinase K in PBS for 6, 7, 8 or 9 minutes, for E10.5, El 1.5, E12.5 and E13.5 

embryos, respectively. This was followed by two washes in PBS (5 minutes each). 

Endogenous peroxidase activity was quenched with 3% hydrogen peroxide in PBS for 

six minutes. Slides were then washed in PBS (twice, five minutes each). This was 

followed by the addition of an equilibration buffer, provided in the kit, for a minimum 

of 10 minutes and maximum of 25 minutes. The TdT enzyme/digoxigenin-labelled 

dUTP reaction mix, made up according to the manufacturer’s protocol, was then 

applied (55pl/slide), and a coverslip overlayed and the slides were incubated in a 

humidified chamber for one hour at 37°C. Next, the slides were washed and incubated 

for 10 minutes with a stop-wash buffer (included with the kit), made up according to the 

manufacturer’s instructions, from one part stock stop/wash buffer in 34 parts water.

This was followed by a series of three PBS washes (one minute each). Subsequently, 

the slides were incubated for 30 minutes with the anti-digoxigenin horseradish
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peroxidase antibody (provided with the kit) and then washed again in four changes of 

PBS (two minutes each). Apoptotic cells were visualised by development of the slides 

with DAB for two minutes. The reaction was stopped by placing the slides into water. 

The slides were then placed into a methyl green solution, washed, dehydrated and 

mounted as described in Section 2.5.4.

2.5.7 Double-labelling

In order to assess the cellular location of apoptotic cells, sections were double

labelled for skeletal slow myosin or a-smooth muscle actin, which were used to label 

cardiomyocytes and neural crest cells, respectively, and TUNEL, which labelled PCD. 

To enable clear visualisation, fluorescin-conjugated dUTP was used in the TUNEL 

procedure, and a rhodamine-conjugated secondary antibody was used to detect the 

antibody used for tissue-type identification. The protocol for double-labelling is a 

hybrid of the standard immunohistochemistry, described in Section 2.5.5, and the 

TUNEL procedure, 2.5.6, respectively. The fluorescent TUNEL kit was from 

Boehringer-Mannheim.

Dewaxing and rehydration were performed as for standard 

immunohistochemistry, and slides were subsequently placed in TBS-TX. Sections 

were then permeabilsed with 20 pg/ml of proteinase K in PBS, as described for the 

TUNEL procedure. The sections were then washed in PBS and incubated with the TdT/ 

fluorescin conjugated-nucleotide reaction mix (made up according to the 

manufacturer’s instructions) for one hour at 37°C in a darkened, humidified chamber to 

prevent bleaching of the fluorescin label. For the same reason, all further procedures 

were performed in a dark room. The slides were washed in TBS-TX (three times, five 

minutes each) and then placed into 10% PCS in TBS-TX for 30 minutes. Both the 

skeletal slow myosin and a-smooth muscle actin primary antibodies were diluted to
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1/30 in 1% FCS in TBS-TX during this time. The primary antibody was then applied to 

the slides, followed by Nesco coverslips, as described for normal 

immunohistochemistry and they were incubated overnight at 4°C in a darkened, 

humidified chamber.

The next morning, the slides were washed in TBS-TX (three times, five minutes 

each) and the rhodamine-conjugated secondary antibody prepared to a concentration of 

1/25 in 1% FCS in TBS-TX. The secondary antibody was applied to the slides as 

described for normal immunohistochemistry and left for two hours. Thereafter, slides 

were washed three times, for five minutes each time, in water and then mounted using 

Fluorsave (Calbiochem), which is an aqueous mounting medium. After thirty minutes, 

the Fluorsave had dried sufficiently for microscopy to be performed on the slides 

(Section 2.7).
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2.6 Open yolk sac, whole embryo culture

Whole embryo culture was performed as described by Martin and Cockroft 

(1999), but with minor modifications.

2.6.1 Preparation of rat serum

Large male Wistar rats were anaesthetised using diethyl ether and then 

underwent a laparotomy. Arterial blood was collected through aortic puncture. 

Following this, the rats were killed, before coming out of anaesthesia, by cutting the 

diaphragm, according to Home Office regulations. The blood was immediately 

centrifuged for five minutes at 3500 rpm to pellet the red blood cells. Furthermore, a 

fibrin clot formed in the supernatant. This clot was squeezed using sterile forceps and 

centrifuged again for a further five minutes at 3500 rpm. The fibrin clot then pelleted 

above the red blood cells and the supernatant (serum) was pooled from several rats. 

This was centrifuged again for five minutes at 3500 rpm to pellet any remaining blood 

cells. The supernatant was pooled and heat inactivated at 56°C for 30 minutes, during 

which time much of the ether, dissolved in the serum, evaporated. Serum was then 

divided into 5ml aliquots and stored at -20°C until required.

2.6.2 Dissection of embryos for culture

Intact conceptuses were dissected from pregnant CDl dams at early E l0.5, as 

described in Section 2.3.1. The deciduas were carefully dissected away leaving the 

embryos, in their yolk sacs, still attached to the placenta. Reichart’s membrane, a very 

thin extra-embryonic membrane, was then removed from around the yolk sac. Next, 

embryos were placed in explant medium (see Table 2.3 for composition) and the yolk 

sacs were carefully tom open using fine dissecting forceps, taking care not to damage 

any large yolk sac vessels (Figure 2.4 a and b). The tear was made around the
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Table 2.3
Expiant and culture medium for whole embryo culture.

Reagent Explanting medium (g/l 
MilllRo water)

Culture medium (g/l 
MilllRo water)

NaCl 6.9 6.9
KCl 0.3 0.3
MgSO4.7H20 0.1 0.1
MgChôHiO 0.05 0.05
NüH2P04.2H 2 0 0.1 0.1
CaCl2,2H20 0.265 0.265
Glucose 1.5 2.0
NaHCOj 0.5 2.0
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Figure 2.4 Dissection for whole embryo culture

Diagrams showing how embryos were dissected for whole embryo culture, 

a) Diagram showing the embryo inside the yolk sac and attached to the placenta 

following initial dissection of the decidua and Reichart’s membrane, b) The yolk sac 

membrane is tom as close to the placenta as possible, without damaging any blood 

vessels, using forceps, c) The embryo is then externalised, following rupture of the 

amniotic membrane, and the yolk sac and placenta placed ventrally relative to it.
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circumference of the yolk sac, as close to the placenta as possible. The advantage of 

tearing yolk sacs rather than cutting them with fine iridectomy scissors is that if a tear 

“ran into” a yolk sac vessel, it tended to “reflect” off the vessel, rather than cutting 

through it. This left the embryo attached solely to the placenta and yolk sac via the 

umbilical vessels.

The amnion, which surrounds the embryo, was then tom with the fine dissecting 

forceps, and the embryo was externalised so that both the yolk sac and placenta 

extended ventrally from the umbilicus of the embryo (Figure 2.4 c). At this stage 

embryos were assessed, and any that were damaged in any way were discarded. From 

the time the mother was killed, these procedures took no more than two hours.

2.6.3 In vitro culture conditions

Before culture, each embryo was washed in fresh explant medium and then 

placed in 2.5 ml of 25% rat serum in culture medium (see Table 2.3 for composition) in 

a 30 ml universal tube (Nunc) and incubated at 38°C in a roller incubator at 35 

revolutions per minute. The tubes were made airtight by placing vacuum grease around 

the circumference of the top of the tube. Initially, all tubes were gassed for 30 seconds 

with a 95% oxygen/5% carbon dioxide mix (Cryoservice Limited). After an initial 

thirty minutes, the embryos were examined under a Zeiss dissecting microscope to 

assess health. Any embryos that did not have a strong, pulsatile heart beat and good 

circulation across most of the yolk sac were discarded. The remaining embryos were 

either treated with 10 pi of dimethyl sulphoxide (DMSO; BDH) for control embryos, or 

with lOpl of 50 mM zVAD-fmk (Enzyme Systems Products) dissolved in DMSO, 

giving a final concentration of 200 pM in the culture medium. The embryos were 

gassed again using the 95% oxygen/5 % carbon dioxide mix for one minute and placed 

back in the roller incubator.
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Thereafter, embryos were gassed every three hours for a total of twelve hours. 

Each time they were gassed, health was assessed as described above, and any embryos 

that appeared to have poor circulation, as described above, or exhibited overt signs of ill 

health, such as bleeding, were excluded from analysis. At the end of the culture period, 

the embryos were washed in ice cold PBS and the umbilical vessels severed. The 

embryos were then placed in 4% PFA and processed, as described previously for wax 

embedding (Section 2.3.3).
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2.7 Image capture

2.7.1 Digital image capture

Images from light microscopy were digitally captured using a Zeiss Axiophot II 

microscope attached to a Zeiss ProgRes digital camera, and imported via the Adobe 

Photoshop 4.0 program at the resolution and size required. For whole embryo pictures, 

the Zeiss ProgRes camera was attached to an SV6 dissecting microscope. Images were 

stored digitally until required in the Joint Photographic Experts Group (JPEG) format.

In order to allow measurements to be made, for each combination of resolution, size 

and magnification at which an image was imported, an image of a Imm^ grid, 

consisting of sixteen squares of 0.2 mm by 0.2 mm from a haemocytometer (WSI), was 

imported with the same settings, so it could be overlaid and thus allow the actual size of 

the image to be measured. The contrast, brightness and colour balance were adjusted in 

Adobe Photoshop 4.0 as required to enable optimal visualisation.

2.7.2 Digital capture of fluorescence

Images of fluorescence-labelled sections were captured using an Axiophot 

microscope attached to a Hamamatsu digital camera. Images were imported using the 

Open Lab 3.0 program (Improvison). They were then saved as tagged image format 

(TIE) files and transferred to Photoshop 4.0 where they were re-saved as JPEG files. 

Fluorescent images were invariably of rhodamine and fluorescin double-labelled slides. 

Therefore, for each section, one image was taken through a filter enabling fluorescin 

staining (green) to be visualised and one image through a filter enabling rhodamine 

staining (red) to be seen. A final image was taken through a filter, normally used to 

visualise 4,6-diamindino-2-phenyl indole (DAPI) staining (blue), which revealed any 

autofluorescence.
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The blue image taken through the DAPI filter, showing autofluorescence, was 

precisely overlaid in Photoshop 4.0 with the green image showing the fluorescin 

staining and then the red image showing the rhodamine staining using the “screen” 

layer function, enabling autofluorescence, rhodamine staining and fluorescin staining to 

be seen simultaneously.
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2.8 Data summation and analysis

2.8.1 Templating

Frequently, individual TUNEL-assayed sections showed only a few isolated 

apoptotic cells. Potentially, even individual apoptoses are important if they occur 

reproducibly. Therefore a method enabling data summation was devised. Sixteen 

equidistant, representative transverse sections of the heart from each somite group were 

made in the transverse plane (shown in Figure 2.3) and stained with methyl green. 

Images of these sections were digitally captured and printed out as in Figure 2.5.

Between 31-60 somites (E l0.5 to E l3.0), embryos were divided into groups 

spanning three somites, while early E l3.5 embryos were considered in a separate group. 

The time frame covered in each group (approximately six hours) was sufficiently small 

that hearts within somite groups at a given transverse plane appeared morphologically 

identical. If an embryo with a given number of somites appeared abnormal or did not 

appear comparable to the template embryo for the corresponding somite group, it was 

excluded from analysis.

TUNEL-assayed sections were compared to these “templates” and matched to a 

specific one of the images according to age and morphology. For example, in Figure 

2.6, comparison of cardiac morphology of TUNEL-assayed sections from separate 

embryos that were used for templating in Figures 2.6 e-g with that of templates in 

Figures 2.6 a-d, it is clear that Figure 2.6 c most closely matches the morphology of the 

TUNEL sections. For each embryo, a transparency was then placed on top of the 

templates. Apoptotic cells, as labelled on TUNEL-assayed sections, were marked onto 

the transparencies using templates of comparable morphology as a guide. This 

procedure was carried out for all areas of the developing heart and repeated on at least 

three different embryos per somite group. Data from each embryo was marked on a 

single transparency using coloured pens. The different colours used are not significant,
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Figure 2.5 Templates

The 16 transverse sections taken through the “model” embryo for the 46-48 somite 

group (mid El 1.5). The sections were taken in an orientation as demonstrated by the 16 

horizontal lines in Figure 2.3. The sections form the representative templates on which 

the location of apoptotic cells from TUNEL-labelled sections of the same stage will be 

marked (Figure 2.7).

LA = left atrium 

LV = left ventricle 

OFT = outflow tract 

RA = right atrium 

RV = right ventricle 

Scale bar = 0.7 mm
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Figure 2.6 Morphological comparison between sections made for templating and 

TUNEL-assayed sections

a)-d) Four successive sections from the templates of the 46-48 somite group, made from 

a 47 somite embryo. e)-g) Sections from three different embryos assayed for TUNEL 

within the 46-48 somite group that were used in providing the data for templating. At 

this magnification, apoptotic nuclei cannot be seen.

It can be seen that that the outflow tracts and ventricles of e)-g) most closely resemble 

template c). Therefore, any TUNEL-positive nuclei seen in the outflow tracts or 

ventricles of these sections would be marked onto c). The atria in Figures e-g, however, 

are not most closely comparable to c), however. In e), the right atrium would be 

considered to be best represented by that in a) (and therefore any TUNEL positive 

nuclei observed in the right atrium in e) marked onto a)) and the left atrium by that in c). 

The right atrium in f) would be represented by that in a), and the left by that in b). In g), 

the right atrium would be considered to be best represented by that in b) and the left 

atrium by that in d). TUNEL-positive nuclei would be marked on accordingly.

LA = left atrium 

LV = let ventricle 

OFT = outflow tract 

RA = right atrium 

RV = right ventricle 

Scale bar = 0.7 mm
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but represent the different sections from which data was obtained. Images of the data 

on the transparencies were then scanned into Adobe Photoshop 4.0 using a Hewlett 

Packard 2100C Scanjet. The data from all three embryos was then overlaid onto the 

image of the appropriate template in Adobe Photoshop 4.0. As well as making trends 

of PCD more visible, this technique allowed direct visual comparison between different 

time points of heart development and different regions. It also meant each apoptotic 

cell had its location recorded. Figure 2.7 gives an example of how templating works.

2.8.2 Cell counting

An image of each methyl green stained section used as a template was digitised 

at high resolution (2.53 by 1.93 inches at 600 pixels per inch) in colour (Section 2.7.1). 

The digitised image was then opened using the Photoshop 4.0 program (Adobe) and a 

transparent layer put over the image (Figure 2.8 a). The image was then magnified to 

200% so that individual nuclei could be clearly seen (Figure 2.8 b). Single, black dots 

(four pixels^) were placed on the transparent layer over each nucleus such that none of 

the dots was touching another (Figure 2.8 c). This was done for each template section, 

at each of the somite groups, and at EI3.5.

Thereafter, the dots on the transparent layer were separated according to which 

part of the heart they represented (Figure 2.8 d). The dots for each region, in each 

template, were then automatically counted using the KS300 program (Carl Zeiss 

Vision). A record was therefore made of the total cell number (uncorrected for possible 

duplicate counting, though) in each region of the heart, for each template.

Estimates of total cell number for a given region (for example, the 

interventricular septum) at a given stage were made using these uncorrected counts 

described in the previous paragraph. First, the sum of the cell numbers of all the 

interventricular septum sections in all templates from a somite stage was found. As
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Figure 2.7 Summation of data by templating

a)-c) Templates of 40-42 somite embryos showing all four chambers. d)-e) Templates 

of 46-48 somite embryos showing all four chambers.

a) and d) Data from a single TUNEL-assayed section have been marked onto these 

templates (coloured dots). No particular trends in the distribution of apoptosis are seen.

b) and e) show data from five sections of a single embryo. PCD can be seen to be 

particularly prominent in the interventricular septum at both stages, c) and f) show data 

from 10 sections from three embryos. PCD tends to localise in the interventricular 

septum (arrows) and part of the right atrium at both stages (white arrowheads), and in 

the ventral wall of the left ventricle at 46-48 somites (black arrowhead), but not at 40-42 

somites. These observations could not be made in data from a single section (compare

c) and f) with a) and d) respectively).

IVS = interventricular septum 

LA = left atrium 

LV = let ventricle 

RA = right atrium 

RV = right ventricle 

Scale bar = 0.7 mm
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Figure 2.8 Assessment of cell number

Demonstration of stages in counting the cell number of the interventricular septum, as 

represented in a template.

a) Methyl green-stained, transverse section of a 40-42 somite embryo showing all four 

chambers, b) A high magnification view of the interventricular septum shown in a). 

Nuclei are visible (arrowheads), c) A transparent “layer” has been put on top of the 

image in b) in Photoshop 4.0, and black dots put over each of the nuclei, d) Removing 

the image of the interventricular septum leaves a “picture” of the septum made up from 

the black dots used to label its nuclei. The KS300 program can then automatically 

count these.

IVS = interventricular septum 

LA = left atrium 

LV = let ventricle 

RA = right atrium 

RV = right ventricle 

Scale bar a) = 0.55 mm 

Scale bar b)-d) = 0.20 mm
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described in Section 2.8.1, the templates were made from 16 equidistant sections 

throughout the rostro-caudal axis of the heart. Therefore, if in order to make the 

templates at a given stage, every sixth section was taken, the sum of the cell numbers 

for the interventricular septum would be multiplied by six to give an estimate of the 

total cell numbers in that structure. This was done for different regions of the heart and 

for each somite group, and E13.5.

Using these data, combined with the data from templating, it was possible to 

make estimates of the ratio of apoptotic cells to total cell number in a given structure at 

a given developmental stage. First the number of TUNEL sections that a given 

template represented was multiplied by the total number of cells found in the structure 

under examination in that template. This was done for all the relevant templates at a 

specific stage. This gave the total number of cells represented by that template for the 

structure in question. Thereafter, the total number of apoptotic cells from all the 

templates at that stage were counted by examination of tempiated sections. The number 

of apoptotic cells was then divided by the estimated total number of cells and multiplied 

by 100 allowing the ratio of the two to be expressed as a percentage. This was done for 

each embryo analysed and then data was averaged within a somite group. A worked 

example is shown in Table 2.4.

2.8.3 Length of the interventricular septum

Images, at the same resolution described in Section 2.8.2, were taken of all 

sections showing the interventricular septum, from each somite group between 31 and 

48 somites, for three embryos. The images were then measured in Adobe Photoshop 

4.0 using an image of a haemocytometer grid (Section 2.7.1). The septum was 

measured at each section in which it was visible using the image of the grid. The length 

was measured from the interventricular groove to the apex. For each embryo these
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Table 2.4 PCD index in the interventricular septum of 55-57 somite embryos

The table demonstrates how PCD index was estimated from templating of data for 

individual embryos, using the example of the interventricular septum at 55-57 somites. 

The first column shows the rostro-caudal level of the templates. The second column 

shows the number of cells seen in the interventricular septum of that template 

(determined as shown in Figure 2.8). The third column shows the number of TUNEL- 

assayed interventricular septum sections from a 57 somite embryo that were matched to 

a given template. The fourth column shows how many cells in the interventricular 

septum from the 57 somite embryo each template effectively represented (number of 

No. of IVS cells in template X No. of TUNEL labelled IVS sections that template 

represents). The final column is the sum of the results shown in the previous column, 

and is the total number of cells from the interventricular septum of the 57 somite 

embryo that were estimated to be represented by templating.

Beneath the table the total number of apoptotic cells from the interventricular septum of 

the 57 somite embryo noted by templating is shown. The ratio of the apoptotic cells: 

estimated total cells in the in the interventricular septum sections examined gives the 

PCD index, expressed as a percentage.

The same procedure was carried out for two other embryos in the 55-57 somite stage. 

The data from the three embryos was pooled, to give the average PCD index in the 

interventricular septum at the 55-57 somite stage, ± the standard error of the mean.

This procedure was carried out for all embryos stages, an for all regions of the heart 

investigated.

IVS = interventricular septum



Table 2.4

Template
level

No. of IVS cells 
in template

No. of TUNEL 
labelled IVS 
sections that 
template 
represents

No. of IVS 
cells that 
template 
section 
represents

Total number 
of cells 
represented

1 0 NA NA
2 0 NA NA
3 0 NA NA
4 67 NA NA
5 481 7 3367
6 583 5 2915
7 696 3 2088
8 911 5 4555
9 1139 5 5695 34794
10 1320 5 6600
11 826 4 3304
12 622 5 3110
13 357 5 1785
14 275 5 1375
15 0 NA NA
16 0 NA NA

Total number of apoptoses noted by templating in interventricular septum of embryo = 
135
PCD index for IVS of embryo = (135/34794) X 100 = 0.39%

PCD indices for other IVS of other two embryos in 55-57 somite group = 0.51% and 
0.44%

Therefore, average PCD index of interventricular septum at 55-57 somites = 0.447% ±
0.035%



results were averaged, and the results within the three embryos of a somite group were 

themselves averaged and shown with the standard error of the mean.

2.8.4 Templating of F ADD dominant negative embryos

In order to ensure objectivity of analysis of F ADD dominant negative embryos, 

TUNEL-assayed slides from six embryos - three wild types and three hemizygote 

transgenics - were randomly coded by an independent subject. Templating was then 

performed on the slides, and the data produced subsequently matched to the identity 

(wild type or transgenic) of the slide using the code. This allowed the templating 

analysis to be performed “blind”.

2.8.5 Blind analysis of interventricular septal development following embryo

culture

In order to assess the differences in interventricular septal development between 

control and zVAD-fmk-treated groups, images were taken of the interventricular 

septum of each embryo included for analysis, as described in Section 2.7.1. An 

independent subject then randomly coded the images. These were then individually put 

on separate PowerPoint (Microsoft), slides which displayed the four normal 

interventricular septa, as shown in Figure 7.8. Each slide, therefore, showed only the 

normal interventricular septa and one, coded cultured interventricular septum with the 

somite number displayed, to allow comparison with similarly staged, normal, 

uncultured embryos. After analysis, the embryos were matched, using their specific 

code, to their identity (experiment number, zVAD-fmk treated or control). This 

enabled blinded analysis of the cultured and uncultured embryos to be performed.
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2.8.6 Statistical analysis and graphs

All statistical analysis was performed using the Sigma Stat program (Jandel 

Corporation) and graphs were drawn using Sigma Plot (SPSS Incorporated).
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2.9 Transmission electron microscopy

Embryos were dissected from the mother as described in 2.3.2. Developmental 

stage was then established by somite counting. The hearts of embryos at 55-60 somites 

were then carefully dissected out, washed in PBS and placed into 3% glutaraldehyde 

buffered to pH 7.4 with O.IM sodium cacodylate and 0.05M calcium chloride. The 

hearts were left in the glutaraldehyde overnight at 4°C. Brian Young, at the Institute of 

Neurology, London, carried out the following preparatory procedures. The hearts were 

washed in buffer, post fixed for one hour in 1% aqueous osmium tetroxide, dehydrated 

in graded ethanol solutions, ending with three changes of absolute ethanol and 

transferred to absolute propylene oxide for 30 minutes. I then oriented the hearts and 

embedded them in epoxy resin, to ensure that the sections were comparable to those for 

normal histology. One pm sections were then cut from the epoxy resin blocks, which 

were stained with 1% toluidine blue in borax. I examined these sections under a 

dissecting microscope, as they were produced, until the sections were in the desired 

region. Ultrathin sections, were then cut and collected on 200-mesh copper grids, 

contrasted with methanolic uranyl acetate and Reynolds lead citrate. The sections were 

examined and photographed by Professor David Landon, also at the Institute of 

Neurology, using a Jeol 1200 CX transmission electron microscope at 80 kV. I directed 

Professor Landon to the specific regions of interest during the transmission electron 

microscopy.
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CHAPTER 3

Sp a t io -t e m p o r a l  d is t r ib u t io n  o f

PROGRAMMED CELL DEATH DURING

CARDIAC SEPTATION
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3.1 Introduction

The normal development of many mammalian systems has been shown to be 

dependent on the removal of cells by appropriate PCD (reviewed in Jacobson et a l, 

1997 and Vaux and Korsmeyer, 1999). The many roles for PCD during embryogenesis 

include the sculpting of the limb bud by removal of the interdigital webs and the clonal 

deletion of T-cells (Section 1.1.6). Its role during mammalian cardiac development is 

suggested by the caspase-8, F  ADD and FLIP knockout mice all of which develop 

cardiac defects (Section 1.3.5). However, the studies of these knockouts have shown 

only that PCD is important in mammalian cardiac development, but not its exact role.

In order to address the role of PCD during cardiac development, it is important to have 

an accurate idea of exactly where and when it occurs.

High levels of PCD occur in the endocardial cushions during rodent cardiac 

septation, although the exact distribution and onset of these foci have not been 

described (Ya et a l, 1998a; Zhao and Rivkees, 2000). Recent studies from Abdelwahid 

et a l (1999) and Zhao and Rivkees (2000) have suggested that there may be low levels 

of PCD elsewhere in the developing mouse heart, but they do not comprehensively 

describe the spatio-temporal nature of this apoptosis. The aim of this chapter is to 

provide a comprehensive, detailed spatio-temporal map of PCD during cardiac 

septation and to describe not just the high intensity PCD in the endocardial cushions, 

but all trends in PCD that occur during this period of time.

The various processes that occur during cardiac septation rapidly transform the 

mouse heart from what is effectively a pump with a single lumen to a four-chambered, 

dual-outflow structure in the space of three days (described in detail in Section 1.2). 

Histological changes also occur in the endocardial cushions, which transform from 

loose mesenchyme to fibrous tissue and cardiac muscle. Coincident with septation 

processes are other changes in morphology, including the shift of the atrioventricular
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and ventriculo-outflow channels, and the development of the trabeculae. The 

association of apoptotic activity with these areas of gross morphological change may be 

indicative of either a causative role for PCD in these processes or PCD being caused by 

them. In order to visualise changes within the rapid process of septation, embryos with 

31-60 somites were divided into groups each spanning three somites, which, therefore, 

represented around six hours of gestation, and also into those representing early El 3.5 

(Sections 2.3.5, and 2.3.6). This was done in order to provide a time-dependent 

assessment of the changes in PCD location and intensity.

3.1.1 Detection of apoptosis

Programmed cell death is an inherently rapid process. No in vivo studies have 

been able to give an exact idea of the duration of the process from the initial trigger to 

DNA and cellular degradation, but estimates suggest that it may be as little as around 

one and a half hours (Gavrieli et a l, 1992). A common method of detecting PCD in 

tissue sections is the TUNEL assay. This method detects PCD by labelling DNA 

fragmentation, one of the terminal events in PCD, which is estimated to last between 

one and three hours (Gavrieli et a l, 1992). Since only a snapshot of the end stage of a 

very rapid process can be seen in an individual 8 pm section, trends in the spatio- 

temporal distribution of PCD may be hidden. In order to overcome this problem, a 

method was devised that allows the effective summation of data of similar sections 

from one embryonic heart, and of similar sections from different embryonic hearts.

This method has been dubbed “templating” and is described in detail in the Materials 

and Methods Chapter (Section 2.8.1).

Some authors have observed that TUNEL may also mark necrotic cells (Grasl- 

Kraupp et a l, 1995). In an embryo under non-pathological conditions, however, 

significant necrosis, which is essentially a feature of pathology (Huppertz et a l, 1999),
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would not be expected. Furthermore, it has been suggested that TUNEL-marked 

necrotic cells may be distinguished from apoptotic nuclei under the light microscope 

(Apoptog TUNEL protocol). Nonetheless, in order to confirm apoptosis, transmission 

electron microscopy and labelling for cleaved-caspase-3 were also used to search for 

morphological and molecular hallmarks of PCD.
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3.2 Results

In this section, evidence is first provided for the efficacy of TUNEL as a method for 

studying apoptosis in the developing mouse heart. The aim of the rest of this chapter is 

to describe the foci of PCD seen with regard to the processes of cardiac septation. 

Therefore, events in cardiac septation concurrent with the observed PCD are described.

3.2.1 Positive and negative controls

TUNEL experiments were carried out alongside positive and negative controls. 

Positive controls initially consisted of sections through E l3.5 mouse hindlimbs, which 

have been demonstrated to have high levels of PCD in the interdigital webs at this stage 

of development (Zakeri et ah, 1994; Wood et a l, 2000). Only those slides with 

hindlimbs showing TUNEL-positive staining in the interdigital webs were included for 

analysis (compare interdigital web in Figure 3.1a with that from a negative control slide 

in Figure 3.1b). Apoptosis was further confirmed by morphology. Only TUNEL- 

positive nuclei showing classical apoptotic morphology of chromatin condensation, 

nuclear “edging” of chromatin and pyknosis were counted (compare the TUNEL- 

positive nuclei in Figure 3.1c with the false-positive one in Figure 3.Id; described in 

Section 1.1.2). On slides in which E l3.5 hindlimb interdigital webs were positive for 

TUNEL, the tissues in nearly all other sections on that slide (between 25 and 55 

sections per slide) showed occasional nuclei with TUNEL-positivity and apoptotic 

morphology, irrespective of age group. This probably represented part of normal 

cellular turnover. Therefore, in rare cases where sections on a slide showed no 

TUNEL-positive nuclei, that section was not considered for analysis, on the assumption 

that the TUNEL procedure had failed on that individual section. This may have 

occurred, for instance, if one or other reagent did not adequately cover the section 

during the procedure. This method was also used instead of confirming TUNEL-
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Figure 3.1 Controls for TUNEL and anti-cleaved-caspase-3

a) and c) TUNEL-positive nuclei in mouse hindlimbs at E l3.5. b) is a negative control 

for TUNEL, d) shows a false-positive TUNEL cell and e) shows a cleaved-caspase-3 

positive control spina bifida from an E l7.5 mouse embryo. Both positive-TUNEL and 

cleaved-caspase-3 staining is brown. Methyl green is the counter stain in all cases, 

a) A line of TUNEL-positive nuclei (between the two arrows) in the interdigital web. 

Little positive staining can be seen elsewhere in the section, b) In the absence of the 

TdT enzyme, no positive cells are seen in the interdigital webs, c) A high power view 

of the interdigital web from a) showing nuclei with typical apoptotic morphology which 

are small and circular (arrows). These would be considered as TUNEL-positive nuclei,

i.e. apoptotic nuclei, for the purposes of this study, d) A high power view of the outer 

edge of the interdigital web shown in a) showing an apparently TUNEL-positive cell 

(arrow). Closer examination reveals that the structure is relatively large (compared with 

neighbouring methyl green stained nuclei) and has an irregular shape, not consistent 

with an apoptotic morphology as described in section 1.1.2, or comparable to those 

shown in c). In addition, the colour of the staining of the labelled structure in d) is not 

so “brick-red” as that of the positively-stained nuclei in c), despite coming from the 

same section. Therefore the labelled structure in d) would not be considered to be 

apoptotic and would be excluded from analysis, e) The dark brown cells (arrows) 

represent cleaved-caspase-3 positive cells within the open neural tissue 

IDW = interdigital web 

SB = open neural tissue of spina bifida 

Scale bar a) and b) = 0.2 mm 

Scale bar c) and d) = 0.05 mm 

Scale bar e) = 0.4 mm
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positivity in El 3.5 hindlimb interdigital webs as a form of positive control in cases 

where E l3,5 hindlimbs were not placed on TUNEL slides.

Positive controls for cleaved-caspase-3 were performed on sections from E l7.5 

mouse embryos with spina bifida, kindly provided by Dr. T. Shibata, which have been 

shown to contain regions of PCD within the exposed neural tissue (Figure 3. le) 

(personal communication with Drs. Dorothea Stiefel and Takashi Shibata).

Negative controls for TUNEL were slides which had been prepared and treated 

exactly as experimental slides, except with the omission of the TdT enzyme which is 

required for the addition of dUTP to the terminal ends of DNA molecules and is the 

basis of the assay (Introduction and Materials and Methods). Positive staining was not 

seen on negative control slides (Figure 3.1b). Negative control slides for cleaved- 

caspase-3 immunohistochemistry were performed as experimental slides, but in the 

absence of the anti-caspase-3 primary. No positive staining was seen within these 

sections (Figure compare 3.7e with 3.7a).

3.2.2 High levels of PCD occur in the endocardial cushions at E12.5 to E13.5

Initial examination of embryonic hearts assayed by TUNEL was performed by 

light microscopy at X 40 magnification, in order to confirm apoptotic morphology 

(3.2.1). Throughout the period examined, every region of the heart shows some 

apoptotic cell death. However, in the ventricles, the atria and most of the outflow tract, 

no obvious trends in PCD were seen without template analysis. In contrast, trends in 

apoptosis within the endocardial cushions were visible from early E l2.5 to E l3.5 on 

individual TUNEL-assayed sections. These trends are now described in conjunction 

with descriptions of PCD, using data summation, at El 0.5 and El 1.5.
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3.2.2.1 PCD in the atrioventricular cushions

From 31 to 48 somites (early E l0.5 to El 1.5), even templating revealed very 

little PCD within the atrioventricular cushions (Figures 3.2a-c). By the 46-48 somite 

stage the mesenchymal cap of the primary atrial septum has fused with the superior and 

inferior atrioventricular cushions, which themselves appose one another (Figures 3.3a). 

At 49-51 somites, a focus of cell death becomes visible where the superior 

atrioventricular cushion meets the primary atrial septum and the inferior atrioventricular 

cushion (arrows in Figure 3.2d). These foci of cell death subsequently become so 

intense as to be visible on individual TUNEL-stained sections (Figure 3.3). At the 49- 

51 somite group PCD appears to be higher in the atrioventricular cushions (arrows. 

Figure 3.3c) than at earlier stages and also compared with neighbouring regions of the 

rest of the heart. The PCD seen in the cushions at this developmental stage is diffuse 

and not clearly localised to any particular part of the endocardial cushions. The 49-51 

somite group is the one in which the IVS begin fusing with the atrioventricular cushions 

(Figure 3.3b).

Early in E12.5, at 52-54 somites, the superior and inferior atrioventricular 

cushions are beginning to fuse with one another. Since the mesenchymal cap of the 

primary atrial septum has already fused with the superior atrioventricular cushion, a 

continuum is formed consisting of the atrioventricular cushions, the mesenchymal cap 

of the primary atrial septum and the interventricular septum. This structure has been 

previously dubbed the central mesenchymal mass (Webb et a/., 1998a; Section 1.2.6; 

Figure 3.3f). At this stage, PCD in the atrioventricular cushions appears to be even 

higher than at the preceding stage and compared with neighbouring cardiac tissues in 

the same embryos (arrows in Figures 3.3c -  compare with Figure 3.3b). Cell death 

seems to occur mainly at the regions of fusion of the superior atrioventricular cushion 

with the mesenchymal cap of the primary atrial septum, and the superior
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Figure 3.2 Templates showing PCD in the atrioventricular cushions

Transverse sections showing the atrioventricular cushions, 

a) At E l0.5, there is very little obvious PCD in the atrioventricular cushions, which have not with 

one another, the primary atrial septum or the interventricular septum, b), c) There is still only low 

level PCD within the AV cushions at 43-48 somites, d) At the 49-51 somite stage PCD can be seen 

to occur between in the superior atrioventricular cushion in the region in which it is contacted by 

the primary atrial septum and the inferior atrioventricular cushion.

1C = inferior endocardial cushion

IVS = interventricular septum

LA = left atrium

PAS = primary atrial septum

RA = right atrium

s = somites

SC = superior endocardial cushion 

scale bar = 0.35mm
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Figure 3.3 PCD in the atrioventricular cushions

TUNEL analysis performed on transversely sectioned mouse embryos between E11.5 

and E l3.5. TUNEL-positive nuclei are stained brown and indicated with arrows, and 

the sections are counterstained with methyl green, a) Atrioventricular structures at the 

46-48 somite stage, b) PCD in the atrioventricular cushions at the 49-51 somite stage,

c) at the 52-54 somite stage, d) at the 55-57 somite stage and e) at E13.5. f) is a 

schematic diagram of the central mesenchymal mass. The dotted lines represent fusion 

points between mesenchymal structures.

a) Fusion between the mesenchymal cap of the primary atrial septum and the inferior 

atrioventricular cushion can be seen. Very little PCD is present, b) At the 49-51 somite 

stage, the junction of the superior and inferior atrioventricular cushions has become 

more extensive. PCD levels appear to be greater in the atrioventricular cushions, 

particularly the superior, than previously, c) Tissue continuity at the 52-54 somite stage 

is even more extensive than in the previous one, and the amount of PCD appears 

greater, being prominent at the region of fusion between the inferior and superior 

atrioventricular cushions, and within the mass of the superior atrioventricular cushion.

d) At 55-57 somites PCD still occurs mainly at the regions of fusion between the 

mesenchymal components of the atrioventricular structures and within the mass of the 

superior atrioventricular cushion, but the quantity of PCD seems even greater than 

before, e) At El 3.5, the PCD appears to have declined in the main mass of cushion 

tissue and occurs in regions of condensed mesenchyme at the junction of the superior 

and inferior endocardial cushions. PCD is also becoming apparent in more peripheral 

cushion tissue that is forming the atrioventricular valves.

A W  = atrioventricular valve cushion 

IC = inferior endocardial cushion 

IVS = interventricular septum

MCPAS = mesenchymal cap of the primary atrial septum 

MCVS = mesenchymal cap of the vestibular spine 

PAS = primary atrial septum 

SC = superior endocardial 

scale bar = 0.2 mm
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atrioventricular cushion with the inferior atrioventricular cushion, and also diffusely 

within the superior atrioventricular cushion (arrows in Figure 3.3c).

Between 55 and 60 somites, the central mesenchymal mass appears similar to 

that in the previous somite group (compare Figures 3.3c and d). During this period,

PCD in the atrioventricular cushions retains the same distribution as in the 52-54 somite 

group, at the points of fusion between the superior and inferior atrioventricular 

cushions, and the superior endocardial cushion the primary atrial septum and in the 

mass of the superior cushion (arrows. Figure 3.3d). The PCD intensity is, however, 

markedly increased compared with that in the previous group (compare Figures 3.3c 

and d).

At E l3.5, the atrioventricular region is differentiating into the atrioventricular 

valves, and the components of the central mesenchymal mass are fused to such a degree 

that they are difficult to distinguish from one another (Figure 3.3e). PCD still occurs at 

the junctions of the superior atrioventricular cushion with the mesenchymal cap of the 

primary atrial septum, and the superior and the inferior atrioventricular cushions, but it 

is less extensive than previously and is largely limited to regions where tissue 

continuity between the structures has not been achieved (arrowheads in Figure 3.3e). In 

addition, PCD now occurs in the edges of the atrioventricular cushions that are forming 

the mural leaflets of the atrioventricular valves (arrows in atrioventricular valve. Figure 

3.3e).

3.2.2.2 PCD in the outflow tract cushions

Templating of PCD in the outflow tract cushions does not show any significant 

PCD within their mass during E l0.5 (arrow. Figure 3.4a) and early E l l .5 (arrows. 

Figure 3.4b). At 46-48 somites there is an increase in PCD in the cushions (compare 

arrows in Figures 3.4b and 3.4c). At this stage, the distal outflow tract cushions have
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Figure 3.4 PCD illustrated by templating in the outflow tract cushions 

a)-d) show PCD within the proximal outflow tract cushions at late E l0.5 - El 1.5, and 

e)-h) show PCD at the distal tips of the outflow tract cushions, 

a) At 40-42 somites, which represents late E l0.5, very occasional PCD is seen within 

the outflow tract cushions (arrow), b) At 43-45 somites, some PCD can be seen in the 

outflow tract cushions (arrows), c) At 46-48 somites there is a dramatic increase in the 

PCD in these cushions (arrows). The arrowhead marks the fusion between the 

dextrodorsal outflow tract cushion and the aortopulmonary septum, d) The increase is 

even more pronounced in the subsequent stage, the 49-51 somite group (arrows),

e) At 46-48 somites, the distal outflow tract cushions that will go to form the semilunar 

valves show some diffuse PCD (arrow). The arrowhead marks the fusion between the 

dextrodorsal outflow tract cushion and the aortopulmonary septum, f) At 49-51 

somites, this region is more clearly differentiated and contains a focus of PCD (arrow), 

g) At 52-54 somites and thereafter, a PCD focus is still visible in the tips of these 

cushions (arrows), h) The focus persists into E l3.5 (arrows).

AO = aorta 

LA = left atrium 

LV = left ventricle 

OFT = outflow tract 

PT = pulmonary trunk 

RA = right atrium 

s = somites 

scale bar = 0.55 mm
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contacted the aortopulmonary septum and have begun to fuse at this point (arrowheads 

Figures 3.4 c and e). In the 49-51 somite group, PCD in the outflow tract cushions has 

increased notably, and seems to be focused proximally (arrows in Figure 3.4d). From 

this point onward, this focus of cell death is clearly visible without the aid of data 

summation.

Using just light microscopy, at the 49-51 somite stage, PCD appears to be 

higher in the outflow tract cushions than previously and also compared with 

neighbouring regions in the rest of the heart (arrows. Figure 3.5b, compare with Figure 

3.5a; note that the distal outflow tract cushions have begun to fuse). The PCD seen in 

the cushions at this period is diffuse and without data summation is not clearly localised 

to any particular part of the outflow tract cushions.

High intensity PCD in the proximal outflow tract cushions appears at 52-54 

somites, concurrently with that in the atrioventricular cushions (Figure 3.5c). The distal 

halves of the outflow tract cushions have fully fused at this stage to form the distal part 

of the outflow tract septum (Figure 3.5c). In contrast to the situation in the 

atrioventricular region, the PCD is not seen at the fusion seams in the outflow tract 

cushions, but more proximally where the cushions remain unfused. Moreover, the 

apoptosis does not occur at the edges of these cushions, at the prospective point of 

fusion, but within the masses of the cushions (Figure 3.5c, arrows).

Between 55 and 60 somites the outflow tract cushions have fused still more 

proximally making the outflow tract septum more extensive (compare Figures 3.5c and

d). During this period, high intensity PCD persists in the mass of the proximal outflow 

tract cushions, as at the 52-54 somite stage (Figures 3.5d). The PCD intensity appears 

increased in these stages compared with that in the previous group (compare Figures 

3.5c and d).
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Figure 3.5 The development of high intensity foci of PCD in the outflow tract 

cushions

TUNEL analysis was performed on transversely sectioned mouse embryos between 

E l0.5 and E l3.5. TUNEL-positive nuclei are stained brown and indicated with arrows, 

and the sections are counterstained with methyl green.

a) At the 46-48 somite stage, little PCD is seen in the outflow tract cushions, b) At the 

49-51 somite stage, PCD begins to increase in the outflow tract cushions. The distal 

end of the cushions can be seen to have fused at this stage (arrowhead), c) At the 52-54 

somite stage, the fusion point of the two cushions has progressed more proximally 

(arrowhead). PCD at this stage can be seen to be concentrated proximally, but not at the 

prospective point of fusion, d) At the 55-57 somite stage, the intensity of the focus of 

PCD is even greater than in the previous somite stage, e) By E l3.5 the PCD focus is 

still present in the now completely fused outflow tract cushions, although the intensity 

appears somewhat lower than at the previous stage.

OFTC = Outflow tract cushion 

OPTS = Outflow tract septum 

s = somites 

scale bar = 0.15 mm
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By E l3.5, the outflow tract cushions arc fused at their most proximal level, 

completing septation of the outflow tract (Figure 3.5e). In addition, the outflow tract 

septum has fused with the interventricular septum and superior atrioventricular cushion, 

so there is no connection between the left and right ventricular chambers, and the 

pulmonary

trunk and aorta are also completely separated. Cardiac septation is, therefore, complete. 

The high intensity PCD in the proximal outflow tract cushions has also diminished 

compared with the intensity at 55-60 somites. The apoptosis still occurs in the proximal 

outflow tract septum (the fused proximal outflow tract cushions), but now in a single, 

central region rather than either side of what was, in late E12.5, the junction of the two 

cushions (Figure 3.5 e).

In addition to this focus in the proximal cushions, low intensity foci of cell 

death are becoming apparent in the distal cushions at 49-51 somites (compare arrows in 

Figures 3.4 f  with those in 3.4 e). These regions of the cushions will go on to form the 

leaflets of the semilunar valves of the great arteries. These PCD foci are present within 

the forming semilunar valves through to E l3.5 (arrows Figure 3.4 f, g and h).

To summarise, TUNEL analysis reveals that PCD occurs at high intensity 

during cardiac septation in the endocardial cushions at day E l2.5 as the central 

mesenchymal mass forms and the outflow tract cushions begin to fuse. At E l3.5, PCD 

in the endocardial cushions is clearly present on individual sections, but at a reduced 

intensity and with a slightly altered distribution.

3.2.3 Confirmation of high intensity PCD within the outflow tract cushions by 

transmission electron microscopy

Three embryonic hearts were examined by transmission electron microscopy as 

described in Section 2.9. All three embryos were from the 55-60 somite group, at
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which stage the highest intensity PCD occurs within the outflow tract cushions. Using 

light microscopy of ultrathin sections (1 p,m thick), the proximal outflow tract septum 

was located (Figure 3.6a) and sections of immediately adjacent tissue were prepared for 

transmission electron microscopy. Transmission electron microscopic analysis of one 

section from each of these embryos revealed frequent apoptosis in the proximal outflow 

tract cushions (Figure 3.6b, c and d), whereas it was only rarely seen in other regions of 

the outflow tract. Apoptosis was identified on the basis of its characteristic nuclear 

morphology, such as chromatin condensation (Kerr et a l,  1972). No necrosis, which 

would have involved organelle and cellular swelling (Kerr et a l, 1972), was seen in the 

sections examined.

3.2.4 Confirmation of high intensity PCD within the atrioventricular cushions by

cIeaved-caspase-3 immunohistochemistry

Cleaved-caspase-3 immunohistochemistry was performed on sections of 55-57 

somite embryos in which the central mesenchymal mass was present (n=3). In these 

sections, cleaved-caspase-3 expression occurred in the same distribution as that of 

TUNEL-positive nuclei (compare Figures 3.7 a and b). Cleaved-caspase-3 

immunohistochemistry was also performed on outflow tract cushions at 55 somites 

when high intensity PCD was present according to TUNEL staining. The distribution 

of cleaved-caspase-3 was comparable to that of TUNEL positive nuclei (compare 

Figures 3.7 c and d). Notably, in the sections stained for cleaved-caspase-3, less PCD 

was seen than in the comparable TUNEL sections. The Figure also shows a section of 

atrioventricular cushions at 55-57 somites that was used as a negative control for 

cleaved-caspase-3, performed as described in 3.2.1 (Figure 3.7 e). Unlike in Figure 

3.7a, there is no positive staining.
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Figure 3.6 Transmission electron microscopy of E12.5 outflow tract cushions

a) An ultrathin transverse section of a toluidine blue-stained outflow tract of an El 2.5 

embryo. The “X” in a) marks the region adjacent to which the apoptotic nuclei shown 

in b), c) and d) were found.

b), c) Apoptotic bodies observed by transmission electron microscopy of the proximal 

outflow tract cushions, as marked in a). Normal nuclei can also be seen adjacent to the 

apoptotic bodies, d) Edging of chromatin (arrows) against the nuclear membrane, 

another feature of apoptosis.

AB = apoptotic body 

N = normal nucleus

POFTC = proximal outflow tract cushion 

Scale bar a) =0.1 mm 

Scale bar b) = 2 pm
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Figure 3.7 Anti-cleaved caspase-3 labelling in E12.5 endocardial cushions

Transverse sections through the atrioventricular (a), b) and f)) and outflow tract (c) and

d)) cushions, a) and c) Sections that have undergone anti-cleaved caspase-3 

immunohistochemistry. b) and d) Sections that have undergone the TUNEL assay, f) is 

a negative control. All sections have been counterstained with methyl green and are of 

E l2.5 embryos.

a) At 57 somites, positive cleaved-caspase-3 staining is detected at the junction between 

the mesenchymal cap of the primary atrial septum with the superior atrioventricular 

cushion (arrow), b) In a comparable section to that shown in a) TUNEL-positive nuclei 

can be seen in the junction between the mesenchymal cap of the primary atrial septum 

with the superior atrioventricular cushion (arrows).

c) At 54 somites, positive staining is seen in the masses of the outflow tract cushions 

(arrows), d) In a comparable section to that shown in c) TUNEL-positive nuclei can be 

seen in comparable regions of the outflow tract cushions.

In b) and d) the number of TUNEL-positive nuclei appears greater than the number of 

positives seen in a) and c) with anti-cleaved caspase-3 immunohistochemistry.

e) The atrioventricular cushions of a 57 somite embryo used as a negative control for 

cleaved-caspase-3 immunohistochemistry. Unlike in a), no positive staining is seen.

MCPAS = mesenchymal cap of the primary atrial septum 

OFTC = outflow tract cushions 

SC = superior atrioventricular cushion 

scale bar = 0.15 mm
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3.2.5 Low intensity PCD foci occur throughout the heart during cardiac

septation

PCD was seen on individual sections in the interventricular septum from the 46- 

48 somite stage until E l3.5, but because this apoptosis is of relatively low intensity, 

trends within this cell death, and its exact distribution, could not be accurately 

described. The templating method was therefore developed in order to be able to 

analyse this low intensity cell death in more detail. This was carried out, as described 

in Section 2.8.1, on all the embryos previously analysed for endocardial cushion PCD 

in Section 3.2.2. Unexpectedly, this technique revealed foci of apoptosis in several 

regions of the heart other than just the interventricular septum. These have been termed 

low intensity PCD foci since, unlike the “high intensity” foci of PCD seen in the 

endocardial cushions at embryonic days 12.5 and 13.5, they are only clearly visible 

using data summation by templating. It is these “low intensity” foci that are described 

in this section. The description is carried out according to anatomical regions and in 

relation to morphological development.

3.2.5.1 Atrial PCD

There are no foci of PCD in the atria from 31-33 somites through to 37-39 

somites (E10.5) (Figure 3.8a). During this period, the systemic venous sinus is 

connected to both left and right atria via the left and right sinus horns. Also the primary 

atrial septum has begun its growth from the dorsal junction of the two atria. At the 40- 

42 somite group a low intensity focus of PCD begins in the caudal part of the right 

atrium, medially between the venous inlet and the developing primary atrial septum 

(compare arrow in Figure 3.8b with that in Figure 3.8a). The focus is present at 43-45 

somites and also at 46-48 somites (arrow Figure 3.8c). At this time, the right sinus horn 

is itself becoming incorporated into the right atrium -  a process that has been associated
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Figure 3.8 Template data of low intensity foci in the caudal part of the atria

a)-d) show the time course of a low intensity PCD focus on the dorsal aspect of the 

caudal end of the right atrium, near its connection with the systemic venous sinus. e)-f) 

show the development of a low intensity focus of PCD in the right venous valve,

a) No focus is present at 34-36 somites at the caudal end of the right atrium, b) At 40- 

42 somites a focus appears at the caudal end of the right atrium (compare region of right 

atrium marked by arrow in a) with that in b)). c) This focus is still present at the 46-48 

somite group (arrow), d) The focus has disappeared by the following 49-51 somite 

group (compare regions marked by arrows in c) and d)). The arrowhead in d) marks the 

region of the right venous valve that will develop a PCD focus,

e) No PCD focus is present in the right venous valve at 42-54 somites somites 

(arrowhead), f) At the 55-57 somite group a focus develops in the right venous valve 

(arrowhead) and in the adjacent spina vestibuli within the central mesenchymal mass 

(asterisk), g) These two foci are present in the last developmental stage examined, at 

E13.5.

IC = inferior cushion

LA = left atrium

PAS = primary atrial septum

RA = right atrium

RVV = right ventricular valve

s = somites

Scale bar = 0.55 mm
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with the development of the primary atrial septum (Webb et al., 1998a). This focus has 

disappeared by the 49-51 somite group (arrow in Figure 3.8d). There is no 

corresponding focus within the left atrium. Early in E12.5, at 52-54 somites, a focus of 

PCD is becoming visible in the right venous valve that was not previously present 

(compare arrowhead in right venous valve in Figure 3.8d with those in Figures 3.8e and

f) and in the adjoining spina vestibuli within the central mesenchymal mass (asterisk, 

Figures 3.8 f  and g). These foci persist to the 58-60 somite stage and are still present at 

E13.5 (Figure 3.8g).

A thickened region in the rostral right atrial wall, within the right atrial 

appendage and continuous with the septum spurium (which marks the rostral junction 

of the right and left venous valves) is present throughout the period examined (black 

arrows in Figures 3.9 a-e). At 43-45 somites, a PCD focus develops in this region 

(compare arrows in Figure 3.9a and b) and is present throughout El 1.5 and up to the 

55-57 somite stage at E12.5 (arrow in Figure 3.9d), after which it begins to disappear 

(Figure 3.9e). There is no comparable structure in the left atrium. However at 52-54 

somites, and only in this somite group, a focus of PCD occurs in the dorsal aspect of the 

left atrium that appears to be at a comparable rostro-caudal level to the focus of cell 

death in the septum spurium of the right atrium (compare white and black arrows in 

Figure 3.9c).

After the period studied, the left sinus horn begins, through its connection to the 

right sinus horn, to form the coronary sinus, which provides the venous return of the 

heart. At 40-42 somites, the sinus septum is seen as the dorso-medial junction of the 

two sinus horns (black arrows in Figures 3.10a and b). The septum becomes larger and 

a focus of PCD develops within it at 46-48 somites, which persists through to the 58-60 

somite group (black arrows in Figures 3.10c - e). By this stage the sinus septum has 

regressed and apparently incorporated into the dorsal wall of the putative coronary
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Figure 3.9 Template data of PCD in the septum spurium

a)-e) show the development of a PCD focus in the septum spurium.

a) At 40-42 somites there is no PCD focus in the region of the septum spurium (arrow).

b) A focus of PCD is first visible in the septum spurium at the 43-45 somite stage 

(arrow), c) and d) The PCD focus persists into E l2.5 (black arrows), e) The focus of 

PCD in the septum spurium has disappeared by 58-60 somites, c) At 52-54 somites a 

PCD focus can be seen in the medial wall of the left atrium at a comparable rostro- 

caudal level to the PCD focus seen in the septum spurium of the right atrium (white 

arrows).

LA = left atrium 

RA = right atrium 

S = somites 

SS = septum spurium 

scale bar =0.55 mm
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Figure 3.10 Template data of PCD in the sinus septum and sinus horns

a)-f) show the development of PCD foci within the sinus septum and the ventral aspects 

of the sinus horns at the venous inlet of the heart.

a) At the 37-39 somite stage, no PCD foci are visible in the region where the sinus 

septum will develop (black arrow) or in the ventral aspects of the junction of the sinus 

horns (white arrow), b) At 40-42 somites, although no PCD focus is present in the 

region of the sinus septum (black arrow), a focus has become visible in the ventral 

aspect of the junction of the sinus horns (white arrow), c) and d) Between 46 and 54 

somites, PCD foci are present in the sinus septum (black arrows) and the ventral aspect 

of the junction of the sinus horns (white arrows), e) At the 58-60 somite stage, no PCD 

focus is visible anymore on the ventral aspect of the junction of the sinus horns (white 

arrow), but a PCD focus is present in a region that corresponds to where the sinus 

septum was present in previous somite stages (black arrow), f) At E l3.5, the focus of 

PCD in the region of the sinus horns has disappeared (compare black arrow with those 

in previous stages).

LSH = left sinus horn 

RA = right atrium 

RSH = right sinus horn 

s = somites 

scale bar = 0.55 mm
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sinus. At El 3.5, the structure is not visible and there is no focus of PCD in the region it 

was presumably incorporated into (Figure 3.1 Of). PCD can be seen in the ventral wall 

of the prospective coronary sinus from 40-42 somites at early El 1.5 to 52-54 somites 

(white arrows in Figures 3.10 a-f)

Following cardiac looping at E8.5, the common atrium connects to the 

presumptive left ventricle and has no connection to the presumptive right ventricle. At 

early E10.5, the atrioventricular channel still mainly overrides the left ventricle and 

only partially overrides the right (Figure 3.11a), Thereafter, there is a relative rightward 

expansion of the atrioventricular channel so that the left atrium connects with the left 

ventricle and the right atrium with the right ventricle. This process is accompanied and 

coordinated with atrial and ventricular septation (described in Sections 1.2.5 and 1.2.6). 

By 43-45 somites, this expansion is accomplished (arrowheads. Figure 3.11b). In the 

atrial walls, at the points where the left and right atria connect to the respective 

ventricles, no foci of cell death are visible (arrows in Figures 3.1 la  and b). This is not 

the case, however, at the ventricular aspect of these junctions, where PCD foci are seen 

(see Ventricular PCD below).

The primary atrial septum is a small and “globular” structure at 31-33 somites, 

which protrudes into the common atrial lumen from the atrial wall. The gap between it 

and the atrioventricular structures, the primary atrial foramen, is relatively large at this 

stage (Figure 3.12a). Already, it can be seen to have a mesenchymal cap, the rest of the 

structure being muscular (Webb et a l, 1998a) (Figure 3.12a). As it grows, it takes on a 

flatter, “sheet-like” appearance with its leading edge capped by mesenchyme. By 43-45 

somites it has become detached from the dorsal aspect of the atrial wall forming the 

secondary atrial foramen (Figure 3.12b). At this stage a focus of cell death appears in 

the developing primary atrial septum, located in its leading mesenchymal edge (Figure 

3.12b). This focus of PCD continues in the 46-48 somite group, during which the

158



159



Figure 3.11 Templates showing the rightward expansion of the atrioventricular 

junction

a) At 34-36 somites the atria can be seen to lead mainly into the left ventricle via the 

atrioventricular canal, which is largely occupied by the atrioventricular cushions, b) By 

43-45 somites there is an apparent rightward expansion of the atrioventricular canal. In 

addition, the inferior atrioventricular cushion apposes the interventricular septum and 

two separate channels leading from the left and right atria to the left and right ventricles 

respectively can be seen, as shown by the arrowheads. The templates show no PCD 

foci on the atrial side of the atrioventricular junctions (arrows in a) and b)).

A VC = atrioventricular cushion

LA = left atrium

LV = left ventricle

RA = right atrium

RV = right ventricle

s = somites

scale bar = 0.55 mm
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Figure 3.12 Templates showing PCD in the mesenchymal cap of the prim ary atrial 

septum

a) At early El 0.5, as it initially forms, the mesenchymal cap of the primary atrial 

septum shows no PCD. b) At 43-45 somites, a focus of PCD appears in the 

mesenchymal cap of the primary atrial septum, c) A focus of PCD is still present in the 

mesenchymal cap at 49-51 somites, d) At 52-54 somites, the extent of the connection 

between the mesenchymal cap of the primary atrial septum and the other structures of 

the central mesenchymal mass make it difficult to determine the exact location of the 

PCD focus.

LA = left atrium

MC = mesenchymal cap of primary atrial septum 

PAF = primary atrial foramen 

PAS = primary atrial septum 

RA = right atrium 

s = somites

SAP = secondary atrial foramen 

scale bar = 0.55 mm
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septum is fusing with the inferior and superior endocardial cushions (as was shown in 

Figures 3.3a-c) and persists in the 49-51 somite group (Figure 3.12c). By 52-54 

somites at early E l2.5, the primary atrial foramen is no longer present as it has been 

closed by the fusion of the mesenchymal cap of the primary atrial septum with the 

atrioventricular cushions. As a result, from this stage onward, it becomes difficult to 

distinguish PCD within the mesenchymal cap from that within other components of the 

central mesenchymal mass and no foci of PCD can be seen within the muscular stalk of 

the primary atrial septum (Figure 3.12d).

3.2.5.2 Ventricular PCD

The relationship of the ventricles to the outflow tract changes during the period 

of septation. Initially, at 31-33 somites, the common outflow tract exits solely from the 

right ventricle (Figure 3.13a). This relationship gradually changes so that by a process 

of a relative leftward shift of the outflow tract/ventricular junction at El 2.5, the outflow 

tract comes to override the left and right ventricles (Figure 3.13b). Just caudal to the 

exit of the outflow tract from the right ventricle, at 40-42 somites, a focus of PCD 

forms, which is present through to and including the 49-51 somite group (arrows in 

Figures 3.13c and d). In the 52-54 somite group, this region of ventricle appears to 

have fused with the wall of the proximal aorta (Figure 3.13e). At this point, a focus 

can be seen to be present at the point where the aorta joins the right ventricle (arrow. 

Figure 3.3e). This focus is present until the 58-60 somite stage, but is not seen at E l3.5 

(compare arrows in Figures 3.13f and g).

The outflow tract gains a physical connection with the left ventricle at the 52-54 

somite stage, at early E l2.5 (compare Figures 3.14a and b). At the point where the left 

ventricular wall connects to the caudal wall of the aorta, a focus of PCD is clearly 

visible in its outer region from the 52-54 somite stage through to the 58-60 somite stage
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Figure 3.13 Templates of PCD at the right ventricular/outflow tract junction

a) Early at E l0.5, the outflow tract exits only from the right ventricle, b) A gradual 

relative leftward shift of the ventriculo-outflow tract junction results in the outflow tract 

exiting from both ventricles by 55-57 somites, c) At 40-42 somites, at the junction of 

the outflow tract and right ventricle a focus of PCD (arrow) can be observed (note that 

at the level of this particular section, the proximal outflow tract itself cannot be seen), 

d) This focus persists up to 49-51 somites (arrow), e) At 52-54 somites, the 

morphology of the junction of the right ventricle and proximal outflow tract is 

significantly different to that in d), but at this junction a PCD focus is still present 

(arrow), f) A PCD focus is present up to and including the 58-60 somite group at the 

junction of the outflow tract and right ventricle (arrow), g) No PCD focus is present at 

the right ventricle/proximal outflow tract junction El 3.5 (compare region where arrow 

is present with comparable regions in e) and f)).

LA = left atrium

LV = left ventricle

PAO = proximal aorta

POET = proximal outflow tract

RA = right atrium

RV = right ventricle

s = somites

scale bar = 0.55 mm
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Figure 3.14 Templates of PCD at the left ventricular/outflow tract junction 

a) Before 52-54 somites, there is no direct continuity between walls of the outflow tract 

and the left ventricle, b) At 52-54 somites this continuity is achieved, at which time a 

focus of cell death occurs at the junction of the two structures (arrow), c) A focus of 

PCD is still present up to the end of El 2.5 in the 58-60 somite group at the junction 

between the left ventricle and proximal outflow tract (arrow), d) By E13.5, although 

the focus of PCD is still present, it extends over a smaller region (arrow).

AO = aorta 

LA = left atrium 

LV = left ventricle 

OFT = outflow tract 

RA = right atrium 

RV = right ventricle 

s = somites 

scale bar =0.55 mm
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(arrows Figures 3.14b and c). At E13.5, the junction between the left ventricle and the 

aorta is more extensive and a small focus of PCD is still visible (Figure 3.14d).

As described above (Section 3.2.6.1), there is a relative rightward shift of the 

atrioventricular channel. Towards the end of this relative expansion, in the 43-45 

somite group, a PCD focus is seen in the ventricles at the dorsal point of their 

connection with the atria (compare arrows in Figures 3.15a and b) that continues up to 

the 49-51 somite group (arrows in Figure 3.15c) but is not present at later stages 

(arrows in Figure 3.15d).

Light microscopy of the interventricular septum in TUNEL-assayed sections at 

E l2.5 and E l3.5 revealed more PCD than at E l0.5 and El 1.5 (compare arrowheads in 

Figures 3.16a and b with c and d), but its low intensity made the exact distribution of 

this PCD difficult to describe. Templating was originally devised to make this PCD 

more visible. The interventricular septum at 31-33 somites has just formed and 

protrudes between the two presumptive ventricles (Figure 3.17a). Even at this stage, 

templating shows the interventricular septum has more PCD than the adjacent ventricles 

(arrow Figure 3.17a). By 34-35 somites, the septum has grown and now has an obvious 

focus of PCD (arrow in Figure 3.17b). At early El 1.5, in the 40-42 somite group, the 

PCD focus in the interventricular septum continues to be present but is continuous with 

new foci that have formed in the ventral part of the two ventricles (arrow and 

arrowheads. Figure 3.17c). The foci in the ventricles appear mainly localised within the 

non-trabeculated wall. The focus in the interventricular septum and those in the ventral 

aspects of the ventricles are described together since they are continuous, but are 

considered as separate foci for the sake of clarity, since they occur in anatomically 

distinct regions of the heart and appear to have developed separately. The foci of PCD 

in the interventricular septum and the adjacent ventricles continue through El 1.5 (arrow 

and arrowheads. Figure 3.17d), although the focus in the left ventricle becomes more
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Figure 3.15 Visualisation of PCD foci at the atrioventricular junction by 

templating

a) At 40-42 somites, no PCD can be seen at the ventricular part of the atrioventricular 

junction (arrows), b) By the next somite group, covering 43-45 somites, foci of cell 

death are seen in the ventricular walls at the right and left atrioventricular junctions 

(arrows), c) These foci are present up to, and within, the 49-51 somite group (arrows),

d) The foci have disappeared in the following 52-54 somite group.

LA = left atrium 

LV = left ventricle 

RA = right atrium 

RV = right ventricle 

s = somites 

scale bar = 0.55 mm
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Figure 3.16 PCD in the interventricular septum

a)-d) TUNEL assayed sections of the interventricular septum at different stages of 

development. TUNEL-positive nuclei are brown and are marked by arrowheads. The 

counterstain used is methyl green.

a) A section at E l0.5, at 37 somites, with apparently no TUNEL-positive nuclei, b) A 

section from an E11.5 embryo at 47 somites. A few TUNEL positive nuclei can be seen 

(arrowheads), c) An interventricular septum at 57 somites and d) at E l3.5; in these 

figures, although apoptosis is clearly present, its dispersed nature and low intensity 

make it difficult to assess the exact distribution of this PCD.

IVS = interventricular septum 

LV = left ventricle 

RV = right ventricle 

s = somites 

scale bar = 0.2 mm
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Figure 3.17 Templates showing PCD foci in the ventral ventricles and the 

interventricular septum

a) PCD is present in the interventricular septum at 31-33 somites (arrow), b) There is 

clearly a focus in the following 34-36 somite group (arrow), c) By the 40-42 somite 

group the interventricular PCD is still present (arrow) but is now joined by foci of PCD 

in the left and right ventral aspects of the ventricles (arrowheads), d) At 46-48 somites 

the PCD foci are still present as before (arrow and arrowheads), e) This focus of PCD 

now extends more laterally and rostrally in the left ventricle (arrowhead), f), g) The 

foci of PCD persist at late E l l .5 and at E12.5 (arrow and arrowheads), h) The PCD 

foci persist in the ventral ventricles and the interventricular septum up to and including 

E l3.5 (arrow and arrowheads).

LA = left atrium 

LV = left ventricle 

OFT = outflow tract 

RA = right atrium 

RV = right ventricle 

s = somites 

scale bar = 0.55 mm
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extensive laterally and rostrally (arrowhead Figure 3.17e). By this stage, the 

interventricular septum has grown substantially and has come into contact with the 

superior atrioventricular cushion and divides most of the ventricles into left and right 

sides.

The foci in the ventral ventricles and the interventricular septum are still present 

in the 52-54 somite group (arrow and arrowheads, Figure 3.17f) and thereafter. Now, 

however, the PCD focus in the interventricular septum appears more clearly localised to 

the central and ventral aspects of the structure. The focus in the left ventricle is now 

much more extensive than that in the right -  it extends to the most rostral aspects of the 

ventricle and almost completely around it (arrow and arrowhead. Figure 3.17g). The 

foci in the ventricles still appear to be limited mainly to non-trabeculated myocardium. 

This pattern of PCD is present up to the latest stage examined, El 3.5 (arrow and 

arrowheads in Figures 3.17h).

3.2.5.3 Outflow tract PCD

At early E l0.5, in the 31-33 somite group, the outflow tract is a single vessel 

exiting from the right ventricle, and is connected to the aortic sac at its distal end. At 

this stage there are already foci of PCD. One focus can be seen in the developing 

aortopulmonary septum, which protrudes into the aortic sac (arrowhead Figure 3.18a). 

Other foci can be seen on the lateral walls of the sac (arrows Figure 3.18b). These are 

both regions through which neural crest cells are migrating on their way to the outflow 

tract cushions (Jiang et a l, 2000; described in detail in Section 1.2.6.5). These foci 

continue into the 40-42 somite group (arrows and arrowhead. Figure 3.18c). By the 46- 

48 somite stage, growth of the endocardial cushions and the aortopulmonary septum has 

resulted in the structures meeting and fusing to achieve partial septation of the aorta and 

pulmonary trunk (Figure 3.18d). The aortic sac is no longer present. At this time, PCD
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Figure 3.18 PCD in the great vessels and aortic sac shown by templating

a) PCD foci can be seen at 31-33 somites in the developing aortopulmonary septum 

(arrowhead), b) Foci are also present at 31-33 somites at the sides of the developing 

aortic sac (arrows), c) These foci are still present at 40-42 somites in the 

aortopulmonary complex (arrowhead) and the walls of aortic sac (arrows), d) At 46-48 

somites the aortopulmonary septum has divided the aortic sac into the pulmonary trunk 

and aorta. A PCD focus is still present within the common, medial walls of the two 

great arteries (arrowhead). In addition, PCD foci occur at the point at which the 

pulmonary trunk is attached to the main thoracic wall (white arrow) and at the lateral 

wall of the aorta (arrow), e) At 55-57 somites, a PCD focus can still be seen at the outer 

aspect of the aorta (arrow). Also, now, a focus of PCD can be seen between the 

separating aortic and pulmonary trunks (arrowhead), f) At E13.5, foci can still be seen 

at the outer edge of the aorta and pulmonary trunk (black arrows) and where the 

pulmonary trunk joins the thoracic body wall (white arrow), but not between the 

separated great vessels as in E l2.5. In this figure, PCD may also be seen at the caudal 

extremity of the aortic arch and around the descending aorta.

AO = aorta PT = pulmonary trunk

AS = aortic sac RA = right atrium

CAA = caudal aortic arch s = somites

DAO = descending aorta scale bar = 0.55 mm

LA = left atrium

LV = left ventricle

OFT = outflow tract
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foci can be seen at the connections between the great vessels and the thoracic wall 

(white arrow in Figure 3.18d). Also, the medial walls of the aorta and pulmonary trunk 

(which presumably correspond to what was the aortopulmonary septum) display a focus 

of PCD (arrowhead in Figure 3,18d). A PCD focus also occurs in the right lateral wall 

of the aorta, which presumably corresponds to what was the right wall of the aortic sac 

(arrow Figure 3.18d). These foci in the walls of the aorta and pulmonary trunk persist 

throughout E12.5 (Figure 3.18e). The focus in the apposing walls of the aorta and 

pulmonary trunk occurs at the point where the two structures are separating from one 

another (arrowhead in Figure 3.18e). At day E l3.5 (arrows in Figures 3.18f), by which 

time the aorta and pulmonary trunks have become clearly separated from one another, 

all the foci are still present, with the exception of the one in the dividing, apposing walls 

of the great arteries. This was the last stage examined.

A PCD focus first develops in the ventral aspect of the outflow tract 

myocardium at 40-42 somites, in its most rostral part (compare arrows in Figure 3.19a 

and b). This persists into the 52-54 somite group, at which point this region is clearly 

differentiated into the pulmonary trunk (arrow in Figure 3.19c). Although it continues 

into E13.5, its distribution seems to be less extensive (arrow. Figure 3.19d).

As described in 3.2.5.2, there is a relative leftward expansion of the outflow 

tract-ventricular junction. At early E l2.5, in the 49-51 somite group, just before this 

expansion completes, a focus of cell death appears in the left side of the muscular walls 

of the proximal outflow tract, as it exits the right ventricle (arrow in Figure 3.19e). This 

PCD focus continues into the 52-54 somite group and is accompanied by another focus 

on the right side of the outflow tract myocardium (arrows Figure 3.19f). These foci are 

present at the 58-60 somite stage (arrows Figure 3.19g) and E l3.5 (arrows Figure 

3.19h).

A summary of the results is shown in Table 3.1.
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Figure 3.19 Templates showing PCD foci in the outflow tract wall

a)-c) show PCD in the ventral aspect of the outflow tract wall and e)-f) in the lateral 

outflow tract walls.

a) At 37-39 somites no PCD is visible in the ventral aspect of the myocardial wall of the 

outflow tract (arrow), b) A PCD focus first appears in the ventral aspect of the outflow 

tract myocardial wall at 40-42 somites (compare arrows a) and b)). c) This focus 

persists in E l2.5 embryos (arrow), d) The PCD focus is still present at E l3.5 (arrow),

e) A PCD focus appears in the lateral myocardial wall at 49-51 somites. At this stage it 

exists only on the left hand side (arrow), f) By 52-54 somites, foci of PCD are present 

on the left and right outflow tract walls (arrows on left and right sides of outflow tract), 

g) The same is true at the end of E12.5 at the 58-60 somite group (arrows), h) These 

foci persist at E l3.5 (arrows).

LA = left atrium 

LV = left ventricle 

OFT = outflow tract 

RA = right atrium 

s = somites 

scale bar = 0.55 mm
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Table 3.1

Stage (som ite group/E13.5)

Structure 31-33 34-36 37-39 40-42 43-45 46-48 49-51 52-54 55-57 58-60 E13.5

Atria Adjacent to venous inlet X X X X
Right venous valve X X X X
Septum spurium X X X X X
Dorsal aspect of left atrium X
Sinus septum X X X X X -
Primary atrial septum X X X

AV cushions Cushions X X X X X X X X X
Ventricles Junction of right ventricle 

and outflow tract
X X X X X X X

Junction o f left ventricle and 
aorta

- - - - - - - X X
Junction of atria and 
ventricles

X X X
Interventricular area X X X X X X X X X X X
Ventral ventricles X X X X X X X X

Outflow tract Aorto-pulmonary septum X X X X X - - - - - -
Walls o f aortic sac X X X X X - - - - - -
Junction o f thoracic walls 
and OFT

- - - - - X X X X X X
Walls o f great vessels - - - - - X X X X X X
Ventral outflow tract walls X X X X X X X X
Lateral outflow tract walls X X X X
Outflow tract cushions X X X X X X X X X

X = Low intensity focus of PCD XX = High intensity focus of PCD 
A blank square indicates that no PCD focus is present.

- = structure not present at this developmental stage



3.3 Discussion

The discussion will first address whether, with regard to the evidence given in the 

results section, the TUNEL assay was appropriate for detecting PCD in this study. This 

is followed by an analysis of templating and its limitations, and then the distinction 

made between high and low intensity foci will be discussed. These methodological 

considerations are followed by a discussion of the possible significance of PCD during 

cardiac septation, with reference to the results shown in this chapter and the existing 

literature on apoptosis and heart development.

3.3.1 TUNEL is an appropriate method for detection of PCD in this study

There are a variety of techniques available for studying PCD, which all rely on 

detection of one or other of its biochemical, molecular or morphological features (see 

Chapter 1.1.2 for more details). For example, DNA laddering is a biochemical 

hallmark of PCD, molecularly the annexin V assay looks for the externalisation of a 

normally internal cell membrane-bound molecule, and some authors have even used 

histological staining to aid in morphological identification of PCD (Pexieder, 1975). 

This study necessitated that the method of detection of PCD be able to detect individual 

apoptotic cells in serial sections. Also, the method needed to be reliable, reasonably 

rapid and financially tenable. For these reasons, the TUNFL technique was chosen.

The peroxidase-conjugated TUNFL kit has the advantages that it is rapid (each 

experiment lasting around five hours), the labelling is permanent and discrimination of 

apoptotic and non-apoptotic cells can be made on the basis of positive labelling and 

morphology (as shown in Figures 3.2c and d). Furthermore, at the time the study 

began, TUNFL was a widely used technique within the contemporary literature. The 

main concern with the TUNFL technique was the possibility of false-positive labelling 

of necrotic cells (Grasl-Kraupp et ai,  1995). Therefore, nuclear morphology of
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TUNEL-marked structures was also examined to confirm apoptosis. Any TUNEL- 

positive nuclei that did not meet the morphological criteria for apoptosis (3.2.1) were 

not included for template analysis. Moreover, in order to confirm the efficacy of the 

technique, two other techniques were employed -  cleaved-caspase-3 labelling and 

transmission electron microscopy.

The high intensity PCD foci that occur in the endocardial cushions at E12.5 were 

chosen for analysis by anti-cleaved-caspase-3 labelling. As explained in Chapter 1, 

caspase-3 is specifically cleaved during PCD, and is partially responsible for some of 

the morphological hallmarks of apoptosis (Janicke et al ,  1998). The data show that 

there is a high level of cleaved-caspase-3 in endocardial cushions at E l2.5. 

Interestingly, this staining did not appear as abundant as that of TUNEL-labelling in 

endocardial cushions of the same aged embryos, suggesting two possibilities exist. 

Firstly, apoptotic cells may have a larger “time-window” in which they may be labelled 

by TUNEL than by the anti-cleaved caspase-3 antibody. Alternatively, TUNEL may be 

less specific, perhaps also marking necrotic cells. However, the transmission electron 

microscopy data (Section 3.2.2) show no necrotic cells within the proximal outflow 

tract septum and therefore suggest that the first suggestion may be correct -  that 

apoptotic cells are susceptible to labelling by TUNEL for a longer time than they are 

susceptible to labelling by anti-cleaved-caspase-3.

Would any of the other methods available for detection of PCD have been 

appropriate for this study? A few of the most common techniques are discussed below 

with regard to their potential advantages and disadvantages for use in this study. DNA 

laddering is an in situ technique and would be inappropriate as it would not reveal 

spatial differences in PCD within the heart since detection of the location of individual 

apoptotic cells is impossible with this method. Annexin V staining, which relies on 

externalisation of the normally internal phosphatidyl serine membrane protein early in
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the apoptotic process (Martin et al., 1995), could have been used as an alternative to 

TUNEL. However, this procedure must be carried out on whole tissue samples (see 

Introduction). Although this could be performed on the hearts under study, further 

examination would require either confocal microscopy or post-staining sectioning to 

enable any summation of data. Therefore TUNEL was favoured. It would, however, be 

a useful and aesthetically pleasing way of confirming PCD in the high intensity foci of 

cell death in the endocardial cushions, as has actually been done already by Zhao and 

Rivkees (2000).

Cleaved caspase-3 staining, as we have used to confirm PCD, is a robust method for 

the detection of apoptotsis. However, when this study began, this was not an 

established immunohistochemical method for detection of PCD. In addition, results 

from Section 3.2.2, as described above, suggest that the time window in which it labels 

apoptotic cells may be short compared to that for TUNEL.

Technically, apoptosis is a definition of nuclear morphology as it appears towards 

the latter part of PCD (Kerr et a l, 1972). Transmission electron microscopy can be 

used to detect with great accuracy and certitude apoptosis on sections (Kerr et a l, 1972; 

Huppertz et a l, 1999). However, the cost and time of performing electron microscopy 

on 33 embryonic hearts made it impractical for the purposes of this study. Some 

techniques, such as propridium idodide or 7 amino actionomycin D staining rely on the 

nuclear condensation that is characteristic of apoptosis (Philpott et a l, 1996). Since 

they are nuclear markers, nuclei that are condensed, such as apoptotic nuclei, show up 

more than neighbouring nuclei. This technique has been used in similar surveys of 

PCD to the one undertaken in this study, for example in the kidney (Camp et a l, 1996). 

However, initial trials with propridium iodide revealed that discrimination between 

apoptotic and non-apoptotic nuclei was relatively difficult compared with digoxigenin 

labelled TUNEL, particularly due to the autofluorescence of blood cells, which are
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abundant in the heart. This is partly because discrimination is only on the basis of light 

intensity and morphology, and not on colour differences. In addition, these stains are 

fluorescent and cannot be used or stored for long periods of time, as was sometimes 

necessary when summating data on templates.

3.3.2 The templating technique is a useful tool for the summation of data in 

regions where levels of PCD are low

Relatively low levels of PCD have been shown to be important in morphogenesis.

A loss of 2-3 % through apoptosis observed in a single “snap-shot”, for example from a 

TUNEL assayed section, can actually represent a reduction in cell numbers of 25% after 

a single day (Bursch et a l, 1990). Camp and Martin (1996), combining data from 

Coles et a l  (1993) and Perry et a l  (1983) suggest that a rate of 1-3% PCD in the 

developing rat mesonephros may be responsible, over the period of a few days, for loss 

of half of all the cells in the nephrogenic part of that structure. Moreover, it is well 

established that such “trickle-like” PCD removes 50% of all motor neurons that develop 

during embryogenesis (Oppenheim, 1991). The aim was, therefore, to investigate not 

only the high intensity foci of PCD that have been investigated in other recent studies of 

the developing heart, but also consistent low intensity PCD foci. Since a single 

TUNEL section represents only a “snap-shot” of the latter part of the apoptotic process, 

such low intensity PCD may be very difficult to spot, particularly if it affects only a 

small region. For this reason, we developed the templating technique. The technique 

has allowed the identification of several regions of low intensity PCD during the period 

of study, only one of which was visible on individual sections (that in the 

interventricular septum).
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To ensure that cardiac morphology was represented in adequate detail, each 

representative heart was divided into 16 equidistant rostro-caudal segments, as 

described in Section 2.8.1. So, even though hearts at 31-33 somites were significantly 

smaller than hearts at E l3.5, in both cases the right ventricle was represented in 13 

templates and the outfiow tract in six. As a result of this procedure, when sectioned 

from beginning to end, at a thickness of 8 pm, the E l3.5 embryonic heart yielded 112 

sections whereas the 31-33 somite embryonic heart produced only 80 sections. Since 

the TUNEL sections that were then used to template the data were made at the same 

thickness, each representative template for an E l3.5 embryo would summate data from, 

on average, 1.6 times as many TUNEL sections as a template from an embryo in the 31- 

33 somite group. The practical result of this is that quantitative judgements between 

templates of embryo groups, which are at different developmental stages, are difficult to 

make, since although, for example, the PCD focus in the interventricular septum 

appears more intense at E13.5 than at 31-33 somites this may be because the relevant 

template at E l3.5 shows the data from more sections. For this reason, the descriptions 

of PCD foci provided by templating alone have been limited to whether or not an 

obvious focus of PCD is present with comparison to the general distribution of TUNEL 

positive nuclei within hearts of the same stage.

Comparisons between foci in different somite groups were made with regard to 

morphological landmarks. Also, judgements could be made about the size of foci 

between groups since the images of templates were all taken at the same magnification, 

and so were directly comparable to one another. Imprecision may have occurred if, for 

example, the limits of a focus of PCD ended gradually rather than suddenly and not 

enough data were summated to be able to visualise the periphery of the focus. This 

would affect the earlier stages most, as there was less summation of data than in later 

stages.
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For the reasons just outlined, potentially important quantitative descriptions and 

global analysis of changes in PCD within structures through development, or between 

structures in a given developmental stage, was not possible with templating alone.

Such analysis is carried out in the following chapter.

3.3.3 The distinction between high and low intensity foci of PCD

Regions of PCD were described as high or low intensity foci. The term “focus” 

was used partly in recognition of its use in the seminal work by Pexieder in 1975, who 

applied the term to zones of relatively high PCD in the developing chick heart. The fact 

that these zones, as have been described in the current study, are accurately definable 

regions where PCD is concentrated, compared to a general level of apoptosis, would 

further justify the term focus \

As explained in the Results section, low intensity and high intensity foci were 

initially defined according to whether they could he clearly seen by examining 

individual TUNEL sections (high intensity foci) or if they could only be seen by 

templating (low intensity foci). In essence, this is an arbitrary, quantitative judgement 

of two intensity states at different ends of a spectrum. Interestingly, PCD foci that are 

categorised as having a high intensity display specific characteristics that are not found 

in those categorised as low intensity foci (other than just different concentrations of 

apoptosis). Specifically, the high intensity foci occur in the endocardial cushions, and 

become visible as “high intensity” foci at the same time as one another, in the 52-54 

somite group, whereas low intensity foci characterised all stages in different heart 

regions. This suggests that the distinction between “high” and “low” intensity foci may 

represent more than just a difference in the density of apoptosis, such as differences in 

their function and how they are controlled. The significance and the possible

' One of the definitions of a focus in The Oxford Dictionary and Thesaurus 1997 edition is “the centre of  
interest or activity”.
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differences between these two groups of foci are investigated in more detail in 

subsequent chapters.

3.3.4 High intensity foci of PCD in the atrioventricular region develop as the

central mesenchymal mass forms

Webb et al. (1998a) described the formation of the central mesenchymal mass, 

which they suggested formed the “fulcrum” of the septation process. It consists of the 

mesenchymal cap of the primary atrial septum, the mesenchymal cap of the vestibular 

spine, the apex of the interventricular septum and the two atrioventricular cushions 

(Figure 3.3f) which have all contacted and are undergoing fusion with one another at 

the 52-54 somite stage (early E l2.5). Thereafter, the mass is remodelled so that, by 

E l3.5, seams between the individual components have largely disappeared, and a 

continuous structure is formed. By this time, the parts of the atrioventricular cushions 

projecting into the ventricular chambers are thinning and condensing into the 

atrioventricular valves.

The high intensity foci of PCD become apparent in the atrioventricular cushions 

at the 52-54 somite stage, when the components of the central mesenchymal mass are 

starting to fuse. Of particular note, the foci in the atrioventricular cushions seem to 

occur at the fusion points between the primary atrial septum and the superior 

atrioventricular cushion, and between the superior and the inferior atrioventricular 

cushions, as well as within the mass of the superior atrioventricular cushion. This 

finding is only in partial agreement with the results of Zhao and Rivkees (2000), who 

did not note PCD within the mass of the atrioventricular cushions but did note PCD at 

the junctions of the atrioventricular cushions. However, the current observations are 

consistent with those made in the chick by Pexieder (1975). Although, Keyes and 

Sanders (1999) suggest that the PCD is within the mass of the cushions and not at the
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fusion points in the developing chick heart. While the difference between the results 

presented by Keyes and Sanders (1999) and the results presented here may be explained 

by species difference, they are difficult to reconcile with the results presented by 

Pexieder (1975) whose study was also on the chick.

Developmentally, PCD has been suggested to be important in other fusion 

processes. In their 1998 study, Jacobson et al. showed that PCD is required for the 

fusion of the neural folds of the developing chick embryo, and suggest that PCD is 

required for “epithelial sheet rearrangement”. With this in mind, the PCD seen in the 

atrioventricular area at E l2.5 may be involved in the fusion processes necessary for the 

formation of the central mesenchymal mass. One suggestion may be that this cell death 

removes the endocardium between apposing structures to aid fusion. However, this 

seems unlikely to be the sole explanation for this PCD as, if this were the case, it would 

be surprising (although not impossible) that such cell death is limited to the fusion 

points between the two atrioventricular cushions and the primary atrial septum with the 

superior cushion and is not found at the fusion point between the inferior 

atrioventricular cushion and the interventricular septum or between the fusing outflow 

tract cushions. Also, the PCD occurs in this distribution from E l2.5 through to E l3.5, 

covering a period of around 24 hours which, given the intensity of the PCD seen, is 

longer than one would expect is necessary for the removal of the apposing epithelial 

boundaries.

As to whether this cell death is actually required in some way for the fusion of 

the atrioventricular cushions and the mesenchymal cap of the primary atrial septum, 

evidence comes from a paper by Lakkis and Epstein (1998). In^this analysis, cardiac 

defects in AF-7-deficient mice are described. These null animals die at E14.5, 

exhibiting signs of cardiac failure. In AF-7-deficient embryos, the endocardial cushions 

form abnormally as they contain excessive numbers of cells. Moreover, there is a
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reduction in the amount of apoptosis in the high intensity PCD observed in both the 

outflow tract and atrioventricular cushions (Lakkis and Epstein, 1998). There is also an 

increase in proliferation in the endocardial cushions. As a consequence, cushion 

condensation does not occur, resulting in a failure to form mature valve leaflets. The 

NF-1 null mice, however, reportedly show no defect in fusion of the atrioventricular 

cushions. This suggests that PCD is not necessary for fusion of the central 

mesenchymal mass. Furthermore, fusion of the primary atrial septum and the 

interventricular septum with the atrioventricular cushions in the central mesenchymal 

mass occurs prior to B12.5 and is not accompanied by PCD foci. Zhao and Rivkees 

(2000) suggest that PCD in the fusion seams of the atrioventricular cushions functions 

to remodel the atrioventricular structures. Expanding on this, I would suggest that the 

incidence of PCD in the atrioventricular cushions just after, rather than before, the 

formation of the central mesenchymal mass is to allow synchronous, integrated 

remodelling of this structure. In support of this, the vestibular spine, a component of 

the central mesenchymal mass that has been described as the anchor for atrioventricular 

septation (Wessels et a l, 2000) first develops a PCD focus, albeit a low intensity one, at 

52-54 somites, as the mass forms. Subsequent PCD at E l3.5, in what are at this time 

clearly the atrioventricular valves, may be a continuation of this coordinated 

remodelling. It should be noted, however, that it is quite possible that the malformation 

of the atrioventricular valves in the NF-1 null mice is not only due to the defects in 

PCD observed, but mainly, or even entirely, due to the enhanced proliferation within 

the outflow tract cushions. It may also be argued that the high intensity focus of PCD 

has no role to play in the development of the central mesenchymal mass. While this 

possibility cannot be completely excluded, it seems unlikely that PCD of such intensity 

and so accurately spatio-temporally controlled would be redundant.
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3.3.5 High intensity PCD in the proximal outflow tract cushions occurs as this

structure is myocardialised and fuses

A potentially significant difference between the high intensity PCD in the 

outflow tract and atrioventricular cushions is that it does not occur at the line of cushion 

fusion in the outflow tract. Indeed PCD occurs not only before, but as fusion takes 

place either side of the putative line of fusion at El 2.5, and in the centre of the fused 

proximal septum at E l3.5, suggesting a functional difference between the high intensity 

PCD in the outflow tract cushions and that in the atrioventricular cushions. 

Myocardialisation is the process by which cardiomyocytes invade the proximal (but not 

distal) outflow tract from the neighbouring outflow tract myocardium (Ya et a i, 1998a; 

van den Hoff et al, 1999). No comparable process has been reported in the 

atrioventricular cushions of the mouse. The process begins at El 2.5 in the mouse 

embryo (Chapter 5). Myocardialisation has been well described in the rat by Ya e/ al 

(1998a) and in the chick by van den Hoff et a l (1999). These studies propose a link 

between the high intensity PCD in the proximal outflow tract and myocardialisation, 

suggesting a requirement for PCD to make room for invading cardiomyocytes, although 

no direct evidence for this is provided. The potential link between myocardialisation 

and PCD is examined in more detail in Chapter 5. Other than a role in 

myocardialisation, it is difficult to imagine how the focus of PCD in the outflow tract 

may allow proper apposition and fusing of the outflow tract cushions, especially since it 

does not occur at the points of fusion as this process is occurring. Zhao and Rivkees 

(2000) suggest that the PCD seen in this region of the outflow tract is associated with 

some sort of remodelling and “musculation”, by which, presumably, myocardialisation 

is to be understood. However, the authors did not expand on these suggestion.
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Morphologically, at E12.5 to E13.5, the proximal outflow tract cushions not 

only myocardialise and fuse to form the proximal outflow tract septum, but they also 

fuse with the central mesenchymal mass (Figures 1.15a and 1.15b). Completion of this 

fusion, as described in the General Introduction, results in the aorta exiting from the left 

ventricle and the pulmonary trunk exiting form the right ventricle. In cases where 

proximal outflow tract septation and fusion with the central mesenchymal mass fails to 

occur properly, ventricular septal defects, sometimes with associated double outlet right 

ventricle may occur. Could PCD be involved in allowing this coordination? Support 

for this comes from the NF-1 deficient mouse, which has reduced levels of PCD and 

develops a double outlet right ventricle.

Many authors have suggested that PCD in the outflow tract cushions at this 

stage may be connected with cardiac neural crest cells, and there is particularly strong 

evidence for this in chick models (described in detail in Section 1.3.3). This subject is 

investigated in Chapter 5 and will be discussed in detail there.

3.3.6 Low intensity PCD foci are frequently associated with septal structures

All of the septal structures exhibit low intensity PCD foci. This raises the 

question of whether a PCD focus in a given region is in some way involved in the 

septation process occurring in that region. The results shown in Section 3.2.5 show that 

the low intensity PCD foci have consistent and defined spatio-temporal patterns. As 

such, it seems likely that they are regulated, rather than spurious, and serve some 

function during cardiac development.

Of the low intensity foci observed by use of the templating technique, 

summarised in Table 3.1, all, except those in the ventral ventricles, the right atrium and 

the septum spurium, were described by Pexieder in the developing chick heart (1975). 

Watanabe et al (1998) described only PCD within the myocardial walls of the outflow
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tract, and only the low intensity foci in the ventricles and myocardial walls of the 

outflow tract have been previously described in the mouse (Abdelwahid et a l, 1999; 

Zhao and Rivkees, 2000) and none in the rat. Of these studies, only the report by 

Watanabe et a l (1998) provides a specific function for the PCD (this paper considers 

myocardial PCD in the outflow tract walls and is discussed below). Generally, the 

study of PCD in development has rarely investigated low-density foci of apoptosis, with 

the exceptions including apoptosis found in the developing nervous system and 

kidneys. This is hardly surprising, given the rapid nature of PCD and its clearance, and 

the fact that detection methods are for only specific parts of the process. The great 

advantage of the templating technique is that it summates data and allows precise 

visualisation of where even low levels of PCD occur. The existing literature, therefore, 

provides relatively few clues to the possible functions of low intensity PCD.

3.3.6.1 Low intensity PCD and the morphogenesis o f septal structures

A focus of PCD is always seen in the interventricular septum, which grows 

throughout the period under investigation to separate the left and right ventricles. The 

consistency of this PCD focus in the septum, which grows throughout the period under 

investigation to separate the left and right ventricles, may, circumstantially, suggest that 

its growth is in someway linked to the apoptosis seen within it. The possible 

relationship of apoptosis with the development of the interventricular septum is the 

subject of Chapter 7.

It is notable that the non-trabeculated myocardium and the interventricular 

septum are also structures undergoing a relatively high degree of proliferation 

associated with their compaction (unpublished data from our laboratory. Dr. Deborah 

Henderson). Therefore, arguably, the PCD may reflect a high turnover of cells in these 

regions due to proliferation. Alternatively, perhaps there is a “crowding” effect due to
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the high amount of proliferation, resulting in competition between cells for nutrients or 

growth factors that results in the death of some of the cells.

PCD is also thought to be important in the removal of vestigial structures, such 

as the tails of metamorphosing frogs Tata (1969) and interdigital webs in developing 

mammalian limbs (Zakeri et a l, 1994; Chautan et a l, 1999; Wood et a l, 2000). The 

sinus septum of the heart forms at the site of apposition of the dorsal walls of the left 

and right sinus horns (Webb et a l, 1998a). This structure is removed by 58-60 somites 

(E l2.5), and throughout this period contains a low intensity focus of PCD (Figure 3.10), 

perhaps suggesting a role for PCD in removal of this structure.

The focus of cell death within the primary atrial septum occurs from the 43-45 

somite stage at early El 1.5, coinciding with the development of the secondary atrial 

foramen. However, this PCD focus is not specifically located on the dorsal aspect of 

the septum, suggesting that cell death is not required for the development of the 

secondary atrial foramen. Subsequently, the mesenchymal cap of the primary atrial 

septum fuses with the atrioventricular cushions and PCD within it is difficult to 

distinguish from the high intensity PCD that occurs within the central mesenchymal 

mass.

The PCD focus in the dorsal atrial wall at 40-51 somites is close to the venous 

inlet of the atria. This structure is becoming incorporated into the atria at this stage and 

it is possible that this process requires remodelling of the junction of the atrial and 

venous horn walls so that they form a continuous structure. However this PCD is not 

observed at earlier stages, even though this incorporation starts earlier. The cell death 

in the septum spurium of the right atrium, and in a comparable region of the left atrium 

is not obviously associated with any regions of morphological or genetic activity. The 

PCD focus in the right venous valve, on the other hand, which occurs from 49-60 

somites, is associated with the fusion of the vestibular spine in the central mesenchymal
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mass, with which it is continuous. Once more, however, it is difficult to explain exactly 

how the focus of PCD may be involved in this process.

33.6.2 Low intensity PCD and outflow tract morphogenesis

The walls of the aortic sac, and subsequently those of the aorta and pulmonary 

trunk, always exhibit PCD. During cardiac septation, these walls are completely 

remodelled in order to form the two outflow vessels from the aortic sac. The PCD 

within these structures may be involved in aiding this remodelling, for example by 

helping to separate the two vessels from one another and the adjoining thoracic wall 

once they have septated. The aortopulmonary septum contains an obvious PCD focus. 

This neural crest-derived structure septates the distal outflow tract and fuses with the 

outflow tract cushions and is also required for proximal outflow tract fusion (described 

in detail in Section 1.2.6.5). However, this focus occurs at the earliest stages of distal 

outflow tract septation (31-33 somites), well before septation is actually achieved (43- 

45 somites). A possible explanation for this PCD comes from a study by Poelmann and 

Gittenberger-de Groot (1999), who suggest that certain subsets of neural crest cells in 

the chick may be susceptible to apoptosis. However, this paper focuses on a group of 

neural crest cells that appear to migrate to the venous pole of the heart, rather than the 

arterial, so may not be applicable to the cells found in the mouse aortopulmonary 

septum.

The results show PCD foci in the infundibular walls of the outflow tract 

myocardium. The cell death in the chick outflow tract myocardium has previously been 

proposed as a mechanism for outflow tract shortening (Watanabe et al, 1998), which is 

necessary for proper outflow tract development in the chick. Ya e/ al (1998a) provide 

evidence that there is shortening of the myocardium surrounding the outflow tract in 

rodent development, around the time of septation. These authors did not describe
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apoptosis in the myocardial wall, however, and suggest that outflow tract shortening 

might result from a transdifferentiation of myocardial cells, citing evidence from the 

developing chick (Arguello et al, 1978). The results, using the templating method, 

show that PCD does occur in the myocardial cuff of the outflow tract wall, which may 

be responsible, therefore, for this myocardial shortening in the mouse. Indeed, Zhao 

and Rivkees (2000) noted the presence of PCD in the outflow tract myocardium, at 

E l l .5, but did not comment on it further. This possibility is further investigated in 

chapters 4 and 5.

3.3.6.3 Symmetry o f low intensity PCD

It is interesting to note that, in general, PCD foci occurred in comparable areas, 

in the left and right sides of the heart. This might be expected since similar 

morphological processes occur bilaterally during cardiac septation. Notable exceptions 

include the foci of cell death in the atria, which occur in the venous inlet on the right 

rather than the left side (Figure 3.8) -  but this is attributable to the fact that the venous 

inlet is not symmetrical, hence there is no septum spurium in the left atrium nor any 

structure comparable to the right venous valve. The focus of PCD in the ventral aspect 

of the left ventricle is much more extensive than that in the right, perhaps reflecting 

differences in the morphological development, or rate of development, of the two 

ventricles, such as the fact that the left ventricle becomes more muscular than the right.

187



3.4 Summary

In this chapter, the spatio-temporal distribution of programmed cell death during 

mouse cardiac septation, between 10.5 and 13.5 days of gestation, is described. Foci of 

cell death occur in the heart during this time in a regulated and co-ordinated manner. 

Two types of foci of apoptotic activity are demonstrated: high intensity foci that are 

clearly visible on individual TUNEL-assayed sections, and low intensity foci that are 

only visible following data summation. The high intensity foci occur exclusively 

within the endocardial cushions and first appear at the 52-54 somite stage, as the central 

mesenchymal mass forms. The low intensity foci are present throughout septation and 

are frequently localised in regions where septation processes are occurring, such as in 

the interventricular septum. These data suggest a relationship between PCD and 

septation processes.
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CHAPTER 4

Q u a n t it a t iv e  a n a l y s is  o f

PROGRAMMED CELL DEATH DURING

CARDIAC SEPTATION
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4.1 Introduction

The data in Chapter 3 provided detailed qualitative information about the 

distribution of PCD during cardiac septation. The aim of this chapter is to complement 

the spatio-temporal map of PCD foci by quantitatively analysing apoptosis during 

cardiac septation and thereby validate distinctions made in the previous chapter. 

Furthermore, the quantitation will be used to obtain an idea of the absolute amount of 

PCD in different structures and to provide a more objective assessment of stage-by- 

stage changes in PCD, accounting for changes in total cell number in the heart as 

development progresses.

In the previous chapter the data summation relied on the use of representative, 

transverse, histological sections of the developing mouse heart throughout embryonic 

days 10.5 to 13.5. By counting the number of cells that each of these “typical sections” 

represents, estimates could be made of the total cell number of the different 

morphological regions of the heart during the period studied. Division of the number of 

apoptotic cells by the total number of cells found in these regions allowed a PCD index, 

expressed as a percentage, to be determined. More details of how total cell number and 

PCD indices were determined are given in Section 2.8.2.

The analyses described in this chapter were performed on anatomical regions 

rather than individual PCD foci for two main reasons. First, as described in the 

previous chapter, the boundaries of foci were difficult to define accurately, particularly 

at earlier stages, and so would be difficult to precisely and consistently demarcate. In 

addition, many regions did not display any PCD foci at certain stages of development. 

Second, one of the aims of this chapter is to see the relationship of PCD to cell 

numbers, and therefore analysis of PCD in specific anatomical structures, not just 

within foci, appeared most relevant.
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In Chapter 3, the stages of development from El 0.5 to El 2.5 were divided into 

groups spanning three somites. In this chapter, for these ten divisions, from 31-60 

somites inclusive, data showing the total cell number and PCD index were combined 

from adjacent pairs of groups. For example, data from 31-33 somites was combined 

with that from 34-36 somites. This allowed the curves to be “smoothed” and enabled 

trends to be more obvious. Combining data effectively averaged results across 12 hours 

of development. The early El 3.5 group was considered on its own to represent 12 

hours of development.
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4.2 Results

The PCD index of different regions of the heart are shown as graphs and 

descriptions are made of the trends observed. Statistical analysis was made by means 

of a one-way analysis of variance test (ANOVA) followed by pairwise tests of 

individual group differences where appropriate. Absolute changes in cell number are 

also given and described.

4.2.1 Difference between estimated and actual cell number, and estimated and

actual PCD index in the interventricular septum

In order to assess the accuracy of estimates of cell number based on templating, 

the actual cell number in one structure (the interventricular septum) was determined, 

allowing allowing estimated and actual figures to be compared. TUNEL-stained 

sections showing the interventricular septum from each of three embryos from the 31- 

33 somite stage, the 47-48 somite stage and at E l3.5 were examined. First, an estimate 

of total cell number was made, as described in the Materials and Methods chapter, by 

multiplying the number of cells in the interventricular septum of a template by the 

number of TUNEL sections that was represented by the template for each embryo 

(Table 4.1a). Total cell number was then determined by counting, as described in the 

Section 2.8.2, for each TUNEL-stained interventricular septum section represented by 

the template (Table 4.1). This yielded the actual number of cells in each TUNEL- 

stained interventricular septum that were represented by a template for each of the three 

embryos analysed at the respective ages. These figures were then used to find the 

estimated and actual PCD indices within each interventricular septum. The results are 

displayed in Table 4.1. In all but one case, the estimates of cell number were within 

12% of the actual values and the estimated PCD indices were within 10% of the actual 

PCD indices. For the one exception which arose, in the 46-48 somite group, the
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Table 4.1 Comparison of actual and estimated cell numbers in the interventricular 

septum

The differences between actual and estimated cell numbers, and actual and estimated 

PCD index in sample sections of the interventricular septum at different stages of 

development are shown in this table. The Embryo no. column shows specifies which 

embryo from each group is analysed in a given row.

In a) The PCD no. column shows how many apoptotic nuclei were recorded in 

TUNEL-assayed sections of interventricular septa (whose morphology was comparable 

to a specific section of the representative template). No. of sections shows how many 

sections from each of the TUNEL-assayed interventricular septa were comparable to 

the specific section of the representative template. No. of cells in template shows how 

many cells were counted within the interventricular septum in the section of the 

template. The Estimated cell number is the product of No. of sections and No. of 

cells in template. The Actual cell number shows how many cells were counted in the 

TUNEL-assayed interventricular septa. The estimated /actual A % is the estimated 

/actual cell number expressed as a percentage. The Average estimated /actual A is 

the average estimated /actual cell number (%) at each stage and Average % difference 

A is the percentage difference between the actual and estimated cell number across 

stages.

In b), the Estimated PCD index is the result of dividing PCD no. by the Estimated 

cell number, expressed as a percentage. The Actual PCD index is the result of 

dividing PCD no. by the Actual cell number, expressed as a percentage. The 

estimated /actual B % is the estimated /actual PCD index expressed as a percentage. 

The Average estimated /actual B is the average estimated /actual PCD index (%) at 

each stage and Average % difference B is the percentage difference between the actual 

and estimated PCD index across stages.

Where the difference between the estimated and actual cell number/PCD index was 

greater than 10%, the value is highlighted in red.

s = somites

SEM = standard error of the mean



T a b le  4 .1

a Stage Embryo
No.

PCD no. No. of 
sections

No. of cells 
in template

Cell number Estimated/ 
Actual% A

Average 
Estimated/A 
ctual% A ± 
SEM

Average % 
Difference A 
±SEM

Estimated Actual

E13.5 1 3 2 1079 2158 2059 104.8
101.1 ±3.07

(109.6-100)
2 46 4 4316 4171 103.5
3 75 3 3237 3408 95.0

46- 1 15 3 695 2085 1448 M4.0
48s 2 23 4 2780 2506 110.1 118.0 ±13.30 9.6 ± 4.88

3 61 5 3475 3473 100
34- 1 0 5 152 760 684 llL l
36s 2 1 5 760 694 109.5 109.7 ±0.78

3 0 4 608 561 108.4
Stage

E13.5

46-
48s

34^
36s

Embryo
No.

PCD index Estimated/Actual
% B

Estimated
0.14
1.07
2.32
0.72
0.83
1.76

0.13

Actual
0.15 93.3
1.10 97.3
2.20 105.5
1.04 69.2
0.92
1.76

0.14

90.2
100
100
92.8
100

Average
Estimated/Actual% 
B±SEM

98.7 ± 3.59

86.5 ±9.09

97.6 ± 2.40

Average %
Difference
B±SEM

(94.3-100) 

-5.7 ±3.90



estimated total cell number was 44% greater than the actual number and the estimated 

PCD index was 31% less than the actual one. The average difference between 

estimated and actual cell numbers across stages was 9.6% ± 4.9% (standard error of the 

mean), and the average difference in estimated and actual PCD indices was -5.7% ± 

3.9% (standard error of the mean). This suggests that this method for estimating the 

PCD index is valid.

4.2.2 Cell number and PCD index changes during cardiac septation

The total cell number in different structures during septation was estimated, as 

described in Section 4.1 and in the Materials and Methods Chapter. The data are shown 

graphically in Figures 4.1, 4.2 and 4.3. The bar charts represent total cell number and 

the line charts represent the PCD indices.

In most of the structures examined, total cell number increases with time. The 

exceptions are the stalk of the primary atrial septum (Figures 4. le), the outflow tract 

wall (Figures 4.3c) and the atrioventricular cushions (Figure 4.3g). Total cell number 

appears to remain relatively constant in the stalk of the primary atrial septum from 55 

somites onwards (Figures 4.le). In the atrioventricular cushions, although total cell 

number increases until 55-60 somites, at E l3.5 it falls (Figure 4.3g). In the outflow 

tract wall total cell number increases from 31 somites to 60 somites, but there is a 

dramatic fall at EI3.5 (Figures 4.3c).

In comparing changes in cell numbers with the PCD index, of particular interest 

was whether the changes in cell number in given regions were proportional, or inversely 

proportional, to changes in the PCD index. Generally, no such relationships were 

observed. Specific instances did occur, however, where marked trends in changes in 

cell number and PCD index occurred concurrently. In the outflow tract wall, an 

increase in PCD between 49-54 somites and E l3.5 from less than 0.4% to 0.7% appears
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Figure 4.1 Comparison of cell numbers and PCD index through time in atrial 

structures

Changes in absolute cell numbers (a), c), e) and g)) and changes in the PCD index (b),

d), f) and h)), expressed as a percentage, in the right (a), and b)) and left (c) and d)) 

atria, the stalk of the primary atrial septum (e) and f)) and the mesenchymal cap of the 

primary atrial septum (g) and h)).

a) Total cell number in the right atrium increases through time, b) shows a fairly 

constant PCD index around the 0.1% level through this time, c) and d) show similar 

trends in the left atrium.

e) An initial increase in cell number in the primary atrial septum between the 31-36 and 

the 37-42 somite group is followed by a relatively constant (although apparently 

unstable) cell number, f) The PCD index in the stalk of the primary atrial septum 

fluctuates around the 0.2% level, g) Up to its fusion with the atrioventricular cushions 

at 49 somites, the mesenchymal cap of the primary atrial septum is consistently 

growing, h) shows that the PCD index in the mesenchymal cap of the primary atrial 

septum increases rapidly up to 49 somites.

Note that the scales on the Y-axis of e) and g) are ten-times smaller than on the other 

total cell number graphs, since the numbers were so low in the primary atrial septum 

compared to other structures.

s = somites
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Figure 4.2 Comparison of cell numbers through time in ventricular structures

Changes in absolute cell numbers (a), c), e), g) and i)) and changes in the PCD index 

(b), d), f), h) and j)), expressed as a percentage, in the left ventricular wall (a), and b)) 

and trabeculated myocardium (c) and d)), the right ventricular wall (e), and f)) and 

trabeculated myocardium (g) and h)), and in the interventricular septum (i) and j)). 

a) Total cell number in the left ventricular, wall increases through time, b) shows a 

tendency for the PCD index to increase through septation.

c) Cell number increases in the left ventricular trabeculated myocardium through the 

time period investigated, d) shows a more invariant PCD index than in the ventricular 

wall.

e) shows an increase in cell number in the right ventricular, non-trabeculated 

myocardium, f) shows the PCD index in the right ventricular wall to increase through 

septation.

g) Cell number in the right trabeculated myocardium increases with time, h) shows an 

even level of PCD in the right ventricular trabeculated myocardium, 

i) In the interventricular septum, cell number increases with time, j) shows a propensity 

for an increase in PCD index within the interventricular septum through septation.

s = somites
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Figure 4.3 Comparison of cell numbers through time in outflow tract structures 

and the atrioventricular cushions

Changes in absolute cell numbers (a), c), e) and g)) and changes in the PCD index (b),

d), f) and h)), expressed as a percentage, in the aortic sac/great arteries (a), and b)), the 

outflow tract walls (c) and d)), the outflow tract cushions (e) and f)), and the 

atrioventricular cushions (g) and h)).

Figures a), c), e) and g) show how absolute cell numbers change in the aortic sac/great 

arteries, the outflow tract walls, the outflow tract cushions and the atrioventricular 

cushions, respectively. Figures b), d), f) and h) show the PCD index, expressed as a 

percentage, in the aortic sac/great arteries, the outflow tract walls, the outflow tract 

cushions and the atrioventricular cushions, respectively.

a) Total cell number in the aortic sac/great arteries increases gradually (compared to 

other cardiac structures) through time, b) shows a trend towards increasing PCD 

through septation in the aortic sac/great vessels.

c) There is an increase in cell number in the outflow tract walls until 60 somites, and 

thereafter, at E l3.5, a decrease, d) shows a trend for increasing PCD in the outflow 

tract wall through septation.

e) Total cell number in the outflow tract cushions increases through time until 55-60 

somites and then plateaus to El 3.5. f) shows an initially low level of PCD in the 

outflow tract cushions followed by a massive increase at late El 1.5 to E l2.5 and then a 

slight decrease at E l3.5.

g) Cell number in the atrioventricular cushions increases gradually with time until 60 

somites, after which there is a slight decrease, h) shows a similar trend in the 

atrioventricular cushions PCD index as in the outflow tract cushions, that is to say an 

initially low level of PCD followed by a massive increase at late El 1.5 to E12.5 and 

then a slight decrease at E l3.5.

Note that the scale on Y-axes of f) and h) is greater than for other structures, 

s = somites
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to be associated with a reduction in the rate of increase, and finally a fall in, cell number 

(Figure 4.3c and d). Similar inverse associations, where a rising PCD is associated with 

a stabilising or falling cell number, are observed in the outflow tract and atrioventricular 

cushions respectively (Figures 4.3 e and f, and Figures 4.3 g and h). In the outflow tract 

cushions, the PCD index rises from approximately 2% to 6% at E l2.5 and then falls 

slightly at E l3.5 to 5%, in association with a stabilising cell number (Figures 4.3e and 

f). Similarly, in the atrioventricular cushions PCD index rises from approximately 1% 

to 4% at E12.5 and then falls at E13.5 to 2.5%, and is associated with a decrease in cell 

number of approximately 20% (Figures 4.3 g and h).

4.2.3 Statistical analysis of PCD indices

Comparisons were made between PCD indices in different regions of the heart 

at the same stage (4.2.4). These were analysed for statistical significance by one-way 

analysis of variance tests (ANOVA) within stages. If significant differences were 

found (p<0.05), the ANOVA was followed by a pairwise test to assess between which 

structures the differences occurred. The null hypothesis being tested was that X and Y 

are the same at the 5% confidence level, where X and Y are the PCD indices for 

different regions of the heart within a certain stage. Rejection of the null hypothesis 

suggests that the PCD indices are statistically different.

The top halves of Figures 4.4 to 4.8 graphically show the comparisons made.

The results of the statistical analysis are tabulated in the bottom half of the figures. The 

first two columns show the comparison being made. The first column for each stage 

provides details of the ANOVA, and if applicable the subsequent pairwise test 

performed. In cases where equal variance was not achieved, the test was performed as 

an ANOVA on ranks, and in cases where the treatments were found to be significantly 

different, the Student Newman Keuls test was performed. Then the second column
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Figure 4.4 Comparison of PCD indices in atrial structures

The Figure shows how mean PCD indices vary through septation in different atrial 

structures.

The graph compares the PCD index in the stalk (green line) and the mesenchymal cap 

(blue line) of the primary atrial septum and the right and left atria (black and red lines 

respectively). This plot is an amalgamation of data from Figures 4.1 b, d, f  and h.

The tables summarise the results of ANOVAs and subsequent pairwise tests (p<0.05) 

for the comparisons of PCD index in specific atrial regions (X and Y). For each age 

group, the “Test” column indicates the type of ANOVA performed at the given 

developmental stage. Details of the ANOVA are then given. If the p  value was less 

than 0.05, a Student Newman Keuls pairwise test was performed. The “Diff ’ column 

indicates whether a difference was predicted prior to statistical testing between the PCD 

indices of the two structures being compared simply from appearance on the graph. If a 

difference is predicted, the box is highlighted in green. If a difference was predicted the 

“t  PCD” column indicates which structure was predicted to have a higher PCD index. 

The “Sig?” column indicates whether the Student Newman Keuls pairwise test, if 

performed, found a significant difference between the PCD indices of the structures 

being compared. If a difference was predicted and statistically supported, the box is 

highlighted in green, whereas predicted differences that were not statistically supported, 

are highlighted in red.

The most obvious trends are: (i) There is greater PCD in the mesenchymal cap of the 

primary atrial septum compared to the stalk of the primary atrial septum and the main 

bodies of the two atria, although this is only statistically significant at 43-48 somites.

(ii) There is increased cell death in the right atrium compared to the left (approximately 

a two-fold difference). Again, though, this difference is only statistically significant at 

43-48 somites.

A = ANOVA s= somites

AR = ANOVA on ranks SNK = Student Newman Keuls test

L/RA = left/right atrium Error bars = standard error of the mean

PAS = stalk of primary atrial septum

MC = mesenchymal cap of primary atrial septum

NA = not applicable
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to be associated with a reduction in the rate of increase, and finally a fall in, cell number 

(Figure 4.3c and d). Similar inverse associations, where a rising PCD is associated with 

a stabilising or falling cell number, are observed in the outflow tract and atrioventricular 

cushions respectively (Figures 4.3 e and f, and Figures 4.3 g and h). In the outflow tract 

cushions, the PCD index rises from approximately 2% to 6% at E l2.5 and then falls 

slightly at E l3.5 to 5%, in association with a stabilising cell number (Figures 4.3e and

f). Similarly, in the atrioventricular cushions PCD index rises from approximately 1% 

to 4% at E12.5 and then falls at E13.5 to 2.5%, and is associated with a decrease in cell 

number of approximately 20% (Figures 4.3 g and h).

4.2.3 Statistical analysis of PCD indices

Comparisons were made between PCD indices in different regions of the heart 

at the same stage (4.2.4). These were analysed for statistical significance by one-way 

analysis of variance tests (ANOVA) within stages. If significant differences were 

found (p<0.05), the ANOVA was followed by a pairwise test to assess between which 

structures the differences occurred. The null hypothesis being tested was that X and Y 

are the same at the 5% confidence level, where X and Y are the PCD indices for 

different regions of the heart within a certain stage. Rejection of the null hypothesis 

suggests that the PCD indices are statistically different.

The top halves of Figures 4.4 to 4.8 graphically show the comparisons made.

The results of the statistical analysis are tabulated in the bottom half of the figures. The 

first two columns show the comparison being made. The first column for each stage 

provides details of the ANOVA, and if applicable the subsequent pairwise test 

performed. In cases where equal variance was not achieved, the test was performed as 

an ANOVA on ranks, and in cases where the treatments were found to be significantly 

different, the Student Newman Keuls test was performed. Then the second column
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Figure 4.4 Comparison of PCD indices in atrial structures

The Figure shows how mean PCD indices vary through septation in different atrial 

structures.

The graph compares the PCD index in the stalk (green line) and the mesenchymal cap 

(blue line) of the primary atrial septum and the right and left atria (black and red lines 

respectively). This plot is an amalgamation of data from Figures 4.1 b, d, f  and h.

The tables summarise the results of ANOVAs and subsequent pairwise tests (p<0.05) 

for the comparisons of PCD index in specific atrial regions (X and Y). For each age 

group, the “Test” column indicates the type of ANOVA performed at the given 

developmental stage. Details of the ANOVA are then given. If the p  value was less 

than 0.05, a Student Newman Keuls pairwise test was performed. The “D iff’ column 

indicates whether a difference was predicted prior to statistical testing between the PCD 

indices of the two structures being compared simply from appearance on the graph. If a 

difference is predicted, the box is highlighted in green. If a difference was predicted the 

“Î  PCD” column indicates which structure was predicted to have a higher PCD index. 

The “Sig?” column indicates whether the Student Newman Keuls pairwise test, if 

performed, found a significant difference between the PCD indices of the structures 

being compared. If a difference was predicted and statistically supported, the box is 

highlighted in green, whereas predicted differences that were not statistically supported, 

are highlighted in red.

The most obvious trends are: (i) There is greater PCD in the mesenchymal cap of the 

primary atrial septum compared to the stalk of the primary atrial septum and the main 

bodies of the two atria, although this is only statistically significant at 43-48 somites.

(ii) There is increased cell death in the right atrium compared to the left (approximately 

a two-fold difference). Again, though, this difference is only statistically significant at 

43-48 somites.

A = ANOVA s= somites

AR = ANOVA on ranks SNK = Student Newman Keuls test

L/RA = left/right atrium Error bars = standard error of the mean

PAS = stalk of primary atrial septum

MC = mesenchymal cap of primary atrial septum

NA = not applicable
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Figure 4.5 Comparison of PCD indices in ventricular structures

The Figure shows how mean PCD indices vary through septation in different ventricular 

structures.

The graph compares the PCD index in the interventricular septum (black line), the right 

and left ventricular walls (red and purple lines respectively), and the right and left 

trabeculated myocardium (blue and green lines, respectively). This plot is an 

amalgamation of data from Figures 4.2 b, d, f, h and j.

The tables summarise the results of ANOVAs and subsequent pairwise tests (p<0.05) 

for the comparisons of PCD index in specific ventricular regions (X and Y). The 

columns are as described for Figure 4.4.

The most obvious trends are: (i) The interventricular septum has more cell death than 

the other structures. This observation, with specific regard to the ventricular walls, is 

statistically supported at all stages except at 31-36 somites and at E13.5. (ii) There 

appears to be higher cell death in the ventricular walls than the trabeculated 

myocardium. However, this difference is only statistically significant at 55-60 somites,

(iii) There is a propensity for the left ventricular structures to have greater PCD than the 

right ventricular structures, which is statistically significant at 55-60 somites.

A=ANOVA

AR = ANOVA on ranks

IVS = interventricular septum

L/RVT = left/right trabeculated myocardium

L/RW = left/right ventricular wall

s= somites

SNK = Student Newman Keuls test 

Error bars = standard error of the mean
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Figure 4.6 Comparison of PCD indices in the outflow tract

The figure shows how mean PCD indices vary through septation in different outflow 

tract structures. The blue line shows PCD in the outflow tract cushions, the red line 

shows PCD in the aortic sac/great arteries, and the green line shows PCD in the wall of 

the outflow tract. The graphs are an amalgamation of data from Figures 4.3 b, d and f. 

The tables summarise the results of ANOVAs and subsequent pairwise tests (p<0.05) 

for the comparisons of PCD index in specific regions of the outflow tract and in the 

great arteries (X and Y). The columns are as described for Figure 4.4.

The first obvious difference is an increased amount of apoptosis in the aortic sac at 37- 

42 somites, which is statistically greater than in both the outflow tract walls and the 

outflow tract cushions. This apoptosis subsequently subsides. Then at 49-54 somites 

there is a dramatic increase in the PCD within the outflow tract cushions, which is 

statistically greater than in the great arteries and the outflow tract walls throughout the 

rest of the period investigated.

A = ANOVA 

AR = ANOVA on ranks 

AS/GA = aortic sac/great arteries 

OFTC = outflow tract cushion 

OW = outflow tract wall 

s= somites

SNK = Student Newman Keuls test 

Error bars = standard error of the mean
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Figure 4.7 Comparison of PCD indices in endocardial cushion tissues 

The figure compares the PCD index in the mesenchymal cap of the primary atrial 

septum (green line), and the outflow tract and atrioventricular cushions (blue and pink 

lines, respectively). PCD in the mesenchymal cap of the primary atrial septum is not 

shown after 48 somites, as beyond this time it has fused and apoptosis in it is effectively 

indistinguishable from that in the atrioventricular cushions. The graph is an 

amalgamation of data from Figures 4.1h and 4.3 f  and h.

The tables summarise the results of ANOVAs and subsequent pairwise tests (p<0.05) 

for the comparisons of PCD index in the endocardial cushion tissues (X and Y). The 

columns are as described for Figure 4.4.

The PCD index in the mesenchymal cap appears to be greater than in the outflow tract 

at 49 somites, but this difference is not statistically significant. Thereafter, PCD 

increases dramatically in both outflow tract and atrioventricular cushions from 49-54 

somites but falls somewhat at E l3.5. Although the index can be seen to change 

comparably in both, the magnitude is slightly greater in the outflow tract cushions than 

in the atrioventricular cushions, although not statistically different.

A = ANOVA

AR = ANOVA on ranks

A VC = atrioventricular cushions

MC = mesenchymal cap of primary atrial septum

NA = not applicable

OFTC = outflow tract cushion

s = somites

SNK = Student Newman Keuls test 

E rro r bars = standard error of the mean
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Figure 4.8 Comparison of PCD indices in non-trabeculated ventricular 

myocardium and the outflow tract wall

The figure compares the PCD index in the right and left ventricular wall (green and blue 

respectively), and the outflow tract wall (red line). The comparison between the left and 

right ventricular walls is not shown as it was made in Figure 4.5. The plots are an 

amalgamation of the data in Figures 4.2b and f, and 4.3d.

The tables summarise the results of ANOVAs and subsequent pairwise tests (p<0.05) 

for the comparisons of PCD index in the ventricular walls and the outflow tract walls (X 

and Y). The columns are as described for Figure 4.4.

PCD within the left ventricular wall and outflow tract wall myocardium is strikingly 

similar and appears higher than that in the right ventricular wall, although this 

difference is only statistically significant at 55-60 somites.

A = ANOVA

AR = ANOVA on ranks

L/RW = left/right ventricular wall

OW = outflow tract wall

s = somites

SNK = Student Newman Keuls test 

Error bars = standard error of the mean
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shows whether, judging from the graphs in the top half of that figure, a difference can 

be observed in the PCD index for a given comparison. The third column shows which 

of the two indices being compared appeared to be higher, and the final column for each 

stage, whether the difference was found to be statistically significant, that is to say 

whether the null hypothesis was rejected. Descriptions of these results are provided in 

more detail in Section 4.2.4 in conjunction with descriptions of the graphical 

representations of PCD indices in different regions of the heart.

4.2.4 Comparisons of PCD indices

The comparisons of PCD indices in different structures of the heart are 

described in this section. In the descriptions given, reference is also made to trends in 

PCD observed in the previous chapter and also whether observed differences are 

statistically supported.

4.2.4.1 General observations

It was shown in the previous chapter that, throughout septation, there is a trend 

towards an increase in the number and intensity of PCD foci. The data in this chapter 

support this for the different outflow tract and ventricular structures analysed, where the 

PCD index tends to increase through the period of septation (Figures 4.5,4.6, 4.7 and 

4.8), but not the atria or the stalk of the primary atrial septum (Figure 4.4).

4.2.4.2 Atria

Figure 4.4 displays the PCD index found by quantitating data from templating in 

the left and right atria, and the stalk and the mesenchymal cap of the primary atrial 

septum. Although initially, the PCD index in the mesenchymal cap of the primary 

atrial septum is given, from the 49-54 somite group, PCD within the mesenchymal cap
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of the primary atrial septum was difficult to distinguish from that in the atrioventricular 

cushions, as these structures were fusing. Therefore from 49 somites onwards, the PCD 

within the mesenchymal cap of the primary atrial septum has been quantitated with 

PCD in the atrioventricular cushions. Apoptosis within the venous valves has been 

included with the PCD index within the right atrium, of which they are a part.

PCD is clearly highest in the mesenchymal cap of the primary atrial septum 

(blue line), particularly at 43-48 somites, just prior to its fusion with the atrioventricular 

cushions, when it reaches levels of around 1%, approximately five times higher than in 

other atrial structures. At this point the difference in PCD index in the mesenchymal 

cap of the primary trial septum compared to the other atrial structures is statistically 

significant. This corresponds to the first appearance of a focus of PCD in the 

mesenchymal cap of the primary atrial septum, as observed by templating (Section 

3.2.5.1). The graph shows that the PCD index within the stalk of the primary atrial 

septum (green line), which is generally within the range of 0.2%-0.3%, although lower 

than that in the mesenchymal cap, is still consistently greater than that in the left and 

right atria (red and black lines respectively), in which the PCD index is invariably 

below 0.2%. This difference is not, however, statistically significant at any point. Also 

in Chapter 3, PCD foci were noted to occur in right, but not in left, atrial structures from 

37-42 somites onwards, except at 49-54 somites where a focus of PCD briefly appears 

in the left atrial wall. Consistent with this is the finding that from 37 somites onwards, 

with the exception of the 49-54 somite stage, the PCD index in the right atrium (blue 

line), which varies between approximately 0.05 and 0.2%, was approximately twice that 

in the left (red line), although this difference is only statistically significant at 43-48 

somites. The levels of PCD in the right atrium, despite being higher than in the left 

atrium, were still lower than those found in most other parts of the heart. The atria were
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the only structures whose PCD indices consistently remained below 0.2% throughout 

the period examined.

4.2.4.3 Ventricles

For the purposes of quantitation, the ventricles have been divided into five 

regions. These are the left and right trabeculated myocardium and ventricular walls, 

and the interventricular septum. The PCD index in these structures during septation is 

graphically displayed in Figure 4.5.

The general trends in PCD are comparable in four of the five structures, 

although they occur to different degrees. PCD in the interventricular septum, shown by 

the black line, the walls of the left (purple line) and right (red line) ventricles and the 

trabeculated myocardium of the left ventricle (green line) generally increases between 

E l0.5 and E l3.5. The PCD index in the right ventricular trabeculated myocardium 

(blue line), however, remains relatively constant, and low (never exceeding 0.25%), 

throughout this period.

Templating in Chapter 3 suggested that the first focus of PCD to appear was in 

the interventricular septum. This focus was maintained throughout the development of 

the septum. The quantitative data confirm that the highest PCD index in the ventricles 

is that of the interventricular septum (black line), reaching peaks of around 0.6% at 43- 

48 and 49-54 somites and at E l3.5. Up to the 49-54 somite stage, it is twice as high as 

the PCD index in the left ventricular wall (purple line), but at later stages, they have 

equivalent indices. The difference in PCD indices between the interventricular septum 

and the left ventricular wall was statistically significant from 37-42 somites through to 

49-54 somites, and the difference between the interventricular septum and the right 

ventricular wall was statistically significant from 37-42 somites through to 55-60 

somites.
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From templating, the ventricular walls appeared to have more PCD than the 

trabeculated component of the ventricles from 40-42 somites onwards (Section 3.2.5.2). 

In the left ventricle, the graphical results in Figure 4.5 support this from 43 somites to 

E l3.5 (compare purple and green lines), with the PCD index in the left ventricle being 

up to three times greater than in the trabeculated component, and reaching statistical 

significance at 55-60 somites. In the right ventricle, a greater PCD index in the wall 

was only apparent from 49 somites onwards, although this trend was not as obvious as 

that in the left ventricle (compare red and blue lines). This difference was statistically 

significant for the 55-60 somite group.

Chapter 3 also suggested that the focus of PCD that appeared in the left 

ventricular wall was more extensive than in the right wall. This result is again 

supported by the findings shown in Figure 4.5, where the PCD index can be seen to be 

greater in the left ventricular wall than in the right from 43 somites onwards (compare 

purple and red lines). The PCD in the left ventricular wall is generally around twice 

that in the right ventricular wall, although again, the difference is only statistically 

significant at the 55-60 somite group.

No PCD foci were evident within the trabeculated myocardium of the ventricles 

in Chapter 3. Interestingly, however, the results presented here suggest that although 

initially the PCD index within each of these structures is identical, from 55 somites to 

EI3.5, the left ventricular trabeculated myocardium has a PCD index of around 0.2%, 

compared to one of 0.1% in the right (compare green and blue lines), this difference 

being significant in the 55-60 somite group.
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4.2.4.4 Outflow tract

The outflow tract has been divided into the walls of the outflow tract, the aortic 

sac, which at 43-48 somites has effectively become the trunks of the great arteries, and 

the outflow tract cushions. Figure 4.6 displays the PCD indices in these structures.

PCD in all three regions is initially very similar at 31-36 somites, being around 

0.1%. This is despite the finding, in Chapter 3, that between 31-36 somites there is a 

focus of cell death in the aortopulmonary septum, but not in the outflow tract walls or 

cushions. However, in the next group, although the incidence of PCD remains similar 

in the outflow tract walls (green line) and cushions (blue line), there is a dramatic, 

statistically significant, increase in PCD in the aortic sac (red line) to 0.6%, which 

subsequently, at the 38-42 somite stage, falls to the same levels as in the outflow tract 

walls and cushions.

Thereafter, the PCD indices within the great arteries (red line) and outflow tract 

walls (green line) increase gradually, and comparably to one another, to around 0.4% at 

60 somites. At E l3.5, PCD within the outflow tract wall (green line) increases further 

to around 0.7%, whereas that in the great arteries appears to have stabilised. In 

contrast, at 49 somites, there is a sudden six-fold increase in PCD within the outflow 

tract cushions, with the PCD index reaching 2% (blue line). This was described 

qualitatively in individual TUNEL assayed sections in Section 3.2.2. There is a further 

increase at 55-60 somites to 6%, followed by a slight drop at E l3.5 to 5%. The 

difference in PCD index between the great arteries and the wall of the outflow tract, and 

the outflow tract cushions is statistically significant at 49-54 and 55-60 somites, and at 

E13.5.
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4.2.4.5 Endocardial cushion tissues

The PCD index of the outflow tract cushions, already described in relation to the 

rest of the outflow tract, is compared to that of the atrioventricular cushions, and the 

mesenchymal cap of the primary atrial septum in Figure 4.7. The mesenchymal cap of 

the primary atrial septum (green line) consistently has the highest PCD index of these 

structures leading up to 49 somites, at which point it fuses with the atrioventricular 

cushions. This difference is not, however, statistically significant.

The most obvious changes in PCD noted in Chapter 3 occurred in the 

endocardial cushions, which demonstrated a massive increase in cell death from 49-54 

somites that further increased at 55-60 somites and then fell slightly at E l3.5. These 

results are reflected by the quantitative data. Changes in the PCD indices of the two 

structures occur concurrently, although to slightly different degrees, with the PCD 

index in the outflow tract cushions (blue line) usually being slightly higher than that in 

the atrioventricular cushions (pink line), although this difference was never statistically 

significant.

4.2.4.6 The outflow tract and ventricular walls

The myocardial outflow tract wall is untrabeculated and in direct continuity with 

the walls of the ventricles. A graph displaying the PCD indices in these structures is 

shown in Figure 4.8. The indices in the left ventricular wall and the outflow tract wall 

are almost identical throughout the period investigated (blue and red lines respectively). 

However, the PCD index in the right ventricular wall (green line) is around half that in 

the other two structures from 43 somites onwards.
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4.3 Discussion

The discussion begins with an assessment of the validity of the methods used to 

estimate total cell numbers and PCD indices. This is followed by a discussion of the 

quantitative analysis presented. Finally, PCD and changes in cell number in the 

outflow tract are discussed with regard to a proposal that links outflow tract shortening 

with PCD and myocardialisation in the outflow tract cushions.

4.3.1 Quantitation of cell numbers using estimates from templates is accurate

Estimates of cell number, based on values from templates, were made as a 

compromise between two other methods for evaluating cell number. One possible 

method considered was to sample a region of a particular structure and count cell 

number within a given area to produce a cell number/unit area value. This could then 

be multiplied by the area of the same structure in other sections. This method was 

decided against, since between ages, the histology of the structures of the heart changes 

dramatically (as is noted in Chapters 3, 5 and 7). In addition, empirical observations 

suggested that, at different rostro-caudal levels within the same heart, cellular density 

can vary. Furthermore, this method would be difficult to apply to structures such as the 

trabeculae, where measuring area would be awkward due to the morphological 

complexity of the structure.

Another possibility was to actually count total cell number in each TUNEL- 

assayed section. Although this would have been very accurate, this was decided 

against, as it would have been too labour intensive and time consuming. However, 

because of its accuracy, this method was used in Section 4.2.1 to evaluate the accuracy 

of estimating cell number, and thereby PCD index, by the method finally used. The 

interventricular septum was chosen as an example since, as will be shown in Chapter 7, 

its histology and morphology changes significantly through the developmental period
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investigated. Although there was one case where the estimated values for total cell 

number and PCD index was approximately 30% different from the actual values, the 

results showed that estimates of both cell number and PCD index were on average 

within 10% of the actual values. However, there did appear to be a consistent 

underestimation of total cell number at all ages, with a corresponding overestimation of 

PCD index. The consistency of this underestimation at all three stages examined, and 

the fact that results were analysed in comparison with one another, suggests that 

interpretations based on these results should not be affected.

With regard to the estimated cell numbers of the various regions of the heart, the 

graphical data show consistent trends. However, particular variability was noted in the 

cell number estimates for the stalk of the primary atrial septum. This was probably 

since cell numbers within the septum were far lower than most other structures of the 

heart (the scale of the Y-axis on the graphical display of cell numbers in the primary 

atrial septum is ten-fold smaller than for the other structures). This would have made 

errors in counting more significant than for other structures.

4.3.2 Quantitation confirms trends observed by templating and detects

previously unobserved trends

Although not all the PCD that occurred within a structure, such as the 

interventricular septum, the ventricular walls or outflow tract cushions, was specifically 

within the focus of cell death found within it, compared to its size, the focus would have 

disproportionately affected total PCD within that structure. Consequently, the 

quantitative data described in Section 4.2.3 almost invariably support the qualitative 

observations made in Chapter 3. Despite supportive trends being apparent in the 

graphical data, only some of the differences were robustly supported by statistical 

analysis, and therefore the confidence with which it is possible to infer conclusions
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from these observations is limited. In many cases this may be because, as previously 

noted, foci of PCD are not the only places where apoptosis is present. Of particular 

note is the fact that despite several graphically observed differences at E13.5, few were 

statistically significant. This may be because at other stages, data from six embryos is 

represented, whereas the data at E l3.5 came from only three embryos, resulting in 

larger errors. The implications of the observations made in Chapter 3, and supported 

here quantitatively, are not discussed as they have been evaluated in detail in Sections 

3.3.3, 3.3.4, 3.3.5 and 3.3.6. Only observations not discussed in Chapter 3 will be 

considered here.

Consistent with the study by Abdelwahid et a l (1999), the quantitative data in 

this chapter show PCD to be greater in the mouse ventricular wall than in the 

trabeculated component of the ventricles during septation. This was difficult to 

ascertain from the qualitative data in Chapter 3 due to the different morphology of the 

two components. Interestingly, the amounts of apoptosis shown within the wall in this 

study are much less than those shown in the paper by Abdelwahid et a l (1999), where 

PCD indices of around 3 % were reported. These numbers are six to eight times greater 

than those observed in comparable regions of the present study, and greater than the 

levels of PCD observed anywhere else in the developing heart, except in the high 

intensity foci within the endocardial cushions. These differences may have occurred if 

less false positives were included in the current study, or perhaps if only very specific 

regions of the myocardium with especially high PCD indices were analysed in the study 

by Abdelwahid et a l (1999).

Trends were observed quantitatively in this chapter that were not observed using 

templating. The changes in PCD index in the trabeculated myocardium of the left and 

right ventricle were initially similar, but by 55 somites the rate was higher in the left 

ventricle than the right. It could be that this result reflects the development of
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morphological differences between the left and right trabeculae that were previously not 

present. In the mature heart, an important distinction between the ventricles is that the 

right ventricular trabeculae are thicker than those in the left, which are relatively fine 

(Anderson, 1997). Unpublished data by Dr. Andrew Cook (Cardiac Unit, Institute of 

Child Health) suggests that this difference may first arise during the period of septation 

within the mouse. It is conceivable, therefore, that the differences in PCD between the 

left and right ventricular traceulae are connected with this developing difference, 

although the only evidence for this is the associative evidence provided here.

Similarity in the PCD in the walls of the left and right ventricles and the outflow 

tract myocardium was hypothesised on the basis of histological and molecular 

similarities; all three are non-trabeculated, and express similar cytoskeletal molecules 

(e.g. skeletal-slow myosin, a-smooth muscle actin). Interestingly, the intensity and 

changes in the PCD index within the wall of the left ventricle were almost identical to 

those in the outflow myocardial walls, although the PCD indices in both these 

structures were higher than those in the right ventricular wall. This finding is 

unexpected. The very high degree of similarity between the outflow tract wall and the 

left ventricular wall may be indicative of some similar developmental mechanism that is 

not present in the right ventricular wall, or perhaps of the presence of some anti- 

apoptotic factor within the right ventricular wall.

4.3.3 Relationship of cell number to PCD index

It is known that PCD can remove cells with inaccurately replicated DNA 

following proliferation (reviewed by Evan and Vousden, 2001, and Norbury and 

Hickson, 2001). In the previous chapter, some foci of cell death, specifically those in 

the interventricular septum and walls of the ventricles, were noted to be in regions 

where high levels of proliferation are found (Dr. D. Henderson, unpublished data from
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our laboratory). This may suggest that the intensity of PCD relates to the rate of 

proliferation in the developing heart. If this were true, a proportional relationship 

between changes in cell number and changes in PCD index may be expected. However, 

such a relationship was not clearly seen in comparing graphs of cell number and PCD 

index in Figures 4.1, 4.2 and 4.3. Furthermore, estimates suggest that mutations in 

mammalian cells occur approximately once in every 2X 10^ cell divisions, that is to say 

in 5 X 10'  ̂% of mitoses (Oiler et al., 1989). In the current study, even structures with 

the lowest levels of cell death rarely had PCD indices that fell below 0.1%. Given these 

figures, and studies that suggest apoptosis may be underestimated by TUNEL (Gavrieli 

et a l, 1992), even assuming every mutated cell would apoptose, it seems highly 

unlikely that PCD resulting from mutations following proliferation may significantly 

influence the PCD indices described. Although it has been suggested that proliferating 

cells may be particularly vulnerable to apoptosis due to upregulation of p i 9 " ^  

(Vousden, 2000), which may partially explain the association of regions of proliferation 

and PCD. High levels of proliferation and apoptosis are also seen in situations where 

there is a high turnover of cells, such as in the gut epithelium or the skin epithelium 

(Grossmann et a l, 1998). However, these are places in which there are harsh, 

potentially carcinogenic environments, which is not obviously the case in 

embryogenesis. It seems unlikely, therefore, that most of the PCD seen during cardiac 

septation is either a result of removal of cells with DNA replication errors or due to a 

high cellular turnover, and supports the idea that the PCD observed has some other, 

specific role or roles, as suggested in Section 3.3.

Apoptosis is also implicated in the reduction of cell number in the development 

of the kidneys, nervous system and haematopoietic system. In the kidneys, “low” PCD 

indices of around 1-3% have been suggested, over a period of a few days, to be 

responsible for the removal of 50% of specific cell types (Camp and Martin, 1996),
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Generally, the PCD index within cardiac structures during the embryonic days 

examined -  E l0.5 to E l3.5 -  was under 0.5%. Extrapolating the data from the 

developing renal system to the current study, this would suggest that in most of the 

heart, dramatic effects on cell number would not be expected, and indeed such changes 

were not generally found to occur with the exceptions, discussed below, of the 

endocardial cushions and the outflow tract wall. A less dramatic effect of apoptosis in 

controlling cell number may be observed by comparing changes in PCD index with 

changes in the rate of growth of particular structures. An increasing PCD index and a 

decreasing rate of growth may be indicative of negative-regulatory effect of apoptosis 

on cell numbers. However, comparison of the graphs in Figures 4.1 to 4.3 did not 

reveal such associations except, as previously noted, in the endocardial cushions and 

outflow tract walls. The general lack of such an inverse relationship between cell 

numbers and PCD index changes does not necessarily mean that PCD is not important 

in the control of cell numbers during cardiac septation, as it is conceivable that such an 

association exists, but is hidden by fluctuations in PCD due to other factors.

In the atrioventricular and outflow tract cushions, the PCD indices through late 

El 1.5 (from 49-54 somites), E12.5 and E13.5 ranged from 2-7%. Consistent with the 

effects of PCD in altering cell numbers in the developing kidney and nervous system, 

this apoptosis appears to result, between E12.5 and E13.5, in a reduction in cell number 

in the atrioventricular cushions. Curiously, even higher PCD in the outflow tract 

cushions seems to result in a stabilisation of, rather than a fall in, cell number between 

E l2.5 and E l3.5. In contrast to this, despite a much lower PCD index in the outflow 

tract wall, a reduction in cell number in this structure is observed. An explanatory 

theory for this is proposed in the next section.
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4.3.4 Is outflow tract shortening related to myocardialisation of the outflow tract

septum?

The outflow tract has been shown to shorten in mammalian and chick hearts (Ya 

et a l, 1998a; Watanabe et a l, 1998). In the latter, Watanabe et a l (1998) have shown a 

relationship between increasing PCD within the walls of the outflow tract and 

decreasing length of the outflow tract. They showed foci of cell death where around 

50% of cells were undergoing apoptosis, but did not state the PCD index throughout the 

whole chick outflow tract walls, which would be perhaps more important in affecting 

the whole length of the outflow tract. The current study also shows that between 55-60 

somites and El 3.5, there is a marked reduction in the number of cells in the outflow 

tract wall (of around 35 percent -  Figure 4.3 c), accompanied by a marked increase in 

the amount of PCD within the whole structure (Figure 4.3 d). The PCD index is, 

however, still only around 0.4 - 0.7%. However, comparison with the atrioventricular 

cushions, in which levels of cell death of around 3-4% (Figure 4.3 h) appear to have 

resulted in the loss of approximately 20% of the cells within them (Figure 4.3 g) 

suggests that the levels of PCD seen in the outflow tract walls are unlikely to be solely 

responsible for the reduction in cell number within this structure (and therefore, 

presumably, are unlikely to be solely responsible for outflow tract shortening). It could 

be that the reduction in cell number in the atrioventricular cushions is limited by 

concurrent proliferation, but this has been shown not to be the case in mouse (Zhao and 

Rivkees, 2000), although, in the chick, Keyes and Sanders (1999) did observe 

proliferation in conjunction with PCD in the cushions. So, how then are cells removed 

from the outflow tract walls, if not solely by apoptosis? A simultaneous paradox in the 

outflow tract cushions may provide the answer. In the outflow tract cushions at E l2.5- 

E l3.5, which like the atrioventricular cushions have been shown to have low
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proliferation rates at these stages (Zhao and Rivkees, 2000), the PCD index is around

5.5 - 6% (Figure 4.3 f) and yet, counter-intuitively, there is no reduction in cell number, 

in fact there is a slight increase of approximately 3% (Figure 4.3 e). This raises the 

question, of where the additional cellular input in the outflow tract cushions that 

compensates for this PCD comes from. An explanation that may account for the 

inconsistencies between total cell number and PCD changes in the outflow tract 

cushions and outflow tract walls is a migration of cells from the myocardial wall into 

the outflow tract cushions, i.e. myocardialisation (see Section 1.2.6.6). Such migration 

may also explain shortening of the outflow tract by providing a mechanism for a large, 

rapid reduction in cell numbers within the outflow tract walls (Figure 4.9). If this were 

the case, then impaired myocardial shortening may be expected in animal models in 

which myocardialisation does not occur. A similar hypothesis has already been put 

forward by Ya et al. (1998a) and van den Hoff et al. (1999). They suggested, as 

previously described, that PCD of endocardial cushion cells in the outflow tract septum 

is required to allow the migration of myocardial cells into the proximal outflow tract. 

The evidence from this chapter also supports the suggesting by Bartram et al. (2001) 

that the defective myocardialisation observed in the TGF-p-2 null mouse is associated 

with a lack of reduction in total outflow tract cushion volume. This theory, as presented 

here, is in part supported by cell number estimates at E13.5, although, at this age group, 

only one embryo was used as the basis to estimate cell numbers, increasing the 

likelihood of error. However, further evidence supporting this theory is provided in the 

following chapter, in which high intensity PCD in the outflow tract cushions is shown 

to coincide with the process of myocardialisation. It should also be noted that it is 

possible that incorporation into the ventricular mass may account for some loss of cell 

number in the outflow tract, although the data in this chapter provide no specific 

evidence for or against this idea.
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Figure 4.9 Schematic of myocardialisation in the outflow tract

Figures a) and b) show a model for myocardialisation of the outflow tract cushions, 

a) At E l2.5, myocardial cells are shown in the outflow tract walls (pink), the outflow 

tract cushions are shown in blue and apoptosis is represented by the green dots, b) 

Migration of myocardial cells, at El 3.5, from the outflow tract walls, could result in a 

reduction in length of the outflow tract and also maintain cell numbers within the 

outflow tract septum (formed by the fusion of the cushions) despite a loss of cells by 

apoptosis in the latter structure.

LV = left ventricle 

OFTC = outflow tract cushions 

OFTS = outflow tract septum 

RV = right ventricle
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4.4 Summary

The quantitative results in this chapter have supported observations made in the 

previous chapter. In addition, trends were recognised that were not visible in 

templating due to their subtlety and the fact that they do not only involve PCD that 

occurs in foci. Finally, comparison with changes in cell numbers in different regions of 

the heart supports a link between the shortening of the cardiac outflow tract, PCD in the 

proximal outflow tract cushions, and their myocardialisation. This latter proposal is 

further examined in Chapter 5.
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CHAPTER 5 

P r o g r a m m e d  c e l l  d e a t h  in  o u t f l o w

TRACT SEPTATION

220



5.1 Introduction

In this chapter, attention is given to the low intensity focus of apoptosis that 

appears in the outflow tract wall, and the high intensity focus that appears in the 

outflow tract cushions. These foci are present from late El 1.5 to E l3.5, as the proximal 

outflow tract septates. Specifically, the relationships between these PCD foci, the 

presence of cardiac neural crest cells, and the processes of outflow tract shortening and 

myocardialisation are investigated. In addition, the question of how apoptotic debris is 

cleared will be addressed.

Y  diet a l (1998a) and van den Hoff et al. (1999), propose that PCD in the 

mesenchyme of the proximal outflow tract cushions of chick and rat embryos makes 

room for invading cardiomyocytes from the muscular outflow tract wall. In support of 

this, as described in the previous chapter, a reduction in cell number is seen in the 

outflow tract wall at the same time as an unchanging cell number in the outflow tract 

cushions, despite high intensity PCD within the cushions between E12.5 and E13.5.

This was hypothesised to be due to migration of cardiomyocytes from the proximal 

outflow tract walls into the outflow tract cushions (Section 4.3.4). In this chapter, 

double-labelling for the cardiomyocyte-specific marker, skeletal slow myosin, and 

TUNEL is used to determine whether invading myocytes enter the outflow tract 

cushions between E l2.5 and E l3.5, and whether the high intensity PCD occurs only 

within non-myocardialised tissue in the outflow tract cushions.

Although PCD in the outflow tract wall of mouse embryos has been reported by 

one other study (Zhao and Rivkees, 2000), its possible functions and distribution were 

not addressed. In the chick, however, such PCD has been reported to be the cause of 

shortening of the outflow tract (Watanabe et al, 1998). The data in the previous 

chapters (3.2.5.3; 4.2.4.4) are consistent with PCD having some role in, but not being 

solely responsible for, shortening of the outflow tract in the mouse. As shortening of
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the myocardium of the outflow tract wall may be expected to have a coincident 

shortening of the epicardial layer of the outflow tract, possibly by apoptosis, it was 

considered important to determine in which cell types the foci of PCD in the outflow 

tract wall occur. Double labelling has therefore been performed to address this.

Cardiac neural crest cells have been known to migrate into the outflow tract 

cushions of the heart since 1983 (Kirby et al.). Failure of this migration results in lack 

of fusion of the outflow tract cushions and, therefore, defective septation of the outflow 

tract leading to outflow tract defects such as common arterial trunk or, rarely, double

outlet right ventricle (Conway et a l, 1997a). PCD in the outflow tract cushions has 

been studied in the greatest detail in relation to their population by cardiac neural crest 

cells. In chick, evidence from double-labelling studies marking both cardiac neural 

crest cells and apoptotic cells (Poelmann et a l, 1998), has shown that during septation, 

PCD occurs in neural crest cell-dense regions of the outflow tract cushions. Ya e/ al 

(1998a) demonstrated that neural crest cells are also present concurrent with high 

intensity PCD within the rat outflow tract cushions. Furthermore, lineage studies 

suggest that there are relatively fewer neural crest-derived cells within outflow tract 

structures in the mature mouse heart than at the time of septation, suggesting either a 

“dilution” or selective removal of these cells following septation (Jiang et <2/., 2000).

In this chapter, the question of an association between neural crest cells in the 

cardiac outflow tract cushions and the high intensity foci of PCD seen within them will 

be addressed in the mouse embryo. One way to approach this question is by the use of 

a model in which cardiac neural crest cell migration is impaired. In this study the 

splotch (Sp^^) mutant mouse, which carries a deletion in the Pax3 gene (Epstein et a l, 

1991), has been used. Sp^^/ Sp^^ embryos have been shown to have defective neural 

crest cell migration to the heart (Conway et a l, 1997b). Moreover they exhibit outflow 

tract defects typical of reduced colonisation of the heart by neural crest cells (Conway

222



et a l,  1997a). If cardiac neural crest cells are either responsible for, or are themselves 

the cells dying within the high intensity focus of PCD in the outflow tract during 

septation, a reduction in the levels of apoptosis might be expected within the outflow 

tract cushions in embryos at E12.5. On the other hand, neural crest cells are

not thought to populate the atrioventricular cushions in the mouse (Jiang et al., 2000), 

making these a useful control to assess for non-specific effects of the mutated Pax3 

gene on apoptosis.

Alpha-smooth muscle actin has been shown to be a reliable marker of cardiac 

neural crest cells within the outflow tract cushions during septation (as described in 

Section 1.2.6.5), as long as neural crest associated a-smooth actin within the outflow 

tract cushions and cardiomyocyte associated a-smooth actin are distinguishable. 

Therefore, regions in the outflow tract cushions positive for a-smooth muscle actin but 

negative for a different marker of cardiomyocytes which does not mark neural crest 

cells, skeletal slow myosin, may be considered as being neural crest derived. This 

allows double labelling with neural crest cell-associated a-smooth actin and TUNEL to 

be used to address the spatio-temporal relationship of neural crest cells and apoptosis.

Some authors have noted the association of macrophages and regions of 

apoptosis during outflow tract septation in the chick and rat (Fexieder, 1975 and Ya e/ 

a l, 1998) and indeed in other regions of the heart in the mouse (Abdelwahid et 

al, 1999). In this chapter, the relationship between macrophages and PCD during 

mouse cardiac septation has been studied by the use of the macrophage specific anti- 

F4/80 antibody, a gift from Professor S. Gordon (Oxford University) and Dr. P. Martin 

(University College London). Although the exact function of the F4/80 antigen remains 

elusive, it has been shown to be a cell surface molecule that is highly specific to 

macrophages (Austyn and Gordon, 1981; Hopkinson-Woolley et a l, 1994; Camp and 

Martin, 1996).
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5.2 Results

The results begin with a description of the cell types undergoing apoptosis 

within the outflow tract walls from the 49-51 somite stage onwards, and the relationship 

between apoptosis and the invading myocardium within the outflow tract cushions.

This is followed by a description of the localisation of neural crest cells, as observed by 

anti-a-smooth muscle actin labelling, with relation to high intensity apoptosis as 

assayed by TUNEL. PCD is then analysed within the mutant mouse outflow tract. 

Finally, there is an examination of macrophages within the heart during septation.

5.2.1 Controls

As described in Section 3.2.1 for peroxidase TUNEL experiments, in 

fluorescent TUNEL experiments, nearly all the sections on experimental slides showed 

occasional cells with TUNEL-positivity and apoptotic morphology, irrespective of age 

group, probably representing part of normal cellular turnover. Therefore, in the rare 

cases where a section showed no TUNEL-positive nuclei at all, that section was not 

considered for analysis, on the assumption that the TUNEL procedure had not been 

successful. Negative controls for fluorescent TUNEL were slides that had been 

prepared and treated exactly as the experimental slides, but with the omission of the 

TdT enzyme, essential for the technique. Negative control slides never demonstrated 

any positive TUNEL staining, even in regions known to display high levels of PCD 

(compare Figure 5.1a with Figure 5.1b).

Skeletal slow myosin is a marker of myocardium during development, and 

therefore any anti-skeletal slow myosin-treated slides in which expression was not seen 

in the myocardium were excluded from analysis (Figure 5.1c). Negative controls were 

performed as for normal experimental slides but with the omission of the
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Figure 5.1 Controls for TUNEL and immunohistochemistry

a) and b) Transverse sections through E l2.5 hearts showing, respectively, positive and 

negative controls for fluorescent TUNEL. c) and d) Transverse sections through E l2.5 

hearts showing anti-skeletal slow myosin staining and anti-a-smooth muscle actin, 

respectively, e) and f) Transverse sections through E l2.5 livers, used as positive and 

negative controls for anti-F4/80 staining which have been counterstained with methyl 

green .

a) Positive-fluorescent TUNEL staining is bright green (arrowheads) and can be seen 

within the outflow tract cushions of an E l2.5 embryo, which were demonstrated to 

display high levels of PCD in Chapter 3. b) A comparable region of the heart that has 

undergone the TUNEL procedure but with the omission of the TdT enzyme. No 

positive staining is seen.

c) Anti-skeletal slow myosin-positive staining in the walls of the outflow tract is bright 

red. d) Anti- a-smooth muscle actin in the walls of the outflow tract is also bright red. 

No negative control is shown for c) or d), as sections were entirely blank, 

e) F4/80 staining within the embryonic liver is brown and shows hepatic macrophages 

(by arrows), f) Comparable section of embryonic liver which was subjected to the same 

procedure as the section in e) but with the omission of the primary antibody. No 

positive staining is seen.

AoW = aortic wall

MW = myocardial wall of the outflow tract 

OFTC = outflow tract cushion 

Scale bar a)-d) = 0.35 mm 

Scale bar e)-f) = 0.20 mm
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primary antibody. Negative control sections exposed only to the rhodamine-conjugated 

secondary antibody were entirely blank and are not illustrated.

Alpha-smooth muscle actin has been demonstrated previously to be expressed 

within the myocardial layer of the outflow tract wall (Ya et a/., 1998a), and any anti-a- 

smooth muscle actin-treated experimental slides in which this was not clearly the case 

were excluded from the analysis (Figure 5.Id). Negative controls were performed as 

for normal experimental slides but with the omission of the primary antibody. As with 

negative controls for myosin-treated slides, these sections were blank and are not 

shown.

Macrophages present in the embryonic liver (Lichanska and Hume, 2000). 

Embryonic livers within experimental sections were therefore used as positive controls 

for the F4/80 antibody (arrows Figure 5.le) and slides in which there was no positive 

staining were not analysed further. Negative controls for F4/80 were slides of liver 

sections in which the primary antibody was omitted. No positive staining was seen 

within these sections (Figure 5.If).

5.2.2 Imaging of double-labelled sections

Images of either anti-skeletal slow myosin or anti-a-smooth muscle actin, and 

TUNEL double-labelled sections were first taken using a filter that allowed 

visualisation of the fluorescin-labelled dUTP from the TUNEL assay (Figures 5.2 a and 

5.3a). An image was then taken with a filter that allowed the rhodamine-conjugated 

secondary antibody to the anti-skeletal slow myosin, or the a-smooth muscle actin 

antibody, to be visualised (Figures 5.2b and 5.3b). Finally, an image was taken with a 

filter that is normally used to see DAPI labelling, which allowed the visualisation of 

autofluorescent cells (Figures 5.2c and 5.3c). As described in Section 2.7.2, these 

images were then “merged” using the Adobe Photoshop program. This allowed skeletal

226



227



Figure 5.2 Image analysis following double labelling for TUNEL and skeletal slow 

myosin

a) - c) Images of a transverse section of an E l2.5 heart taken through different optical 

filters following skeletal slow myosin/TUNEL double-labelling, d) A composite of all 

three images, made using Adobe Photoshop.

a) Fluorescent TUNEL staining (arrowheads) within the outflow tract cushions taken 

using the filter that allows fluorescin staining to be visualised. Labelled cells are green 

(arrowheads), b) An image of the same section taken with a filter that allows the 

rhodamine stained anti-skeletal slow myosin of the myocardial outflow tract wall to be 

seen. Labelled regions are red. c) An image of the same section taken with a filter that 

allows the autofluorescence to be seen, for example blood cells in the pulmonary trunk,

d) A composite of Figures a)-c) that allows the green TUNEL staining within the 

cushions (arrowheads), the red anti-skeletal slow myosin of the myocardial outflow 

tract wall and blue autofluorescing blood cells (arrows) to be seen simultaneously.

MW = myocardial wall of the outflow tract 

OFTC = outflow tract cushion 

Scale bar = 0.35 mm
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Figure 5.3 Image analysis following double labelling for TUNEL and a-smooth 

muscle actin

a) - c) Images of a transverse section through an El 2.5 heart which have been taken 

through different optical filters following a-smooth muscle actin /TUNEL double

labelling. d) A composite of all three images, made using Adobe Photoshop, 

a) Fluorescent TUNEL staining (arrowheads) within the outflow tract cushions taken 

using the filter that allows fluorescin staining to be visualised. Labelled cells are green 

(arrowheads), b) An image of the same section taken with a filter that allows the 

rhodamine stained anti-a-smooth muscle actin of the myocardial outflow tract wall to 

be seen. Labelled regions are red. c) An image of the same section taken with a filter 

that allows the autofluorescence to be seen, for example blood cells in the aorta, d) A 

composite of Figures a)-c) that allows the green TUNEL staining within the cushions 

(arrowheads), the red anti-a-smooth muscle actin of the myocardial outflow tract wall 

and blue autofluorescing blood cells (arrows) to be seen simultaneously.

MW = myocardial wall 

OFTC = outflow tract cushion 

Scale bar = 0.55 mm
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slow myosin/a-smooth muscle actin-positive staining (red, Figure 5.2d and Figure 5.3d, 

respectively), TUNEL-positive staining (bright green dots, indicated by arrowheads. 

Figure 5.2d and Figure 5.3d) and autofluorescence (blue cells, indicated by arrows. 

Figure 5.2d and Figure 5.3d) all to be visualised in the same image.

5.2.3 PCD in the outflow tract walls occurs in the epicardium and the 

myocardium

In Chapter 3, a low intensity PCD focus was demonstrated, by templating, to 

occur in the lateral walls of the outflow tract myocardium from the 52-54 somite stage, 

through to E l3.5. Skeletal slow myosin and TUNEL double-labelling was carried out 

on embryos in the 52-54, 55-57 and 58-60 somite groups and on embryos at E13.5 (n = 

3 per group) in order to assess the cell types in which apoptosis in the walls of the 

outflow tract occurs. Although the anti-skeletal slow myosin antibody labelled only the 

myocardium in the heart, a single cell layer could be seen outside the myocardium, 

which could therefore be identified as epicardium (Figures 5.4 a, b and I). Throughout 

E12.5 (52-60s) and at E13.5, TUNEL-positive nuclei could be seen to occur in roughly 

equal numbers in both the myocardium and the epicardium of the region that 

corresponded to the low intensity focus of PCD in the lateral outflow tract walls, 

described in Section 3.2.5.3, even though there were far fewer total cells in the 

epicardial layer (arrowheads. Figures 5.4 c-e and g).

5.2.4 High intensity PCD in the proximal outflow tract cushions occurs in non- 

myocardialised cells

In order to examine the relationship between high intensity PCD in the outflow 

tract cushions and myocardialisation, the TUNEL assay and anti-skeletal slow myosin 

staining were performed together in embryonic mouse hearts at 49-51 somites, 52-54
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Figure.5*4 TUNEL and anti-skeletal slow myosin double labelling of outflow tract 

walls at the 54 and 57 somite stages, and at E13.5

a) - g) Composite pictures of transverse sections through TUNEL/anti-skeletal slow 

myosin double-labelled outflow tracts at 54 (a) and c)) and 57 somites (b), d) and e)), 

and at E l3.5 (f)) and (g)). TUNEL-positive nuclei are green (arrowheads) and skeletal- 

slow myosin positive regions are red. Autofluorescence is blue in figures a) - e) and 

bright blue/green in g) (arrows).

a) A low magnification image of an outflow tract in the 52-54 somite group and b) at 

55-57 somites, c) A high magnification view of the boxed area in a) showing that PCD 

within the outflow tract walls occurs in the epicardial and myocardial cell layers

(arrowheads), d) and e) High magnification views of the boxed areas in b) showing

PCD (arrowheads) within the epicardial and myocardial cell layers, respectively, of the 

outflow tract walls, f) An outflow tract at El 3.5. g) A high magnification view of the 

boxed region in f) in which PCD (arrowheads) still occurs within the epicardial and the 

myocardial cell layers.

Epi = epicardium

MW = myocardial wall of the outflow tract 

OFT = outflow tract 

OFTC = outflow tract cushion 

Scale bar a), b) and f) = 0.35 mm 

Scale bar c), d) and e) = 0.19 mm 

Scale bar g) = 0.12 mm
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somites, 55-57 somites, 58-60 somites and at E l3.5. There were three embryos in each 

group.

At 49-51 somites, the PCD in the proximal outflow tract cushions is still of a 

relatively low intensity, as described in Section 3.2.3, and the border between the 

myocardium and the endocardial cushion tissue is relatively even (Figure 5.5a). By 52- 

54 somites, the high intensity PCD focus in the proximal outflow tract can be seen 

(arrowheads. Figure 5.5b). This PCD occurs not only at the level where the outflow 

tract cushions are fusing to form the outflow tract septum, but also rostrally and 

caudally (arrowheads. Figures 5.5c and d). Simultaneously, occasional, small 

myocardial projections are seen distally, which extend from the myocardial outflow 

tract wall into the cushions, at the level where the cushions are fused, but are proximal 

to the developing leaflets of the semilunar valves (arrows in Figure 5.5b). High 

intensity PCD does not occur within the myocardial cells in the myocardium directly 

adjacent to the cushions, but is found exclusively within the mesenchyme of the 

outflow tract cushions.

Subsequently, in the 55-57 somite group and the 58-60 somite group, this high 

intensity PCD persists within the proximal outflow tract cushion tissue (arrowheads in 

Figures 5,6 a-c) but not within the more distal invading myocardium (arrows. Figures

5.6 a-c). The myocardial projections are larger than at the 52-54 somite stage (compare 

distal arrows in 5.6a with those in 5.5b).

At E l3.5, the myocardialisation process and PCD appear significantly different than 

at the previous stages. Proximally, the cushions have completely fused, completing 

outflow tract septation. Concurrent with this is a dramatic change in the histological 

make-up of the most proximal outflow tract, which is now completely myocardialised 

across the base of the proximal outflow tract septum (arrowhead in Figure 5.7a). In 

contrast, the distal myocardial projections appear not to have invaded much further into
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Figure-5.5 TUNEL and anti-skeletal slow myosin double-labelling in the outflow 

tract of 49 and 54 somite embryos

Transverse sections through hearts double-labelled for skeletal slow myosin and 

apoptosis. a) A composite picture of a TUNEL and anti-skeletal slow myosin double

labelling analysis of an outflow tract from a 49 somite embryo, b) - d) Composite 

pictures of a TUNEL and anti-skeletal slow myosin double-labelled 54 somite outflow 

tract. TUNEL-positive cells are green, myosin-positive cells are red, and 

autofluorescence is blue.

a) The border between the outflow tract cushions and the myocardial outflow tract walls 

is regular and has no large protrusions from the myocardium into the endocardial 

cushions at the 49-51 somite stage, b) At 52-54 somite stage, at the level of the 

developing outflow tract septum, the border between the outflow tract cushions and the 

myocardial outflow tract walls is less regular. Small myocardial projections into the 

mesenchymal cushion tissue can be seen in the distal part of the cushions (arrows) and 

high intensity PCD can be seen in the proximal cushions (arrowheads), c) An image of 

the same heart at a more caudal level and d) at a more rostral level to the developing 

outflow tract septum. At these levels, although some PCD can be seen (arrowheads), 

myocardial projections cannot.

MW = myocardial wall of the outflow tract

OFT = outflow tract

OFTC = outflow tract cushion

OFTS = outflow tract septum

Scale bar = 0.35 mm
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Figure 5.6 TUNEL and anti-skeletal slow myosin double labelling in the outflow 

tract of 57 somite embryos

Transverse sections through hearts double-labelled for skeletal slow myosin and 

apoptosis. a) - c) Composite pictures of a TUNEL and anti-skeletal slow myosin 

double-labelling of an outflow tract from a 57 somite embryo. TUNEL-positive nuclei 

are green, myosin positive cells are red, and autofluorescence blue, 

a) In the 55-57 somite group, at the level of the developing outflow tract septum. 

Myocardial projections into the mesenchymal cushion tissue can be seen (arrows) and 

PCD can be seen in the proximal cushions (arrowheads), b) An image of the same heart 

at a more caudal level and c) at a more rostral level to the developing outflow tract 

septum. As at 52-54 somites, at these levels although PCD can be seen (arrowheads), 

myocardial projections cannot.

MW = myocardial wall of the outflow tract

OFT = outflow tract

OFTC = outflow tract cushion

OFTS = outflow tract septum

Scale bar = 0.35 mm
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Figure 5.7 TUNEL and anti-skeletal slow myosin double-labelling of the outflow 

tract of E13.5 embryos

Transverse sections through hearts double-labelled for skeletal slow myosin and 

apoptosis. a), c) and d) Composite pictures of a TUNEL and anti-skeletal slow myosin 

double labelled outflow tract at El 3.5. b) High magnification view of the boxed area in 

a). Since fluorescent TUNEL staining in E l3.5 embryos has a lower signal/noise ratio 

than in younger embryos, in order to see apoptotic cells, a high magnification view is 

needed to see them clearly (shown in b)). Also, since this required different image 

processing using Adobe Photoshop, autofluorescence appears bright yellow/green 

(arrow, b)), as opposed to blue, as occurred in other ages.

a) At E l3.5, the distal myocardial projections into the mesenchymal cushion tissue can 

still be clearly seen (arrows), but now proximal projections can be seen that extend 

further, actually spanning the entire width of the outflow tract septum (arrowhead), b) 

PCD can be seen in the proximal cushions, but only in non-myocardialised areas 

(arrowheads), c) An image of the same heart at a more caudal level and d) at a more 

rostral level to the developing outflow tract septum. In c), the myocardialised region of 

the outflow tract septum is still visible, although the aortic semilunar valve is clearly un- 

myocardialised. In d), the semilunar valve of the pulmonary trunk can be seen and is 

not myocardialised either.

MW = myocardial wall of the outflow tract

OFT = outflow tract

OFTC = outflow tract cushion

OFTS = outflow tract septum

SLV = semilunar valves

Scale bar a), c) and d) = 0.35 mm

Scale bar b) = 0.2 mm
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the cushion mesenchyme (compare distal myocardial projections in 5.7a with those in 

5.6a). The PCD occurs in the region of outflow tract septum that is still mesenchymal 

(arrowheads, Figure 5.7b). Caudal to this, the aortic semilunar valve remains un- 

myocardialised (Figure 5.7c) as does the semilunar valve of the pulmonary trunk 

(Figure 5.7d). Figures 5.8 a-c show a summary of how the outflow tract cushions 

within the pulmonary trunk develop. It can be seen that, from the 52-54 somite stage 

onwards, there appears to be a reduction in the size of the cushions, (arrowheads. 

Figures 5.8a and b) so that the cushions have a thinner, valvular appearance by E l3.5.

5.2.5 A diffuse group of cells labelled with a-smooth muscle actin co-localises

with high intensity PCD within the outflow tract cushions at E13.5

In order to assess the relationship of neural crest cells and PCD in the outflow 

tract, the TUNEL assay and anti-a-smooth muscle actin-staining were performed 

together in embryonic mouse hearts at E l2.5, when PCD in the proximal outflow tract 

septum was at its maximum level (n= 6), as shown in Chapters 3 and 4 and at E l3.5 

(n=3), following completion of outflow tract septation. Comparison of a-smooth 

muscle actin with skeletal slow myosin staining within the outflow tracts of E l2.5 CDl 

mouse embryos reveals that although the outflow tract walls express both these 

proteins, only the a-smooth muscle actin is present within the outflow tract cushions 

and the walls of the aorta and pulmonary trunk (compare myosin and a-smooth muscle 

actin staining in Figures 5.9 a and b respectively). The distribution of a-smooth muscle 

actin-positive cells within the outflow tract cushions falls into two distinct groups. One 

group forms a condensed, organised inverted “Y”-shaped structure (Figure 5.9 b). 

These a-smooth muscle actin-expressing tissues are reminiscent of the neural crest cell- 

derived septation complex described in Section 1.2.6.5. Although the literature varies 

in its descriptions of the proximal extent of the complex, it appears to extend into the
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Figure 5.8 Reduction in size of the outflow tract cushions in the pulmonary trunk 

between E12.5 and E13.5

a)-c) Transverse sections through hearts double-labelled for skeletal slow myosin and 

apoptosis showing composite pictures of a TUNEL and anti-skeletal slow myosin 

double labelled outflow tracts at 54 somites, 57 somite and at E l3.5, respectively. 

Myosin-positive cells are red and TUNEL-positive nuclei are green. At this 

magnification apoptotic cells cannot be seen in the E l3.5 outflow tract due to the low 

signal/noise ratio of fluorescent TUNEL staining in this age group. Autofluorescence is 

blue in figures a)-b) and bright yellow/green in c). The Figure is a composite of Figures 

5.5d, 5.6c and 5.7d.

a) At 52-54 somites, occasional PCD can be seen in the outflow tract cushions within 

the pulmonary trunk (arrowhead), but no myocardial projections can be seen, b) In the 

55-57 somite group too, more frequent PCD can be seen within the outflow tract 

cushions within the pulmonary trunk (arrowheads), which also appears to have 

“thinned”, and no myocardialisation can be seen, c) At E l3.5, the cushions have clearly 

thinned and have shortened significantly compared to the 52-54 somite stage.

MW = myocardial wall of the outflow tract 

OFT = outflow tract 

OFTC = outflow tract cushion 

Scale bar = 0.35 mm
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Figure 5.9 TUNEL and anti-a-smooth muscle actin double labelling

Transverse sections through hearts at E12.5 and E13.5. Anti-skeletal slow myosin (red) 

is shown in a) and d). b), c), e), f) and g) Composite pictures of TUNEL and anti-a- 

smooth muscle actin double-labelled outflow tracts. TUNEL-positive nuclei are green, 

alpha-smooth muscle and skeletal slow myosin-positive cells are red, and 

autofluorescence is blue. In e) and g) autofluorescence appears bright yellow/green 

(arrow).

a) At E12.5, comparison of anti-skeletal slow myosin and anti-a-smooth muscle actin 

staining (b)) reveals the septation complex (white border in b)). b) PCD is largely seen 

to occur outside of the septation complex (white arrowheads) in complementary areas to 

the diffuse regions of anti-a-smooth muscle actin staining in the proximal outflow tract 

cushions (grey arrowheads). PCD can be seen to co-localise with a-smooth muscle 

actin in the aortic semilunar valve (white arrow). Occasional PCD is seen within the 

septation complex (green arrowhead), c) PCD is also seen in association with diffuse 

anti-a-smooth muscle actin in the cusps of the developing semilunar valves of the 

pulmonary trunk (arrowheads), d) Skeletal slow myosin expression at E l3.5 has a 

similar distribution within the outflow tract septum as a-smooth muscle actin 

expression (e)), however a region that stains strongly for a-smooth muscle actin but not 

for skeletal slow myosin is considered to represent the septation complex (white 

border). There is also some diffuse a-smooth muscle actin expression (arrowheads) in 

the proximal outflow tract cushions. In this section, there are no TUNEL-positive 

nuclei visible in the aortic semilunar valve, but there are TUNEL positive cells proximal 

to the septation complex. £) A high magnification view of the El 2.5 proximal outflow 

tract shown in b). While diffuse a-smooth muscle actin staining tends to occur at the 

edges of the un-fused cushions, PCD occurs more frequently in the mass of the cushion, 

away from the edges, g) A high magnification view of the El 3.5 proximal outflow tract 

shown in e). In contrast to E12.5, at E13.5, high intensity PCD occurs within diffusely 

stained a-smooth muscle actin-positive regions that do not express myosin i.e. neural 

crest cells in the cushion mesenchyme (arrowheads).

Ao = aorta SLV = semilunar valves

OFTC = outflow tract cushion Scale bar a)-e) = 0.35 mm

OFTS = outflow tract septum Scale bar f) and g) = 0.28 mm

SCx = septation complex
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proximal outflow tract cushions (Figure 5.9 b). The other group of a-smooth muscle 

actin-expressing cells is diffusely distributed in the outflow tract cushions amongst non- 

neural crest-derived mesenchymal cells, and occurs in the semilunar valves and the 

proximal outflow tract cushions (grey arrows and arrowheads, Figure 5.9 b). In the 

proximal outflow tract cushions these neural crest-derived cells are most prominent at 

the edges of the un-fused cushions (grey arrowheads. Figure 5.9 b), although some can 

be seen in the mass of the cushions (grey arrows. Figure 5.9 b)

The high intensity PCD within the outflow tract cushions can essentially be seen 

to occur outside the septation complex (white arrowheads. Figure 5.9 b). Occasional 

PCD can be seen in the septation complex, mainly at its periphery, in a region that 

appears less densely a-smooth muscle actin-positive than within the main bulk of the 

septation complex (green arrowhead. Figure 5.9 b). On the other hand, TUNEL- 

positive nuclei do occur within a-smooth muscle actin-positive regions of the cushions, 

outside the septation complex. For example, this co-localisation can be seen in the 

aortic semilunar valves where occasional PCD is seen (white arrow. Figure 5.9b). In 

the region of the outflow tract destined to form the pulmonary trunk, neural crest cells 

(skeletal slow myosin negative, a-smooth muscle actin-positive) appear particularly 

prominently at the cusp of the semilunar valves, where PCD also occasionally occurs 

(arrowheads Figure 5,9 c). Proximal to the septation complex, however, while a- 

smooth muscle actin-positive cells are most prominent along the edge of the unfused 

cushions (grey arrowheads. Figure 5.9f), the TUNEL-positive nuclei tend to localise 

away from the edges, in the largely a-smooth muscle actin-negative mass of the 

proximal cushions (white arrowheads).

At E l3.5, a-smooth muscle actin and myosin within the outflow tract septum 

begin to co-localise (compare Figures 5.9 d and e). There is still a dense, organised 

region that is only a-smooth muscle actin-positive (white outline. Figure 5.9 e), which
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presumably corresponds to the septation complex, and a diffusely staining region in the 

proximal, un-myocardialised, outflow tract cushions (arrow heads. Figure 5.9 e and g). 

In contrast to the observation at E12.5, double-labelling reveals that this diffuse a- 

smooth muscle actin staining in the proximal cushions does co-localise with TUNEL- 

positive nuclei (compare arrowheads in Figures 5.9 f  and g).

5.2.6 Transmission electron microscopy of the septation complex

Comparing anti-a-smooth muscle actin staining and normal histology sections 

of E l2.5 hearts, it can be seen that regions expressing a-smooth muscle actin (Figure 

5.10b) in what has been described as the septation complex, appear on toluidine blue 

stained sections as long, oriented cells (“X” in Figure 5.10 a). Adjacent sections to 

those stained with toluidine blue underwent transmission electron microscopy 

specifically focusing on the region of the outflow tract septum in which the septation 

complex appeared to be. Apoptosis was not seen within the mass of the region 

containing the long oriented cells (Figure 5.10 c -  compare with apoptotic body shown 

in 5.10d). Interestingly, the cells that were visible within the septation complex 

demonstrated an ultrastructure comparable to striated muscle, but less compact and less 

well developed than is seen, for instance, in the left ventricular wall (compare Figures 

5.10 e and f).

5.2.7 PCD in the atrioventricular cushions of Sp^^/Sp^^ embryos is normal

At E12.5, atrioventricular morphology and PCD, as labelled by TUNEL, were 

comparable between CDl embryos and wild type (+/+) embryos from Sp^^ litters of the 

same gestational age, comparing Figure 5.11 a (CDl with 55-57 somites) with Figure 

5.11b (+/+ with 55-57 somites). Atrioventricular morphology of Sp^^/Sp^^ embryos is 

also similar to that of CDl and +/+ littermates at El 2.5 (compare Figures 5.11 a, b and
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Figure 5.10 Transmission electron microscopy of E12.5 outflow tract septum 

showing ultrastructure of the septation complex

a) A toluidine blue-stained, transverse section of an El 2.5 outflow tract, b) A 

comparable section of an E l2.5 outflow tract that has undergone anti-a-smooth muscle 

actin staining and has the septation complex marked (white border), c) Transmission 

electron micrograph through regions in the outflow tract septum in adjacent sections to 

the one shown in a), d) Transmission electron micrograph of the proximal outflow tract 

cushion, e) is a high magnification view of the boxed area in c). f) Transmission 

electron micrograph of the left ventricular wall.

a) A section through the outflow tract in which the septum can be seen. The “X” marks 

a comparable region to that in which the septation complex can be seen in b). The 

region in b) is of a comparable section to that in a), in which the septation complex has 

been marked (white outline). The sections directly adjacent to the “X” were examined 

with transmission electron microscopy, c) A typical transmission electron micrograph 

of the region represented by the “X” in a). No apoptosis is seen, although a normal 

nucleus is visible, d) A transmission electron micrograph of an apoptotic body found in 

the proximal outflow tract cushion at El 2.5. e) a high magnification view of an 

elongated cell shown in c) seems to show developing muscle fibres (comparing features 

of the precursor fibres within more developed myocytes from the left ventricle shown in 

f)), suggesting the cell is a myoblast.

AB = apoptotic body 

1 = 1 band (actin filaments)

M = M band (myosin filaments)

Mito = mitochondrion 

N = normal nucleus

OFTC = proximal outflow tract cushions 

SCx = septation complex 

Z = Z band (junction of adjacent actin filaments)

Scale bar a) and b) = 0.35 mm 

Scale bar c) and d) = 4 pm 

Scale bar e) and f) = 0.6 pm
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Figure 5.11 C om parison o f  m orphology and PCD betw een C D l, + /+  and Sp^ /̂Sp^  ̂

em bryo atrioventricu lar cushions

TUNEL analysis was performed on transversely sectioned CDl (a)), +/+ (b)) and 

Sp^^/Sp^^ (c)) embryos at B12.5. The sections are counterstained with methyl green. 

TUNEL positive nuclei are brown and indicated with arrowheads.

In a) the junction of the atrioventricular cushions and the primary atrial septum in a 56 

somite CDl embryo shows comparable morphology and a high intensity focus of PCD 

to that in a +/+ embryo of the same somite number, shown in b). c) The 

atrioventricular cushions in a Sp^^/Sp^^ embryo have a morphological appearance and 

levels of apoptosis comparable to both CDl embryos and +/+ littermates.

IC = inferior cushion 

LA = left atrium 

LV = left ventricle 

RA = right atrium 

RV = right ventricle 

SC = superior cushion 

Scale bar = 0.3 mm
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c) and, furthermore, PCD within the atrioventricular cushions of embryos

occurs in the same pattern as in CDl and in +/+ embryos of the same stage (compare 

Figures 5.11 a, b and c). At E13.5 too, the PCD within the atrioventricular cushions of 

Sp^^/Sp^^ embryos is still comparable to +/+ and CDl embryos, as is their morphology 

(compare arrowheads in Figures 5.12 a, b and c).

5.2.8 High intensity PCD foci are absent from the outflow tract cushions of

Sp^^/Sp^^ embryos at E12.5, and abnormally positioned within the

proximal outflow tract cushions of Sp^^/Sp^^ embryos at E13.5

In order to assess the importance of the neural crest cell contribution to the high 

intensity PCD foci in the outflow tract cushions at E12.5 and E13.5, Sp^^/Sp^^diXià wild 

type littermate embryos were analysed using TUNEL (n = 3 per group). At E l2.5, 

outflow tract development in +/+ embryos from Sp^^ litters appears comparable to that 

at the same gestational age in CDl mice (compare Figures 5.13 a and b). The degree of 

fusion of the outflow tract cushions (compare Figures 5.13 a and b) and the amount of 

PCD in +/+ embryos also appears comparable to that of CDl embryos at 55-57 somites 

(compare Figures 5.14 a and b). The morphology of the outflow tract in Sp^^/Sp^^ 

embryos, however, is quite different from that of both +/+ littermates and CDl embryos 

of similar somite numbers. The outflow tract cushions of Sp^^/Sp^^ are present at 

E l2.5, but there are no clear regions of fusion leading to septum formation between 

them (compare Figures 5.13 a, b and c). Normally, by E12.5, the distal outflow tract 

has septated and the pulmonary trunk and aorta are clearly distinguishable from one 

another, but this does not happen in Sp^^/Sp^^ embryos, resulting in a common arterial 

trunk (compare Figure 5.13 f  with Figures 5.13 d and e). Although the semilunar 

valves are visible in Sp^^/Sp^^ embryos at this stage, they appear to be larger than those 

of +/+ littermates or CDl embryos at the same stage of development (compare Figure
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Figure 5.12 Atrioventricular morphology and PCD in GDI, +/+ and Sp^^/Sp^^ 

embryos at E13.5

TUNEL analysis was performed on transversely sectioned GDI (a)), +/+ (b)) and 

Sp^^/Sp^^ (c)) mouse embryos at E l3.5. The sections are counterstained with methyl 

green. TUNEL positive nuclei are brown and indicated with arrowheads, 

a) The junction of the atrioventricular cushions in an El 3.5 GDI embryo shows 

comparable morphology and high intensity focus of PCD (arrowhead) to that in a +/+ 

embryo of the same developmental stage, shown in b). c) The atrioventricular cushions 

in a Sp^^/Sp^^ embryo have a normal morphological appearance and apoptosis 

(arrowhead) compared to both GDIs and +/+ littermates.

IC = inferior atrioventricular cushion

LA = left atrium

LV = left ventricle

RA = right atrium

RV = right ventricle

SC = superior atrioventricular cushion

Scale bar = 0.3 mm



Figure 5.12
' t,

; H 3 . 5 P D 1
'V.\

" s s :

i
E13^5,

' . ë ' i ^  4  i

%

SSî

w

F&.4.

2 ^->l

Lv 11% &

Dorsal

Right Left

Ventral



244



Figure 5.13 Outflow tract morphology in CDl, +/+ and Sp^^/Sp^^ embryos at E12.5

Methyl green staining of transversely sectioned +/+, CDl and Sp^^/Sp^^ embryos at 

E l2.5. a) and d) CDl outflow tract, b) and e) +/+ outflow tract, c) and f) Sp^^/Sp^^ 

outflow tract.

a) and b) In CDl and +/+ embryos, respectively, the outflow tract cushions at E l2.5 are 

normal and are partially fused forming the outflow tract septum, and the great vessels 

are clearly divided, c) In contrast, the outflow tract cushions of Sp^^/Sp^^ are poorly 

formed and do not have a septum, d) and e) In more rostral sections than a) and b), the 

pulmonary semilunar valves can be seen, and the divided great vessels are clear in CDl 

and +/+ embryos, f) However, in Sp^^/Sp^^ there is a common arterial vessel and, 

although a semilunar valve is present, it appears to have unusually large leaflets 

compared to those seen in non-mutant animals.

Ao = aorta

CAT = common arterial trunk

LA = left atrium

LV = left ventricle

OFTC = outflow tract cushions

OFTS = outflow tract septum

PT = pulmonary trunk

RA = right atrium

RV = right ventricle

SLV = semilunar valves

Scale bar = 0.35 mm
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Figure 5.14 Outflow tract PCD in CDl, +/+ and Sp^^/Sp^^ embryos at E12.5

TUNEL analysis was performed on transversely sectioned CD 1(a)), +/+ (b)) and 

Sp^^/Sp^^ (c)) mouse embryos at E12.5. TUNEL positive nuclei are brown and 

indicated with arrowheads and sections are counterstained with methyl green, 

a) In the CDl embryo, a focus of PCD can be seen in the proximal outflow tract 

cushions, b) In a 4-/4- embryo at the same developmental stage, comparable apoptosis to 

that seen in a) is visible within the proximal outflow tract cushions (arrowheads), c) No 

high intensity PCD is visible within the proximal outflow tract cushions of Sp^^/Sp^^ 

embryos at the same developmental age.

Ao = aorta

LA = left atrium

LV = left ventricle

OFT = outflow tract

OFTS = outflow tract septum

POFTC = proximal outflow tract cushions

PT = pulmonary trunk

RA = right atrium

RV = right ventricle

Scale bar = 0.3 mm
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5.13 f  with Figures 5.13 d and e). In contrast to +/+ littermates and CDl embryos at 

E l2.5, there are no foci of cell death visible within the proximal outflow tract cushions, 

or indeed anywhere else within the outflow tract cushions of Sp^^/Sp^^ embryos of the 

same stage (compare Figure 5.14 c with regions marked with arrowheads in Figures

5.14 a and b).

Normally at E l3.5, the outflow tract has completely septated and the aorta and 

pulmonary trunks have not only divided, but have separated from one another. The 

outflow tract of Sp^^/Sp^^ embryos, on the other hand, is grossly abnormal and still 

only has a single outflow vessel at E13.5 (compare Figure 5.15 f  with 5.15 d and e).

The cushion tissue within the Sp^^/Sp^^ outflow tract is still abnormal and does not 

form a distinct septum as in CDl embryos and +/+ littermates (compare Figure 5.15 c 

with a and b). As at E12.5, although the semilunar valves are present, they appear 

thicker than those of either +/+ littermates or CDl embryos at El 3.5 (compare Figure

5.15 f with 5.15 d and e).

In contrast to the findings at E l2.5, proximally, a high intensity PCD focus 

appears in the outflow tract cushions of Sp^^/Sp^^ embryos at E l3.5 (compare 

arrowheads in Figure 5.15 c with those in a and b). Comparison of the location of this 

focus to that found at E l3.5 in non-mutant proximal outflow tracts is difficult since it 

appears to occur within the fused septal region of the cushions in the latter group, which 

does not exist in Sp^^/Sp^^ embryos. The focus of PCD in the Sp^^/Sp^^ embryos 

occurs on the left proximal side of the sinistro-ventral cushion (arrowhead. Figure 5.15

c). In addition, however, there are high-intensity foci of PCD that appear in Sp^^/Sp^^ 

embryos, just proximal to the semilunar valves, that do not occur in apparently 

comparable regions in +/+ littermates or CDl embryos (compare arrowheads in 5.15 f 

with 5.15 d and e).
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Figure 5.15 O utflow  tract m orphology and PCD in C D l, +/+  and Sp^ /̂Sp^  ̂

em bryos at E13.5

TUNEL analysis was performed on transversely sectioned CDl, +/+ and Sp^^/Sp^^ 

embryos at E l3.5. The sections are counterstained with methyl green. TUNEL positive 

nuclei are brown and indicated with arrowheads, a) and d) CDl. b) and e) +/+. c) and 

f) Sp^^/Sp^^.

a) and b) The proximal outflow tract septum of CDl and +/+ embryos both show a high 

intensity focus of PCD within a single, central region (arrowheads), c) In contrast, the 

proximal outflow tract cushions of Sp^^/Sp^^ embryos look abnormal and appear to 

extend less proximally. However, a focus of PCD is visible in the outflow tract cushion 

of Sp^^/Sp^^ embryos (arrowheads), but the location is not directly comparable to that in 

CDl or wild type littermates.

d) and e) More rostrally, the aorta and pulmonary trunk can be seen to be divided in 

CDl and +/+ embryos. Also, the pulmonary semilunar valve can be seen, f) In 

Sp^^/Sp^^ embryos at a comparable level to c) and f), there is still only a single common 

arterial trunk, as at E12.5. Furthermore, the semilunar valve appears larger than in CDl 

or +/+ embryos. Also, high intensity foci of PCD are seen just proximal to the 

semilunar valve in Sp^^/Sp^^ embryos (arrowheads). No comparable foci of PCD are 

seen in either CDl or +/+ embryos.

Ao = aorta

CAT = common arterial trunk 

L/RA = left/right atrium 

OFTC = outflow tract cushions 

SLV = semilunar valves 

PT = pulmonary trunk 

Scale bar a), b) and c) = 0.35 mm 

Scale bar d), e) and f) = 0.60 mm
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5.2.9 Macrophages do not localise to foci of PCD during cardiac septation

Anti-F4/80 staining was examined between E l0.5 and E l3.5 to look for the 

presence of macrophages during septation. At least two embryos were examined per 

somite group (Section 2.3.6) and two at E l3.5. Macrophages were only very 

occasionally present within the heart (Figure 5.16 a and e, b and f, and d and h), 

although they were frequently observed in neighbouring non-cardiac structures (Figure

5.16 j). Macrophages were frequently found in the developing venous inflow regions, 

throughout the ages examined (Figure 5.16 c and g). A low intensity focus of PCD is 

also observed in this area (Figures 5.16 i). In addition, at E12.5, in the left 

atrioventricular sulcus, macrophages were observed to occur in the region of a 

developing coronary vessel (Figure 5.16 b). However, at no point did macrophage 

staining correlate with a high intensity or low intensity PCD focus. To illustrate this, 

PCD is shown in the interventricular septum (Figure 5.17 a), atrioventricular region 

(Figure 5.17c) and proximal outflow tract cushions (Figure 5.17 e) at E12.5. Similar 

anti-F4/80-stained sections (Figures 5.17b, d and f) show no macrophages to be present 

in comparable regions.

Transmission electron microscopy was performed on the outflow tracts of three 

E l2.5 hearts. In the mesenchymal regions where high intensity PCD was observed, the 

cellular location of apoptotic bodies was examined. Apoptotic debris could only be 

identified as being within another cell when the nucleus of that cell was visible in the 

same section, otherwise the cell membrane around the debris could represent the 

membrane of the apoptotic cell. When this was possible, apoptotic bodies invariably 

occurred within neighbouring mesenchymal cells in the septum (Figures 5.18 a and b). 

Furthermore, no macrophages, which may be characterised by large eccentrically 

placed nuclei and dense cytoplasmic granules (Burkitt et a l, 1994), were observed in 

the outflow tract by transmission electron microscopy.
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Figure 5.16 F4/80 immunohistochemistry

a)-h) and j) Anti-F4/80 immunohistochemistry performed on transverse sections of 

embryonic hearts and counterstained with methyl green, i) Template of a 52-54 somite 

embryo. e)-h) are high magnification views of the boxed areas in Figures a)-d) 

respectively.

a) and e) F4/80 staining, indicating the presence of a macrophage, within the 

myocardial wall of the outflow tract of an El 0.5 embryo (arrowhead), b) and f) 

Macrophages in the right atrioventricular groove of a late El 1.5 embryo (arrowhead), 

c) and g) Macrophages around the left sinus horn (arrowheads), i) Template of a 

comparable region, at a comparable age to that shown in c) and g) and demonstrates the 

presence of a PCD focus in a comparable area (arrow) to that in which the macrophages

are seen in c) and g). d) and h) Macrophages in the right ventricular wall (arrowhead)

at E l2.5. j) Macrophages in the same embryo shown in d) and h) but within the 

thoracic wall (arrowheads).

LA = left atrium 

LV = let ventricle 

RA = right atrium 

RV = right ventricle 

Scale bar a) -  d) = 0.35 mm 

Scale bar e) -  h) = 0.07 mm 

Scale bar i) j) = 0.25 mm
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Figure 5.17 F4/80 immunohistochemistry and TUNEL

Transverse sections through E l2.5 hearts that have been counterstained with methyl 

green, a), c) and e) TUNEL-assayed section. Positive TUNEL cells are brown and 

indicated by arrowheads, b), d) and f) Comparable sections to a), d) and e), 

respectively, that have been assayed with anti-F4/80 immunohistochemistry. 

a) TUNEL-positive staining within the interventricular septum of an E l2.5 embryo 

(arrowheads), b) No anti-F4/80 staining is seen in a comparable section of an El 2.5 

interventricular septum, c) High intensity apoptosis can be seen within the 

atrioventricular cushions of an E12.5 embryo, at the junction between the superior and 

inferior atrioventricular-cushions (arrowheads), d) However, no anti-F4/80 staining can 

be seen in a comparable section of E12.5 atrioventricular cushions, e) High-intensity 

apoptosis can be seen within the proximal outflow tract cushions of an El 2.5 embryo 

(arrowheads). £) Again, as in the interventricular septum and the atrioventricular 

cushions, there is no anti-F4/80 staining in a comparable section of an E l2.5 outflow 

tract cushions.

IC = inferior atrioventricular cushion

LA = left atrium

LV = left ventricle

OFT = outflow tract

OFTC = outflow tract cushions

RA = right atrium

RV = right ventricle

SC = superior atrioventricular cushion

Scale bar = 0.15 mm
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JFigure.5.18 Transmission electron microscopy of E12.5 outflow tract cushions 

showing engulfed apoptotic body

a) A transverse section through a toluidine blue stained, ultrathin outflow tract section 

of an El 2.5 CDl embryo, b) An apoptotic body that was found in a directly adjacent 

section examined by transmission electron microscopy. The apoptotic body can be seen 

to be within the cell membrane (outline has been drawn around in black) of a 

neighbouring mesenchymal cell, whose own nucleus is clearly visible (N). The “X” in 

a) marks the region adjacent to which the apoptotic body shown in b) was found.

AB = apoptotic body 

N = normal nucleus 

OFT = outflow tract

POFTC = proximal outflow tract cushion 

Scale bar a) =0.1 mm 

Scale bar b) = 2 pm
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5.3 Discussion

This section will first address the role of PCD in the developing outflow tract wall. 

The implication of the observed relationship between invading myocardium and the 

high intensity PCD in the outflow tract cushions is then considered. This is followed by 

a discussion of the finding of PCD is altered within the outflow tract cushions of 

Sp^^/Sp^^ mutants and that double-labelling shows co-localisation of PCD and regions 

of neural crest cells outside the septation complex at E l3.5. Finally, the finding that 

macrophages are not responsible for the clearance of apoptotic debris during cardiac 

septation is discussed.

5.3.1 Apoptotic cells are likely to have been phagocytosed by neighbouring cells 

in the same cell layer

The double-labelling images shown in this chapter rarely showed the “yellow” 

colour expected when rhodamine-labelling exactly co-localises with fluorescin- 

labelling. This is possibly because the labelled sections were only 8 pm thick and, as a 

result, effectively “two-dimensional”. Therefore, where an apoptotic cell was visible in 

a section, it may be unlikely to have sufficient rhodamine-positive labelling above and 

below it to give the cell a “yellow” colour when the images of rhodamine and 

fluorescin-labelling were merged. For this reason, the cell type of TUNEL-positive 

nuclei was essentially deduced from the cell layer in which they were visible (although 

high-magnification confocal images may have been useful in assessing this).

The evidence from existing literature suggests that phagocytosis of apoptotic 

debris is rapid and that TUNEL-positive nuclei are already likely to have been 

phagocytosed by another cell (Jacobson et a l, 1997). Therefore, one question which 

must be addressed here is whether apoptosis, i.e. TUNEL-positive nuclei, seen within a 

given cell layer, e.g. the epicardium, actually belong to that cell layer or have simply

252



been phagocytosed by an adjacent cell of a different cell layer, e.g. myocardium.

Firstly, as there are very few macrophages in the heart, neighbouring cells must 

phagocytose apoptotic cells. Therefore, when all the cells around an apoptotic nucleus 

are of the same tissue type, as occurs within the outflow tract myocardial wall and the 

outflow tract cushion mesenchyme, it seems probable that the TUNEL-positive nucleus 

represents the same cell type. Also, the double-labelling experiments showed that PCD 

could be seen in epicardium, myocardium, endocardium and in the endocardial 

cushions, suggesting each of these cell types is capable of phagocytosing apoptotic 

debris. Also, with regard to the example given, myocardial cells are much larger than 

epicardial cells, and hence presumably difficult for epicardial cells to phagocytose. 

Therefore, in the case of TUNEL-positive nuclei within the epicardium, which always 

borders myocardium, it seems likely that the apoptosis is actually of epicardial cells.

The same principles cannot be applied, however, to the TUNEL-positive 

staining that co-localises with the diffuse a-smooth actin-positive neural crest cells in 

the outflow tract cushions (i.e. that not in the septation complex). These neural crest 

cells appear to intermingle with non-neural crest-derived mesenchymal cells of the 

outflow tract cushions. Therefore, regional co-localisation of a-smooth muscle actin- 

positive cells and TUNEL-positive nuclei can only indicate whether it is possible that 

the neural crest cells are dying, rather than a certain demonstration of this occurrence. 

This is because even if a-smooth actin staining exactly correlates with TUNEL 

staining, it is possible that this represents phagocytosis of a non-neural crest derived- 

mesenchymal cell by a neural crest cell. Likewise, therefore, lack of exact cellular co

localisation of a particular TUNEL-positive nucleus with a-smooth actin does not mean 

that the apoptosing cell is not neural crest-derived.
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5.3.2 A potential role for PCD in the shortening of the outflow tract wall

The results demonstrate that the PCD occurs in both the epicardial and the 

myocardial cells layers of the outflow tract walls. PCD has been previously described 

in the outflow tract wall during septation by at least three other authors -  Pexieder 

(1975) and Watanabe et a l (1998) describe the phenomenon in the chick and Zhao and 

Rivkees (2000) in the mouse. Of these, the most detailed study is by Watanabe et al 

(1998). In their paper they present evidence that PCD within the myocardium is an 

important factor in the shortening of the outflow tract that occurs during septation. In 

the chick and the rat there is a 60% decrease in the length of the outflow tract as 

outflow tract septation completes (Watanabe et a/., 1998; Ya al, 1998). While the 

results presented in this chapter are consistent with this, in so much as PCD is 

demonstrated to occur within the outflow tract myocardium, it is difficult to conceive 

that the amount of PCD shown to occur could be solely responsible for significant 

shortening of the outflow tract. The previous chapter and Section 5.3.3 address this 

issue, suggesting a rearrangement of the myocardium and migration of cardiomyocytes 

into the outflow tract cushions may be responsible for its shortening.

However, Watanabe et al (1998) did not address the reduction in length of the 

epicardium around the outflow tract. It is possible that some of the loss of epicardial 

cells may be due to their incorporation into the epicardial layer around the ventricles. 

Interestingly, there are approximately as many epicardial as myocardial cells dying in 

the outflow tract wall, although the epicardium consists only of a single cell layer 

whereas the myocardium is composed of multiple cell layers. Hence, a similar number 

of epicardial as myocardial cells dying would have a greater effect on the length of the 

outflow tract epicardium than on the outflow tract myocardium. This, therefore, 

supports a role for apoptosis in the shortening of the epicardial layer of the outflow tract 

during septation.
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5.3.3 Myocardialisation has a complementary association with high intensity

PCD in the outflow tract cushions

Extrapolating data from the rat suggests that myocardialisation is expected to 

start between E12.5 (55-60 somites) and E13.5 in the mouse (Ya et a l, 1998a). This is 

supported by evidence from the previous chapter, which suggests a movement cells 

from the outflow tract walls to the outflow tract cushions between E l2.5 and E l3.5. 

Although some myocardial cells are migrating into the outflow tract cushions at the 55- 

60 somite stage, it is striking how, by E l3.5, the most proximal part of the outflow tract 

cushions has become almost completely myocardialised, just after the high intensity 

PCD in this region has peaked. This observation is consistent with the theory that PCD 

in the outflow tract cushions is required to “make room” for invading myocardium (Ya 

et fl/., 1998a; van den Hoff et al, 1999). The alternative possibility, that this 

myocardialised region of the outflow tract results from transformation of mesenchymal 

cells into muscle, cannot be excluded, although there is no support for this theory in the 

existing literature, or in this thesis. For instance, the double-labelling data show that the 

myocardialised region is continuous with the outflow tract walls and does not show any 

detached cardiomyocytes forming in the outflow tract cushions. Although some de 

novo muscle was observed in the outflow tract cushions by transmission electron 

microscopy, this occurs within the septation complex, distal to the region that is 

myocardialised. Also, unlike the regions where myocardial projections are seen, this 

muscle is not directly connected to the myocardial walls.

Some of the high intensity PCD occurs in regions of the outflow tract cushions 

that do not become myocardialised, but will go on to form the aortic and pulmonary 

semilunar valves. In Section 5.2.4, the size of this region of the cushions was suggested 

to reduce between E12.5 to E13.5. It is conceivable, therefore, that this “thinning” may
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involve a loss of cellular mass due to the PCD seen in these parts of the outflow tract 

cushions.

5.3.4 Distribution of neural crest ceils in the outflow tract cushions

While the current literature agrees with the concept of some of the cardiac 

neural crest cells being diffusely distributed through the outflow tract cushions and the 

rest localising to the septation complex (Poelmann et a/., 1998; Waldo et al, 1998; Ya et 

a l, 1998a), there is some disagreement as to the proximal extent of the complex. In the 

chick, one study using chick-quail chimeras suggested that the septation complex 

extends into the distal outflow tract cushions only (Waldo et a/., 1998), whereas another 

study using retro-viral labelling of the neural crest cells, suggests that the complex 

extends into the most proximal part of the outflow tract cushions (Poelmann et 

a/., 1998). A study in the rat seems to suggest that the septation complex extends into 

the proximal cushions, but is unclear as to how far into them it extends (Ya et 

al, 1998a). The evidence presented here suggests that the prongs of the septation 

complex do extend into the proximal cushions in the mouse, but not to the most 

proximal edge of the cushions, at least not by El 3.5.

5.3.5 Neural crest cells are related to PCD in the outflow tract cushions

There appears to be a spatio-temporal relationship between neural crest cells and 

PCD in the proximal outflow tract in the chick and rat (Poelmann et a/., 1998; Ya e/ 

al, 1998a). The relationship is confirmed in this chapter in the mouse. The questions 

remain as to whether the neural crest cells outside the septation complex are actually 

undergoing apoptosis, whether these cells directly or indirectly cause apoptosis in non- 

neural crest-derived mesenchymal cells or whether the association is a combination of 

the two. The possibility that the association of cardiac neural crest with PCD in the

proximal outflow tract is coincidental must also be considered.

256



Are neural crest cells responsible for cell death in the outflow tract cushions at 

E12.5? The fact that, at E12.5, Sp^^/Sp^^ embryos do not have a high intensity focus of 

cell death in their outflow tract cushions, unlike wild type littermates, suggests that 

neural crest cells are indeed involved in this apoptosis. However, the question of 

whether the neural crest cells are directly or indirectly involved in stimulating this PCD 

remains.

Another mouse mutant with cardiac defects has reduced apoptosis in the 

proximal outflow tract cushions. This is the NF-1 null mutant mouse, in which neural 

crest cell migration seems to be unaffected (Lakkis and Epstein, 1998). The double

outlet right ventricle that develops in this model is similar to the common arterial trunk 

observed in all the Sp^^/Sp^^ embryos in the current study, as they both involve a 

proximal outflow tract defect, in which fusion of the two outflow tract cushions does 

not occur properly.

This suggests two possibilities. First that the NF-1 gene and neural crest cells 

are both required to cause high intensity PCD in the proximal outflow tract cushions. If 

this is the case, it is conceivable that apoptosis in the proximal outflow tract cushions is 

actually necessary for proper co-ordination of outflow tract septation, and without it, 

defects arise. Secondly, it is possible that normal, high intensity PCD in the proximal 

outflow tract cushions requires normal, morphological development of the region. This 

latter possibility seems less likely, though, given that in RXRdRARfidiOv^AQ knockouts, 

an increase in proximal outflow tract PCD is seen in conjunction with a double outlet 

right ventricle (Ghyselinck et a/., 1998). From this it may be inferred that proper 

development of the proximal outflow tract cushions is not necessarily required for high 

intensity PCD and, therefore, the reduced apoptosis in Sp^^/Sp^^ embryo outflow tracts 

at E l2.5 is not likely to be secondary to the morphological defect. This implies some 

other role for neural crest cells in causing the PCD observed at this time. However, it is
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not possible to rule out that normal apoptosis seen in the proximal outflow tract 

cushions may actually be abolished in RXRa!RARj3&ouh\Q knockouts, but that the 

excessive apoptosis that does occur may be an abnormal result of the mutations. The 

migration of neural crest cells in RXRodRARfido\jib\Q knockouts has not been 

specifically investigated.

Whenever PCD has been studied in conjunction with abnormal outflow tract 

development, an abnormality in the apoptosis has been observed. It would be, 

therefore, of great interest to study apoptosis in the outflow tract cushions of other 

mouse models that develop a double-outlet right ventricle or common arterial trunk, 

such as the Sox-4 or loop-tail mutant mice (Ya et a l, 1998b; Henderson et al., 2001), to 

see if this was invariably the case.

Surprisingly, at El 3.5, high intensity foci of PCD were observed in the outflow 

tract cushions of Sp^^/Sp^^ embryos. One of these foci of PCD was in a similar 

position to that seen in +/+ and CD Is, and it is feasible that it is in fact the same focus 

of PCD as in non-mutant embryos but that the abnormal position is a reflection of the 

abnormal anatomy of El 3.5 Sp^^/Sp^^ outflow tract cushions. This would suggest that 

high intensity PCD in the E l3.5 outflow tract cushions might not relate to neural crest 

cells, unlike that at E12.5. However, two of the foci of PCD, those adjacent to the 

semilunar valve, are clearly abnormal in Sp^^/Sp^^. This might suggest that some 

aspect of the abnormal morphology causes these foci of cell death, and perhaps, 

therefore, favours the view that the focus of cell death in the proximal outflow tract 

cushions is abnormal too. Alternatively, it may be that at E l3.5, neural crest cells 

protect the outflow tract cushions from apoptosis; this, though, seems unlikely, given 

that at E l2.5, neural crest cells appear to be necessary for apoptosis in the outflow tract 

cushions, and that at E l3.5 in CDl embryos, they co-localise with apoptosis. A final 

possibility is that the PCD seen in the outflow tract cushions of E l3.5 Sp^^/Sp^^
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represents the same phenomenon that occurs at E l2.5 in non-mutant animals, but is 

somehow delayed by the absence of neural crest cells. Although again, this seems 

questionable, given the abnormal distribution of some of the high intensity PCD seen in 

V "/V "atE 13.5 .

5.3.6 Are neural crest cells dying in the outflow tract cushions?

Although it seems that neural crest cells are required for apoptosis in the 

outflow tract cushions at E12.5, it remains unclear whether or not they are actually the 

cells that are dying. The evidence for this in mammals is sketchy. In the rat there is 

only associative evidence that shows, just after cardiac septation, neural crest cells are 

seen in the proximal outflow tract septum at the same time as PCD (Ya et al, 1998a), 

though the possible significance of this relationship, and their relative locations, were 

not described further. In the mouse, the association between neural crest cells and PCD 

in the outflow tract septum is implied. Jiang et a l (2000) labelled all neural crest cells 

by use of a lac-Z reporter construct under the control of a wnt-1 promoter that marked 

pre-migratory neural crest and all their progeny. In this study, they showed that between 

cardiac septation and birth, there was a massive relative reduction in the neural crest 

cell contribution to the outflow tract, and suggested that either this was because of a 

specific removal of cardiac neural crest cells, or overgrowth of neural crest cells by 

neighbouring tissues (Jiang et a/.,2000).

The evidence in avian models, however, is more detailed. Two studies in the 

chick, one using chick-quail chimeras and the other retroviral labelling (Waldo et 

a/., 1998; Poelmann et al, 1998) have traced cardiac neural crest cells. The study by 

Waldo et a l (1998) showed that neural crest cells were found to contribute to the 

proximal outflow tract septum even up to the time just after septation had completed, at 

E8. This would correspond to approximately E l3.5 in the mouse. They did not

describe any particular reduction of neural crest cell numbers during this time.
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However, the study by Poelmann et al (1998) also examined apoptosis, and analysed 

further stages of chick development than Waldo et a l (1998), going to E9, which 

corresponds to E14.5/E15.5 in the mouse (Figure 1.5). In this paper, Poelmann et a l 

(1998) showed that from around E7 (corresponding to E12.5 in the mouse; Figure 1.5) 

apoptosis and retrovirally-labelled neural crest cells co-localised in the proximal 

outflow tract; furthermore they showed that after septation was complete, there was a 

large reduction in the number of neural crest cells. The authors suggest that this 

evidence shows that apoptosis removes cardiac neural crest from the outflow tract 

septum (Poelmann et a/., 1998). However, this study showed no reduction in cardiac 

neural crest cells prior to septation, only afterwards. This may mean that prior to the 

completion of septation, neural crest cells are not removed by apoptosis, but just co- 

localise with it, but that subsequently neural crest cells do apoptose. This could be 

seen as consistent with the data presented in this chapter regarding the spatio-temporal 

relationship of neural crest cells to PCD. At E12.5, although some neural crest cells 

outside the septation complex are found distant from the un-fused edges of the proximal 

outflow tract cushions in the same location as the PCD, most of them actually line the 

edges of the un-fused portion, unlike apoptotic cells, suggesting that they are not dying 

at this time. However, subsequently, at E l3.5, these mesenchymal-neural crest cells do 

co-localise well with TUNEL-positive nuclei, suggesting that they may well be 

apoptosing. Furthermore, the fact that PCD is not observed within the septation- 

complex-associated neural crest cells could explain why Jiang et a l (2000) report that 

not all of the cardiac neural crest cells are removed during septation.

Some PCD is seen in the periphery of the septation complex. This may 

represent trapped mesenchymal cells caught in the lattice of the forming complex, 

which is consistent with the fact that its periphery is less densely a-smooth muscle 

actin-positive. Alternatively, it is possible that the septation complex is removed by
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PCD gradually. This would not be possible to assess without an analysis of whether 

PCD occurs in the septation complex after septation.

Although the data presented in this chapter support a model in which PCD 

removes neural crest cells only at El 3.5, co-localisation of apoptotic cells at E l3.5 with 

a-smooth muscle actin does not unequivocally show that neural crest cells are dying, 

since it is possible that the neural crest cells are phagocytosing neighbouring apoptotic 

cells. Furthermore, this model would be inconsistent with the observation that at E l3.5 

Sp^^/Sp^^ embryos do develop high intensity foci of PCD in their proximal outflow 

tract cushions, unless, as suggested, these foci of PCD are abnormal and not related to 

those in non-mutant animals.

In order to further investigate whether neural crest cells are dying at E l3.5, it 

would be ideal to count changes in the numbers of neural crest cells in the outflow tract 

septum before, during and after the completion of outflow tract septation, as would be 

possible using the transgenic embryos of Jiang et al. (2000), which express lacZ in their 

neural crest cells. However, with only the existing evidence and the evidence provided 

in this chapter, while it seems clear that neural crest cells are associated with, and 

indeed required for PCD in the proximal outflow tract cushions of the mouse, the nature 

of this requirement remains unclear.

Finally, one observation made in Section 5.2.8 was that the semilunar valves of 

Sp^^/Sp^^, although present, were thicker than those of non-mutant animals. Given the 

reduced apoptosis in Sp^^/Sp^^ embryos, at E l2.5 at least, in the cushions that form the 

valves, this supports the theory that one of the functions of the high intensity PCD is to 

help “thin” these valves. This may therefore indirectly implicate neural crest cells as 

being important in proper valvulogenesis. However, it is equally possible that the 

abnormal appearance of the valves may be secondary to the fact that the aortic sac has 

not septated and/or the grossly abnormal outflow tract morphology.
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5.3.7 Possible relationship of PCD, myocardialisation and cardiac neural crest

cells

It was noted in Section 3.2.2 that the distribution of apoptosis in the proximal 

outflow tract cushions at E12.5 was slightly different from that at E13.5. At E12.5, 

high intensity PCD occurs away from midline regions, but at E l3.5, it occurs in the 

midline. While, it is possible that this is due to the fact the cushions have fused by 

E l3.5 and the differing distributions of apoptosis reflect the change in morphology, it is 

conceivable that the change in distribution also reflects a functional difference in the 

high intensity PCD at the different ages. For example, at E l3.5, the PCD seems to co- 

localise with neural crest cells, unlike at E l2.5, where it seems to precede 

myocardialisation. PCD in the non-neural crest-derived outflow tract mesenchyme 

appears to require neural crest cells at E l2.5 (Section 5.3.5), and it also appears that this 

PCD may be important for the myocardialisation that occurs between E l2.5 and E l3.5 

(Section 5.3.3). Therefore a model may be proposed in which neural crest cells induce 

PCD in outflow tract cushion mesenchyme at E l2.5, which allows myocardialisation, 

and thereafter the neural crest cells themselves die. However, the data presented here 

only provides circumstantial evidence for this theory.

Another interesting possibility is that there is a direct link between neural crest

cells and myocardialisation. This has been previously suggested by Poelmann et al.

(1998) and van den Hoff et al. (1999), but there is little direct evidence for it in the

literature. However, Dr. V. Reed has preliminary evidence that the process of

myocardialisation is compromised in Sp^^/Sp^^ embryos (unpublished data from our

laboratory). However, the evidence from the existing literature (Ya et a/., 1998a; van

den Hoff et al, 1999) and this chapter suggests that myocardialisation may require the

apoptotic removal of mesenchymal cells from outflow tract cushions, thus creating

“space” for the invading cardiomyocytes. While it is possible, therefore, that defects in
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myocardialisation in Sp^^/Sp^^ embryos are directly due to the lack of neural crest cells, 

they may also be secondary to the reduced PCD in the outflow tract cushions, which 

follows the reduction in neural crest cell migration to the outflow tract. These two 

possibilities may prove difficult to tell apart. This is because neural crest cell migration 

appears to be necessary for PCD in the outflow tract cushions at E12.5, and so it seems 

unlikely that a mutant in which apoptosis in the proximal outflow tract cushions is 

normal despite defective neural crest cell migration would occur. Furthermore, in a 

model in which neural crest cell migration is apparently normal, as in the NF-1 null 

mouse, but in which there is reduced apoptosis in the outflow tract cushions, if 

myocardialisation fails to occur, it will not be possible to tell whether that is because the 

neural crest cells do not induce it, or that they do induce it, but apoptosis is required 

too. Although, if myocardialisation did occur in this model, it would suggest that it 

requires neural crest cells directly, and not apoptosis.

5.3.8 Clearance of PCD during cardiac septation is by local cells and not by 

macrophages

The results in this chapter demonstrate that apoptotic debris is probably not cleared 

by macrophages during mouse cardiac septation. The transmission electron microscopy 

study provides evidence that local cells clear apoptotic debris, thereby preventing 

secondary necrosis. This finding is somewhat surprising, with relation to the existing 

literature.

In other developmental systems where PCD occurs at high levels, such as in the 

developing interdigital webs and the developing kidneys (Hopkinson-Woolley et a i, 

1994; Camp and Martin, 1996; Wood et a i, 2000), the apoptotic cells are cleared by 

macrophages. Moreover, in all other reports where the clearance of PCD in the 

developing heart has been considered, macrophages have been demonstrated to be
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present. Specifically, in Pexieder’s survey of PCD during chick cardiogenesis (1975), 

macrophages were shown to be present, by histology, at PCD foci. The differences in 

the findings of this chapter and the study of Pexieder could be attributed to species 

differences between the chick and the mouse, or to the difference in techniques used to 

assess the presence of macrophages. This, however, is less likely to explain the 

differences between the results presented here and those presented by Ya er al (1998a), 

who demonstrated the presence of macrophages, using a macrophage-specific antibody, 

adjacent to the high intensity PCD in the rat outflow tract cushions. Interestingly, Ya e/ 

al (1998a) did not show that the PCD was actually cleared by macrophages; in 

addition, the figure in their paper showed few macrophages when compared with the 

numbers seen to clear comparable amounts of PCD in the interdigital webs. Most 

recently, Abdelwahid et al (1999) showed, by transmission electron microscopy, that 

PCD in developing ventricles of mouse embryos can be cleared by macrophages. In 

this paper, however, it was noted that macrophages are not the major cell type involved 

in apoptotic clearance in the heart and that neighbouring cells clear most of the 

apoptotic debris. Since this study exclusively used transmission electron microscopy to 

search for macrophages, it is not possible to conclude how prominent these cells are 

within the ventricular myocardium. In addition, the stages of cardiac development 

analysed for macrophages were not specified and may not have coincided with those of 

the present study.

An alternative explanation for why the data in the current study are inconsistent 

with other studies could be a lack of sensitivity of the anti-F4/80 antibody. This, 

however, seems unlikely as absence of macrophages in the outflow tract septum was 

corroborated by transmission electron microscopy. Moreover, it has been 

demonstrated that the anti-F4/80 antibody can detect a variety of macrophage lineages 

(Austyn and Gordon, 1981). Another possibility is that the anti-F4/80 antibody does
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not label macrophages specifically in cardiac tissue. This too seems unlikely given that, 

albeit very occasionally, macrophages may be seen using the anti-F4/80 antibody in the 

heart.

The results raise two questions that must be addressed. Firstly why do macrophages 

not clear PCD during cardiac septation? and secondly, how is apoptotic debris cleared 

during cardiac septation? The lack of macrophages in the heart contrasts with, for 

example, the main bulk of the thoracic body, where macrophages are seen frequently. 

This would suggest that the macrophages themselves are competent to move from blood 

or lymphoid tissues into other tissue but that they “choose” not to do so in the heart. 

This could be for two reasons. Firstly, macrophages might require specific chemotactic 

signals to attract them to a region, and these signals may not be present in the 

developing heart. Secondly, it may be that some innate environmental aspect of the 

developing heart does not support the presence of macrophages.

As regards how apoptotic cells are cleared within the heart, the transmission 

electron microscopy would suggest that this occurs due to phagocytosis by 

neighbouring cells. Although this may seem surprising particularly considering the 

sheer quantity of PCD that must be cleared in the endocardial cushions, a precedent has 

been set for clearance of such high levels of apoptotic debris by unspecialised cells. 

Wood et a l (2000) demonstrate that neighbouring mesenchymal cells can clear PCD in 

the interdigital webs of PUl knockout mice, which lack macrophages. This clearance 

was demonstrated to take three times as long as for wild type embryos, in which 

clearance is by macrophages and, correspondingly, the regression of the interdigital 

webs was shown to take three times longer than normal. This illustrates that it is 

possible for unspecialised phagocytes to clear debris from high intensity PCD.

The process of phagocytosing an apoptotic cell is a complex one. It requires 

recognition of apoptosis by the putative phagocyte; engulfment, involving cytoskeletal

265



rearrangements, and subsequent digestion of the debris. Wood et a l (2000) postulate 

that the ability of mesenchymal cells to phagocytose apoptotic cells in the interdigital 

webs of PUl knockout mice involves upregulation of molecules involved in the 

phagocytosis process. A similar upregulation of molecules involved in recognition, 

engulfment and digestion of apoptotic cells may be predicted in cardiac cells required to 

phagocytose PCD in foci of cell death. Dr. Paul Martin (University College London - 

personal communication) is currently performing a survey of genes whose normal 

expression is altered in the interdigital mesenchymal cells of PU l knockout mice as 

they phagocytose apoptotic cells; this may provide candidates for molecules that could 

be involved in phagocytosis of apoptotic debris in PCD foci during cardiac septation.
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5.4 Summary

The PCD foci in the outflow tract wall are demonstrated to consist of both 

epicardial and myocardial cells, supporting a role for PCD in outflow tract shortening in 

the mouse. The results of this chapter show that high intensity PCD in the outflow tract 

cushions precedes the onset of cardiomyocyte invasion of the proximal outflow tract 

cushions. Moreover, this occurs only in mesenchymal tissue and not in myocardial 

cells, supporting a role for PCD in myocardialisation of the proximal outflow tract in 

mouse, as proposed by Ya e/ a l (1998a) and van den Hoff et a l (1999).

In the absence of neural crest cells in Sp^^/Sp^^ mutants, the high intensity PCD 

normally seen in the outflow tract cushions at E l2.5 does not occur, although PCD foci 

can be seen in the mutant outflow tract at El 3.5. Furthermore, a group of neural crest 

cells in normal embryos are shown to co-localise within the high intensity PCD within 

the outflow tract cushions at E l3.5. This supports the idea that either the neural crest 

cells themselves are dying and/or that they have a role in the induction of apoptosis 

within the outflow tract cushions.

Surprisingly, macrophages are not found at sites of PCD in the outflow tract or 

other regions of the heart, suggesting neighbouring cardiac cells clear apoptotic debris.
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CHAPTER 6

D e a t h  r e c e p t o r -m e d ia t e d  a p o p t o s is

DURING CARDIAC SEPTATION
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6.1 Introduction

Some of the strongest evidence suggesting a role for PCD in cardiac 

development comes from knockout studies of components of the apoptotic pathways. 

The FLIP, FADD, and caspase-8 knockout mice have all been shown to develop 

abnormal ventricles and die during cardiac septation at E10.5, El 1.5 and E13.5 

respectively, exhibiting signs of cardiac failure (Varfolomeev et a l, 1998; Yeh et a l, 

1998; Yeh et a l, 2000), These three molecules are principally known for their 

importance in the regulation of death receptor-mediated apoptosis. In death receptor- 

mediated apoptosis, binding of ligands, such as Fas ligand, to a death receptor, such as 

Fas, causes aggregation of death receptors and recruitment of the intracellular protein 

FADD. FADD in turn binds to caspase-8 or, when present, FLIP. Binding of multiple 

caspase-8 molecules by FADD results in activation of caspase-8 and, thereby, 

apoptosis. In contrast, FLIP, is thought to function as a competitive inhibitor of 

caspase-8 (described in detail in Section 1.1.3). On the other hand, mouse null mutants 

for molecules in what is classically thought of as the stress-mediated apoptotic pathway, 

such as caspase-9 and Apaf-1, do not result in cardiac defects (Kuida et a/., 1998; 

Yoshida et a l,  1998). Therefore, the literature suggests that death receptor-mediated 

apoptosis may be involved in cardiac development at around the time of cardiac 

septation.

Dr. Anne-Odile Hueber (Nice, France) has developed, and kindly provided, 

transgenic mouse embryos that overexpress a FADD dominant-negative construct 

within the nervous system and the heart, allowing the effect of perturbing death 

receptor-mediated apoptosis to be investigated. Hemizygous and homozygous 

transgenic mice are viable and fertile. The fi-actin promoter drives the construct, and as 

this is ubiquitously expressed it is unclear why the construct is only expressed in the 

heart and nervous system. The dominant-negative construct lacks the amino-terminal
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79 amino acids of FADD, including the recruitment site for caspase-8. Although based 

on the human FADD molecule, it has been shown to be highly efficient in abrogating 

death receptor-mediated cell death when expressed in mouse thymocytes under the 

control of a Ick promoter where, despite stimulation with Fas over 24 hours, there was 

an almost complete inhibition of cell death (Zomig et a l, 1998). Transgenic 

hemizygous thymocytes show as powerful an inhibitory effect on Fas-induced cell 

death as thymocytes carrying two copies of the dominant-negative construct (Dr Anne- 

Odile Hueber, personal communication). In the current study, only hemizygous 

animals were used. Analysis of the exact expression pattern of the dominant-negative 

construct within the heart was possible thanks to the gift of an anti-human FADD 

antibody, again provided by Dr. Hueber. The distribution of apoptosis was assessed 

using TUNEL analysis and templating on hearts of FADD dominant-negative embryos 

and wild type littermates at the 55-57 somite stage, which was shown in Chapter 3 to be 

amongst the groups displaying the highest number of PCD foci.

Although no death receptor or death ligand knockout animals demonstrate heart 

defects, it was decided to investigate the distribution of Fas and Fas ligand in the heart 

because it is one of the most studied death receptor/ligand interactions. Furthermore, it 

is well known that the signal resulting from interaction between Fas and Fas ligand is 

transduced by FADD (Boldin et a l, 1995; Chinnaiyan et a l, 1995; reviewed by Nagata, 

1997). Analysis of the expression patterns of these two molecules in the heart during 

septation is possible using specific antibodies; the question addressed being whether 

Fas and Fas ligand co-expression corresponds to the foci of PCD described in Chapter 

3.
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6.2 Results

This section first describes the expression of the FADD dominant-negative 

construct in the heart and the morphology of hearts from embryos carrying the 

transgene. This is followed by an analysis of the effects of the construct on foci of cell 

death and the PCD index in different regions of the heart. Finally the distributions of 

Fas and Fas ligand during cardiac septation are described.

6.2.1 Controls

Negative controls for human FADD immunohistochemistry were performed on 

CDl and non-transgenic mouse embryos, which showed no expression of the construct 

(Figures 6.1a). This confirmed that the antibody did not cross-react with endogenous 

mouse FADD, which is expressed in the embryonic heart (Yeh et a l, 1998).

As a positive control, anti-Fas immunohistochemistry was performed on 

sections of adult mouse thymus, which is known to express the death receptor (French 

et a l, 1996) (Figure 6.1b). Generalised, non-nuclear staining is seen throughout the 

thymus. Negative controls were performed as the positive controls, but with omission 

of the primary antibody. These showed no positive staining (Figure 6.1c).

Fas ligand has also been shown to be expressed on occasional cells within the 

mouse thymus (Eichhorst et a l, 2001). Positive controls were therefore performed on 

adult mouse thymus, which indeed showed occasional Fas ligand-positive cells (Figure 

6.Id). Negative controls were performed in the same way as positive controls, but with 

omission of the primary antibody. Negative controls did not show any staining (Figure 

6. le).

Controls for TUNEL experiments were performed as described in Section 3.2.1.
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Figure 6.1 Controls for immunohistochemistry using antibodies to human FADD, 

Fas and Fas ligand

a) Negative control for human FADD. The figure shows a transverse section through 

the heart of a FADD dominant-negative wild type littermate at El 2.5, which has been 

stained for human FADD. b) and c) Positive and negative controls, respectively, for Fas 

from frozen thymus sections, d) and e) Positive and negative controls for Fas ligand 

from thymus sections. Methyl green is the counter stain.

a) Immunohistochemistry for the human FADD antibody on the heart of a wild type 

littermate of FADD dominant negative transgenics reveals no positive staining, b) 

Immunohistochemistry for Fas on adult mouse thymus reveals generalised, non-nuclear 

expression (brown staining), c) In the absence of the primary antibody, no positive 

staining is seen, d) Immunohistochemistry for Fas ligand on adult mouse thymus 

reveals occasional, punctate, non-nuclear expression (arrows), e) In the absence of the 

primary antibody, no positive staining is seen.

Ao = aorta

OFT = outflow tract

PT = pulmonary trunk

R/LA = Right/ Left atrium

R/LV = Right/ Left ventricle

s = somites

WT = wild type

Scale bar a) = 0.35 mm

Scale bar b), c) d) and e) = 0.1 mm
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6.2.2 Location of the FADD dominant-negative construct

Immunohistochemistry for human FADD enabled visualisation of the FADD 

dominant-negative construct. In agreement with results of western blot analysis by Dr. 

A-O. Hueber (personal communication), the construct is visible within the dorsal root 

ganglia (Figure 6.2a) and the hearts (Figures 6.2 b and c) of transgenic embryos. In 

addition, expression is also seen in skeletal muscle (Figure 6.2a). In the heart, the 

construct is expressed in the ventricles, outflow tract and particularly strongly in the 

atria, but not in the endocardial cushions (Figure 6.2 b and c). On closer examination, 

the epicardium and endocardium are not seen to be stained by the antibody, whereas the 

myocardium is strongly positive (Figure 6.2d). The staining using anti-human FADD is 

highly reminiscent of that seen for myocardial markers, as shown in Chapters 5 and 7.

6.2.3 Cardiac morphology of FADD dominant-negative transgenic mice

Cardiac morphology in methyl green-stained sections of hemizygous and wild 

type embryos was analysed at E l2.5 and E13.5 (n = 4 per day). At E l2.5, the cardiac 

morphology of transgenic embryos that expressed the FADD dominant-negative 

construct was normal and indistinguishable from wild type littermates at the same 

developmental stage (compare Figures 6.3 a and c, with b and d respectively). At 

El 3.5, when cardiac septation is complete, the cardiac morphology of transgenic 

embryos showed no defects and was again comparable to that of wild type littermates 

(compare Figures 6.4 a and c, with b and d respectively).

6.2.4 Reduction in apoptosis within low intensity PCD foci in the hearts of

embryos expressing the FADD dominant-negative construct

TUNEL was carried out on transgenic embryos and wild type littermates at 55- 

57 somites (three embryos per group). Under light microscopy, apoptosis could be seen
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Eigiice 6.2 Expression of FADD dominant negative construct in transgenic mice 

shown by immunohistochemistry for human FADD

a) - d) Transverse sections through E l2.5 transgenic embryos which have undergone 

immunohistochemistry for human FADD. Methyl green is the counter-stain. The 

quality of counter-staining is relatively poor, so images were taken with a phase filter to 

facilitate visualisation.

a) Immunohistochemistry for human FADD shows expression of the dominant negative 

construct in the neural tube and the dorsal root ganglia. Expression can also be seen in 

developing skeletal muscle, b) The FADD dominant negative construct is expressed in 

the atria and ventricles but not in the atrioventricular cushions, c) The FADD dominant 

negative construct is expressed in the myocardial outflow tract walls but not in the 

outflow tract cushions, nor in the trunks of the great arteries, d) A high magnification 

view of the left atrium in c) shows the construct to be expressed in the myocardium, but 

not in the outer epicardial or inner endocardial layers.

Ao = aorta

DRG = dorsal root ganglion 

endo = endocardium 

epi = epicardium

IC = inferior atrioventricular cushion

OFTC = outflow tract

MW = myocardial wall of the outflow tract

NT = neural tube

PT = pulmonary trunk

R/LA = Right/ Left atrium

R/LV = Right/ Left ventricle

SM = skeletal muscle

SC = superior atrioventricular cushion

Scale bar a) = 0.20 mm

Scale bar b) and c) = 0.35 mm

Scale bar d) = 0.14 mm
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Figure 6.3 Cardiac morphology in F ADD dominant negative wild type and 

transgenic embryos at E12.5

a) - d) Transverse sections through methyl green stained E l2.5 embryos, a) and c) show 

wild type hearts, and b) and d) hemizygotes.

a) and b) The atria, ventricles and atrioventricular cushions can be seen in a four- 

chamber section of wild type and F ADD dominant negative hemizygotes. The 

morphology is comparable between wild types and hemizygotes, and is as expected for 

the gestational age. c) and d) The outflow tract is seen in these sections and is normal 

and similar in wild types and hemizygotes.

Ao = aorta

F ADD DN = F ADD dominant negative hemizygote

IC = inferior atrioventricular cushion

LA = left atrium

LV = left ventricle

OFTC= outflow tract cushions

PAS = primary atrial septum

PT= pulmonary trunk

RA = right atrium

RV = right ventricle

SC = superior atrioventricular cushion

WT = wild type

Scale bar = 0.35 mm
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Figure 6.4 Cardiac morphology in F ADD dominant negative wild type and 

transgenic embryos at E13.5

a) - d) Transverse sections through methyl green stained E l3.5 embryos, a) and c) show 

wild type hearts, and b) and d) hemizygotes.

a) and b) The atria, ventricles and atrioventricular cushions can be seen in a four- 

chamber section of wild type and F ADD dominant negative hemizygotes. As at El 2.5, 

the morphology is normal and similar in wild types and hemizygotes. c) and d) The 

outflow tracts of wild type and transgenic embryos are comparable and show properly 

divided pulmonary trunks and aortas.

Ao = aorta

F ADD DN = F ADD dominant negative hemizygote

IC = inferior atrioventricular cushion

LA = left atrium

LV = left ventricle

OFTC= outflow tract cushions

PAS = primary atrial septum

PT= pulmonary trunk

RA = right atrium

RV = right ventricle

SC = superior atrioventricular cushion

WT = wild type

Scale bar = 0.35 mm
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to occur within the hearts of transgenic animals. High intensity PCD in the endocardial 

cushions appeared to be normal and comparable to that of non-transgenic littermates 

(compare Figures 6.5 a and c, with b and d respectively). In order to assess whether 

low-intensity PCD was altered in transgenic animals, the TUNEL-assayed sections 

were then analysed by templating, as described in Section 2.8.1 and 2.8.4, which was 

performed blind following randomisation of TUNEL-assayed slides. Table 6.1 gives a 

summary of foci of PCD in 55-57 somite wild type and transgenic embryos, and show 

PCD is altered within the latter group. Cell death occurs within the hearts of transgenic 

animals where low intensity foci of PCD are normally seen, but at a notably lower 

intensity compared to wild type littermates (compare Figures 6.6 a and c with 6.6 b and 

d). PCD is markedly reduced in the interventricular septum (compare black arrowheads 

in Figures 6.6 c and d) and completely absent from the septum spurium of the right 

atrium (compare black arrows in Figures 6.6 c and d) and from the right venous valve 

(compare black arrows in Figures 6.6 a and b).

6.2.5 Quantification of apoptosis confirms a reduction in PCD in the hearts of

embryos expressing the dominant-negative construct

Quantitation of templated data was carried out to confirm the qualitative 

findings and to assess the degree of alterations in the levels of apoptosis in hearts of 

embryos expressing the F ADD dominant-negative construct. Such quantitation relies 

on the structures examined having comparable cell numbers to those of the templates; 

such an assumption may not be valid, particularly if looking at a structure in which cell 

death is altered. Although the cardiac morphology of FADD dominant-negative 

hemizygotes was comparable to that of both wild type littermates and, CD 1 embryos 

with similar numbers of somites, in order to confirm that cell numbers were comparable
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Figure 6.5 PCD in FADD dominant negative wild type and transgenic embryos at 

E12.5

a) -  b) TUNEL analysis was performed on transversely sectioned FADD dominant 

negative hemizygotes and wild type littermates. The counter stain is methyl green. 

TUNEL positive nuclei are brown and indicated with arrowheads, a) The 

atrioventricular cushions of a wild type embryo, b) The atrioventricular cushions of a 

FADD dominant negative embryo, c) The proximal outflow tract cushions of a wild 

type embryo, d) The proximal outflow tract cushions of a FADD dominant negative 

embryo.

a) High intensity PCD is visible at the lines of fusion of the atrioventricular cushions in 

wild type embryos (arrowheads), b) High intensity PCD is also visible at the lines of 

fusion in FADD dominant negative hemizygote embryo atrioventricular cushions 

(arrowheads).

c) High intensity PCD is visible within the proximal outflow tract cushions of wild type 

embryos (arrowheads), d) Comparable high intensity PCD is visible within the 

proximal outflow tract cushions of FADD dominant negative hemizygote embryos 

(arrowheads).

FADD DN = FADD dominant negative hemizygote

IC = inferior atrioventricular cushion

LA = left atrium

LV = left ventricle

OFTC= outflow tract cushions

PAS = primary atrial septum

RA = right atrium

RV = right ventricle

SC = superior atrioventricular cushion

WT = wild type

Scale bar = 0.15 mm
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Table 6.1 Comparison of foci of cell death in FADD dominant negative hemizygous 

embryos and wild type littermates at 55-57 somites

The table shows regions of the heart that demonstrate a focus of PCD at the 55-57 

somite group following templating. The columns FADD WT and FADD DN represent 

wild type and FADD dominant negative embryos, respectively. The FADD DN 

column shows whether in FADD dominant negative embryos PCD still occurs in that 

region, is reduced in intensity, or completely abrogated compared with wild type 

littermates. In all foci, except for those in the endocardial cushions and the great 

vessels, PCD is reduced in transgenics compared to wild type littermates. PCD was 

completely abolished in the foci normally seen in the right venous valve and the septum 

spurium.



Table 6.1

Structure FADD WT FADD DN
Atria Right venous valve X

Septum spurium X

AV cushions Cushions XX =

Ventricles Junction of right ventricle 
and outflow tract

X

Junction of left ventricle 
and aorta

X i

Interventricular area X i

Ventral ventricles X

Outflow tract Walls of great vessels X =

Outflow tract walls X

Outflow tract cushions XX =

X Low intensity focus of PCD
XX = High intensity focus of PCD
“=” = normal intensity focus of PCD
•I = PCD intensity reduced
i'i' = PCD focus abolished
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Figure 6.6 Templating of PCD in FADD dominant negative wild type and 

transgenic mice

a) and b) venous inlet of the heart in FADD dominant negative wild type and transgenic 

embryos at 55-57 somites, c) and d) Outflow tract, atria and ventricles of FADD 

dominant negative wild type and transgenic embryonic hearts, also at 55-57 somites.

All sections are transverse. Each template represents data summated from three 

embryos.

a) PCD can be seen generally in the venous valves and the caudal atria, and, notably in 

the right venous valve (arrow) in hearts from wild type embryos, b) No PCD is seen in 

the venous valves and the caudal atria or is abolished in the right venous valve (arrow), 

in hearts from FADD dominant-negative transgenic littermates.

c) PCD foci are visible in the septum spurium of the right atrium (black arrow), the 

myocardial walls of the outflow tract (white arrowheads), the ventral ventricles and the 

interventricular area (black arrowheads) and around the great vessels in wild type 

hearts, d) Cell death in FADD dominant negative transgenic hearts is markedly 

reduced. The foci of PCD in the interventricular area and in the ventral ventricles 

(black arrowheads) are greatly reduced in intensity compared to wild type littermates, as 

is PCD in the myocardial walls of the outflow tract, in this image, particularly on the 

left side (white arrowheads). PCD is most noticeably reduced in the septum spurium of 

FADD dominant negative transgenic mice.

FADD DN = FADD dominant negative hemizygote

OFT = outflow tract

PAS = primary atrial septum

R/LA = Right/ Left atrium

R/LV = Right/ Left ventricle

RVV = right venous valve

SS = septum spurium

WT = wild type

Scale bar = 0.35 mm
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between groups, cell numbers in comparable regions of the interventricular septum of 

three CDl, three FADD dominant-negative hemizygotes and three wild type littermates 

at the 55-57 somite group were determined. The results are displayed in Figure 6.7 and 

show almost identical numbers of cells in the interventricular septa from each group.

Figure 6.8 shows comparisons of the PCD index within the different structures 

of the hearts of FADD dominant-negative transgenic and wild type littermates at the 55- 

57 somite group (E12.5). Where differences are statistically significant, an asterisk is 

shown on the bar chart in Figure 6.8. The endocardial cushions and the great vessels, 

which do not express the FADD dominant-negative construct in transgenic animals, 

never show statistically significant differences in the levels of PCD between dominant- 

negative and wild type littermates (Figure 6.8 a, band c). In other structures, which did 

express the construct, there is a trend towards reduced cell death in transgenic animals, 

when compared to wild type littermates, with the notable exception of the left atrium. 

This difference is statistically significant in the right ventricular wall, the 

interventricular septum, in the right atrium and in the primary atrial septum, in which 

PCD is completely abrogated.

6.2.6 During septation, Fas is expressed in the heart, but not in the endocardial 

cushions

Anti-Fas immunohistochemistry was performed on hearts from E10.5 to E13.5, 

inclusive (n = 3 per day). Unfortunately, the anti-Fas antibody was found to work only 

on fixed-frozen sections, and not wax sections. The freezing process, and subsequent 

cryosectioning resulted in poorer histology than in wax-embedded specimens.

The distribution of Fas in the heart was comparable at all stages examined. 

Figure 6.9 shows the earliest (E10.5) and the latest (E13.5) stages analysed. Positive

281



282



Figure 6.7 Comparison of cell numbers in the interventricular septum of CDl, and 

FADD dominant negative wild type and transgenic mice

Each bar represents the mean number of cells found in comparable regions of the 

interventricular septum from CDl, and FADD dominant negative wild type and 

transgenic mice (n = 3 for each). A one-way analysis of variance test showed no 

significant difference between the cell numbers in the septa of the three groups at the 

5% significance level (F = 0.0036, P  = 0.9967).

DN = dominant negative 

WT = wild type

Error bars = Standard error of the mean
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Figure 6.8 Comparison of PCD indices in the hearts of FADD dominant negative wild type 

and transgenic mice

a)-l) The PCD index at 55-57 somites in different regions of the heart in FADD dominant negative 

transgenic mice and their wild type littermates. The results of statistical analysis by t-tests are 

shown on each figure.

a)-c), PCD index is comparable, and not significantly different, between FADD dominant negative

wild type and transgenic mice in regions not expressing the dominant negative construct *
(

(highlighted by blue boxes). d)-l) throughout other regions of the heart, PCD index is always lowe  ̂

in hearts of FADD dominant negative transgenic mice than in those of wild types, with the 

exception of the left atrium (k)). This is most marked in the primary atrial septum, where PCD 

seems to have been completely abolished in transgenic mice (!)). The differences are statistically j

significant in the right ventricular wall, the interventricular septum, the right atrium and the primarj
1

atrial septum.

* = statistically significant difference following ANOVA 

DN = FADD dominant negative hemizygotes 

WT = wild type

Error bars = standard error of the mean
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Figure 6.9 Expression of Fas in E10.5 and E13.5 h e a r ts ................

a) - f) Transverse sections through hearts at E l0.5 and E l3.5 that have undergone 

immunohistochemistry for Fas. The pictures shown are from frozen embryos, which 

when sectioned have poor histology. Methyl green is the counter stain, a) atria and 

ventricles of El 0.5 heart, b) outflow tract of El 0.5 heart, c) atria and ventricles of 

El 3.5 heart, d) outflow tract of El 3.5 heart, e) High magnification of proximal outflow 

tract cushions from d). f) High magnifcation of the right ventricle and atrium shown in

d).

a) Fas staining can be seen to occur throughout the atria and ventricles, but not in the 

mesenchymal cap of the primary atrial septum or in the inferior atrioventricular cushion 

at El 0.5. b) Fas staining is seen within the muscular walls of the outflow tract, but not 

within the outflow tract cushion at E10.5. c) At E13.5, Fas staining persists throughout 

the atria and ventricles, but not in the superior or inferior atrioventricular cushions, d) 

Likewise, Fas staining persists within the muscular walls of the outflow tract, but not 

within the outflow tract cushion (e)). f) A high magnification view of the right ventricle 

in d) shows that there are no unstained cell layers on the outside or the inside of the 

ventricular wall, suggesting that both endocardium and myocardium are positive for 

Fas.

Ao = aorta

IC = inferior atrioventricular cushion 

OFTC = outflow tract

MCPAS = mesenchymal cap of the primary atrial septum

MW = myocardial wall of the outflow tract

PAS = primary atrial septum

PT = pulmonary trunk

R/LA = Right/ Left atrium

R/LV = Right/ Left ventricle

SC = superior atrioventricular cushion

Scale bar a)-d) = 0.55 mm

Scale bar e) and f) = 0.18 mm
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staining was seen throughout the atria, ventricles and outflow tract, although, no 

staining was observed in the endocardial cushion tissue or in the walls of the great 

arteries (Figures 6.9 a-e). Analysis under high magnification revealed that Fas 

expression is found in the endocardium, myocardium and epicardium (Figure 6.9 f).

6.2.7 Fas ligand is expressed in regions in which low intensity foci of PCD occur

In contrast to the expression of Fas, Fas ligand was expressed in consistent, 

discrete regions of the heart between E10.5 and E13.5, (Figures 6.10 c, d and e). In 

order to accurately assess the pattern of this expression, embryos from 31-60 somites 

were divided into groups spanning three somites (10 groups from 31-60 somites) or put 

into a group representing early E l3.5. There were at least two embryos in each group. 

The spatio-temporal pattern of Fas ligand expression was then assessed.

Six regions demonstrated consistent expression of Fas ligand within the heart at 

the stages examined. These were the septum spurium of the right atrium from 46 to 57 

somites (black arrow. Figure 6.10c), the junction of the right ventricle with the outflow 

tract from 43 to 57 somites (black arrowhead. Figure 6.10c), the interventricular septum 

from 34 somites to E l3.5, the ventral ventricles from 40 somites to E l3.5 (arrows. 

Figure 6.10d), and the outflow tract walls from 40 somites to E l3.5 (arrows. Figure 

6.10e). These results are summarised in Table 6.2. All these regions correspond to 

those in which low intensity PCD foci were observed by templating (compare arrows 

and arrowheads in templates shown in Figures 6.10 a and b with black arrows and 

arrowheads in Figures 6.10 c, d and e; Table 6.2). Furthermore, the table shows that the 

onset and duration of Fas ligand expression is comparable to that of the low intensity 

foci of PCD. Expression of Fas ligand was not seen at sites of high intensity PCD foci, 

such as the outflow tract cushions (Figure 6.10e), or in regions that did not have PCD 

foci (for example, compare white and black arrows in Figure 6.10c).
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Figure 6.10 Expression of Fas ligand at E12.5

a) and b) Transverse sections showing templates of an El 2.5 CDl heart, c), d) and e) 

Transverse sections of E l2.5 embryos that have undergone immunohistochemistry for 

Fas ligand. Methyl green is the counter stain in c), d) and e). 

a) Templating demonstrates foci of PCD in the walls of the outflow tract, (white 

arrows), in the ventral ventricles and the interventricular septum (black arrows) and in 

the septum spurium of the right atrium (black arrowhead), b) Templating shows a focus 

of cell death at the junction of the right ventricle and the outflow tract (arrow), 

c) Fas ligand staining can be seen at the junction of the right ventricle and the outflow 

tract (arrowhead) and in the septum spurium of the right atrium (black arrow), but not in 

a comparable region of the left atrium (white arrow), d) Fas ligand staining is also seen 

in the base of the ventricles and the interventricular septum (black arrows), e) Fas 

ligand expression is seen in the walls of the outflow tract (arrows).

Ao = aorta

IVS = interventricular septum 

OFTC = outflow tract 

FT = pulmonary trunk 

R/LA = Right/ Left atrium 

R/LV = Right/ Left ventricle 

SS = septum spurium 

Scale bar a) = 0.55 mm 

Scale bar b) = 0.30 mm 

Scale bar c) -  e) = 0.15 mm
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Table 6.2 Comparison of foci of cell death and Fas L expression in CDl embryos
The table shows each region of the heart that has a focus of PCD during cardiac 

septation. Developmental stages in which the focus of PCD is present, and whether the 

focus is of a high or low intensity are shown. In addition, stages and locations at which 

Fas ligand is consistently present are shown, as is whether the Fas ligand is present in 

conjunction with a focus of PCD. Fas ligand occurs concurrent with low intensity foci 

of PCD in the septum spurium, the junction of the right ventricle and the outflow tract, 

the interventricular area, the ventral ventricles and the outflow tract walls.



Table 6.2

Stage (som ite group/E13.5)

Structure 31-33 34-36 37-39 40-42 43-45 46-48 49-51 52-54 55-57 58-60 E13.5
Atria Adjacent to venous inlet X X X X

Right venous valve X X X X
Septum spurium X XFasL XFasL XFasL XFasL
Dorsal aspect of left atrium X
Sinus septum X X X X X -
Primary atrial septum X X X

AV cushions Cushions X X X X X X X X X  ■
Ventricles Junction of right ventricle 

and outflow tract
X XFasL XFasL X XFasL XFasL X

Junction o f left ventricle and 
aorta

- - - - - - - X X
Junction of atria and 
ventricles

X X X
Interventricular area X JŒasL XFasL XFasL XFasL XFasL XFasL XFasL XFasL XFasL XFasL
Ventral ventricles XFasL XFasL XFasL XFasL XFasL XFasL XFasL XFasL

Outflow tract Aorto-pulmonary septum X X X X X - - - - - -
Walls of aortic sac X X X X X - - - - - -
Junction o f thoracic walls 
and OFT

- - - - - X X X X X X
Walls o f great vessels - - - - - X X X X X X
Outflow tract walls Tw, b ffa sL XFasL XFasL XFasL
Outflow tract cushions X I rxx X X X X IS"

XX = High intensity focus of PCD X = Low intensity focus of PCD - = structure not present at this developmental stage 
FasL = Fas ligand present 

I—  ̂ = Low intensity focus of PCD in absence of Fas ligand 
■ ■  = High intensity focus of PCD

!— I = Low intensity focus of PCD and Fas ligand present 
■ Ü  = Fas ligand present in absence of PCD focus



6.3 Discussion

The Discussion starts with an assessment of the significance of the finding that 

PCD is reduced by expression of a F ADD dominant-negative construct within the 

myocardium, in the context of other studies on the effects of perturbing apoptotic 

pathways. This is followed by a discussion of the finding that some low intensity foci 

of cell death are spatio-temporally associated with Fas and Fas ligand co-expression.

6.3.1 Death receptor-mediated PCD is required for cardiac apoptosis in

development

The data presented in 6.2.4 show that expression of the F ADD dominant- 

negative construct in the myocardium of many cardiac regions reduced the intensity of 

PCD foci observed by templating compared to non-transgenic littermates, and in two 

cases the apoptosis is completely abolished. This finding is supported by the 

quantitative analysis, which shows a general reduction in PCD within cardiac structures 

expressing the F ADD dominant-negative construct. This is highly suggestive of a role 

for F ADD in inducing myocardial cell death during cardiac septation, and particularly 

within low intensity foci of PCD. Ideally, double-labelling studies would be performed 

in order to assess whether PCD is specifically altered within the myocardium.

However, such analysis was not performed because of the limited number of embryos 

available for study and shortage of time. As described in the General Introduction,

F ADD, which is expressed in the embryonic myocardium (Yeh et a l, 1998) causes 

apoptosis, following death receptor/ligand interactions, by causing activation of 

caspase-8, which is also expressed in the developing heart (Varfolomeev et a l, 1998). 

This suggests that myocardial cell death during the period investigated follows death 

receptor activation.
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Interestingly, different regions of the heart appear to be differentially affected by 

the presence of the F ADD dominant-negative construct (Figures 6.6 and 6.8). This 

disparity is most striking in the atria, where PCD in the left atrium appears almost 

completely unchanged, whereas that in the right atrium is reduced by over 60% (Figure 

6.8). This suggests three, mutually compatible, possibilities. First, that the PCD occurs 

not just in myocardium, but also in other cell types. Chapters 5 and 7 demonstrate that 

within the outflow tract walls and the interventricular septum, much of the PCD within 

the low intensity foci does not occur only within the myocardium, but also within the 

endocardium and epicardium too. If this were to apply to other structures, then the 

effect of inhibition of myocardial apoptosis on the foci of cell death and PCD index 

would depend on the proportion of apoptosis occurring within each cell type.

Secondly, it is possible that the F ADD dominant-negative construct is 

differentially effective in different parts of the myocardium. A difference in expression 

of the F ADD dominant-negative construct was observed between atria, in which 

expression of the construct is strongest, and the outflow tract and ventricles where it is 

more weakly expressed. While this may explain differences between these structures, it 

does not explain differences in the effect on PCD index between the atria or within a 

chamber. Although it is possible that very subtle differences in the expression of the 

construct between, for example, the atria and the primary atrial septum may exist, it 

seems unlikely that this could be the sole cause of the differences between PCD indices 

given the comparable efficacy of hemizygous and homozygous expression of the 

construct in in vitro systems (Section 6.1).

The third possibility is that the degree to which PCD within different parts of 

the myocardium is dependent on death receptor-activation is variable. Broadly 

speaking, whether a cell undergoes apoptosis or not depends on the balance of pro- and 

anti-apoptotic signals, as described in the General Introduction. It is possible that the
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balance of pro- and anti-apoptotic signals in different regions of the myocardium varies. 

This would render the different regions differentially susceptible to further pro- 

apoptotic signals and therefore to the effects of the F ADD dominant-negative construct. 

If variations in the level of pro- and anti-apoptotic signals were responsible for the 

different effects of the F ADD dominant-negative construct, they would be predicted to 

primarily affect cell death pathways that do not function via F ADD, such as the stress- 

mediated pathway or Daxx.

Despite the reduction in apoptosis in the hearts of the FADD-dominant negative 

embryos, upto the completion of septation, at E l3.5, no morphological cardiac 

abnormalities were observed. This may be taken to suggest that myocardial death 

receptor mediated PCD is unimportant for cardiac development. There are, however, at 

least two other possibilities. First, that death receptor-mediated myocardial PCD is 

important for the development of normal cardiac morphology, but that such PCD is 

only affected at the stage examined in the F ADD dominant-negative mice, and not 

before or after. This, however, seems unlikely , particularly given the evidence 

provided in this chapter of the co-expression of Fas and Fas ligand in the heart, which 

occurs throughout septation. Second, that death receptor-mediated myocardial cell 

death is required for normal cardiac development but that insufficient apoptosis is 

abolished in the F ADD dominant-negative expressing embryos to have an effect; 

perhaps the transgenic construct does not out-compete all the native myocardial F ADD, 

or as mentioned above, perhaps some of the death receptor-mediated apoptosis in the 

myocardium occurs through Daxx.

F ADD and caspase-8 null mutants die with signs of cardiac failure at E l l .5 and 

E l3.5 respectively, suggesting that death receptor activation is important for cardiac 

development (Yeh et al., 1998; Varfolomeev et a l, 1998). In both cases, a “thin” 

ventricular myocardium develops, although the exact nature of these developmental
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defects is not evident. A precise understanding of the morphology of this defect will be 

important to assess, as a thin ventricular myocardium is a common non-specific finding 

(e.g. RXR-a, vinculin and calreticulin null mice -  Gruber et a l, 1996; Xu et a l, 1998; 

Rauch et a l, 2000). While in the case of the caspase-8 mutant, the abnormal 

ventricular myocardium may be argued to be secondary to some other developmental 

abnormality (such as vascular congestion caused by the overproduction of blood cells 

that was observed), chimeric studies with the FADD null mouse suggest that the cardiac 

phenotype is probably primary (Section 1.3.5; Yeh et a l, 1998). Although cardiac 

apoptosis was analysed in the FADD null mouse, no changes were described, which is 

inconsistent with the data presented in this chapter that show the dominant-negative 

construct reduces cardiac PCD. This may be because different stages were examined, 

or may be because the data were not summated in the FADD knockout study, which 

may have resulted in the changes observed in the current study being overlooked.

In contrast to the FADD and caspase-8 knockouts, caspase-9 null mutants, 

which survive to term and have defective stress-mediated apoptosis, appear to develop a 

completely normal heart (Kuida et a l, 1998). It was hypothesised in Chapter 3 that the 

high intensity foci of PCD described in the endocardial cushions are probably necessary 

for cardiac development given their evolutionary conservation, the number of cells they 

must remove, and their highly regular distribution. To follow on from this, and as 

caspase-9 mutant mice develop normal hearts, it would seem reasonable to suggest that 

the high intensity PCD foci occur independently of stress-mediated apoptosis, and so 

probably through death receptor-mediated apoptosis. However, the FADD null 

embryos die before high intensity PCD occurs in the endocardial cushions (Yeh et a l, 

1998), and there are currently no data at all from the caspase-8 knockout mouse to 

shown whether PCD in the heart is altered, although they reportedly have no
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endocardial cushion defects (Varfolomeev et a/., 1998), so this theory currently lacks 

firm evidence.

The published data suggest that death receptor mediated apoptosis is important 

for normal cardiac development, but the data in this chapter suggest that death receptor 

mediated apoptosis, in the myocardium at least, is not important for normal cardiac 

development. Taken together, these data suggest that death receptor-mediated 

apoptosis of non-myocardial cells is important in cardiac development. Evidence for 

the potential importance of epicardial cell death in outflow tract development, and 

endocardial cell death in interventricular septal development is provided in Chapters 5 

and 7 respectively.

Evidence also exists for a role of death receptor activation in cardiac 

development that is not due to apoptosis. This comes from the FLIP knockout mouse 

(Yeh et a l, 2000). FLIP is a naturally occurring homologue of caspase-8, with which it 

competes for activated FADD, thereby functioning as an apoptotic inhibitor (Irmler et 

al, 1997). Some studies suggest that FLIP may have further anti-apoptotic activity by 

causing upregulation of NF-kB, which is thought to promote cell survival in part by 

further upregulating FLIP expression (Micheau et a l, 2001). However, the exact 

pathways lying downstream of FLIP remain unclear. The FLIP appears to be widely 

expressed and is found at high levels throughout the developing heart (Yeh et a l,

2000). The FLIP null phenotype, similarly to FADD and caspase-8 null embryos, 

appears to involve poor ventricular development, although once again the exact nature 

of this defect is unclear. On the basis that PCD does not seem to be altered in the heart 

of FLIP null mice, the authors suggest that the effect is apoptosis-independent. The 

authors propose two possibilities. First, that FLIP and caspase-8 affect the heart 

through completely independent mechanisms, and second, that these two molecules 

exist in an antagonistic balance which is required to allow cardiac development to
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progress normally, and perturbation of which, in either direction, causes impaired 

cardiogenesis by an as yet undeseribed mechanism. In in vitro overexpression models, 

however, FLIP may actually induce apoptosis (Irmler et a l, 1997). Moreover, it is 

possible that a change in cardiac apoptosis between FLIP null embryos and wild type 

littermates exists, but cannot be observed without some sort of data summation. It 

would therefore be conceivable that both FLIP and caspase-8 are required to cause 

apoptosis during cardiac development.

While it seems clear that death receptor activation plays an important role in 

cardiac development, the mechanism and even, whether it does so by inducing PCD in 

the heart, remain uncertain.

6.3.2 A role for Fas and Fas ligand in apoptosis during cardiac septation

The results in this chapter show Fas to be expressed throughout most of the 

heart during cardiac septation, but not in the endocardial cushions. Furthermore, Fas 

ligand was shown to be expressed in regions of the heart that correspond to regions of 

low intensity foci of PCD, demonstrated in Chapter 3. This provides one mechanism 

by which apoptosis may occur in the low intensity foci in the ventral ventricles, the 

interventricular septum, the septum spurium of the right atrium, the outflow tract walls 

and the junction of the outflow tract and ventricles. This is further supported by a 

reduction in PCD seen when a dominant-negative FADD construct is expressed in these 

structures. This seems unlikely to be coincidental, given the spatio-temporal accuracy 

with which Fas ligand co-localises with regions of low intensity PCD. Again, double

labelling studies would be of use to see whether Fas ligand is expressed by multiple cell 

types, or perhaps by only a single cell type. It is, perhaps, also important to appreciate 

that there is no reason that TNFs and their receptors may not also be involved, althogh 

this possibility was not specifically investigated.
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Despite this, Fas and Fas ligand knockout mice have not been reported to have 

any cardiac defects (Watanabe-Fukunaga, 1992; Wu et a l, 1993; Adachi et a l, 1995). 

Assuming that this is not because cardiac defects in these mice have been overlooked, 

this raises two possibilities. First that Fas/Fas ligand-induced apoptosis is not important 

in cardiac development, or second, that other, concurrent apoptotic pathways create 

redundancy for the role of this interaction. Redundancy may occur if, for example, 

there is simultaneous activation of the stress-mediated apoptotic pathway, or of another 

death receptor/ligand interaction. This latter possibility has been shown in models for 

cardiac ischaemia, where wild type mice and mice null for either TNFRl or TNFR2, 

when exposed to an ischaemic insult, suffer from far more apoptosis in their 

myocardium than mice null for both genes, suggesting death receptor redundancy 

(Kurrelmeyer et a l, 2000).

The data presented in this chapter also imply the involvement of other death 

receptor/ligand interactions during cardiac development, since FADD inhibition affects 

PCD in regions where Fas ligand does not appear to be expressed, such as the right 

venous valve. One paper in the chick suggests that the TNF-a-like proteins may be 

expressed in the ventricles in association with PCD (Wride et a l, 1994). This suggests 

the TNF and TNFR molecules as further candidates for molecules controlling murine 

PCD during cardiac septation.
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6.4 Summary

The data presented in this chapter suggest that death receptor-mediated 

apoptosis is important for PCD within the developing myocardium. Furthermore, 

evidence is provided that some low intensity foci of PCD are associated with the co

expression of Fas ligand and Fas,
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CHAPTER 7 
T h e  r o l e  o f  p r o g r a m m e d  c e l l  d e a t h

IN THE EARLY DEVELOPMENT OF THE 

INTERVENTRICULAR SEPTUM
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7.1 Introduction

In Chapter 3, it was proposed that PCD might be important for the proper 

development of the interventricular septum. This was suggested on the basis of the 

consistency of the low intensity PCD focus that occurred within the septum, throughout 

the period investigated, from E10.5 to El 3.5. Although the formation of the 

interventricular septum is poorly described in the literature, three models have been 

formulated to explain its development. In order to assess the role PCD may have within 

the early development of the interventricular septum at E10.5-EI 1.5, it would be 

valuable to ascertain which of the models was relevant during this time.

The first model considers that the septum forms by the apposition and fusion of 

trabeculae, as Ben-Shachar et a l (1985) have demonstrated to occur in the chick 

(Figures I.l I a-c). In this paper, the authors postulate that the removal of endocardial 

cells (presumably by apoptosis, although the paper does not make this explicit) between 

the apposing trabeculae is necessary in order to prevent the formation of “endocardial 

channels”, persistence of which, they suggest, may be the basis for muscular 

interventricular septal defects. If this process applied to the mouse, the interventricular 

septum would be expected to initially consist of myocardium and endocardial channels, 

which would subsequently disappear. Also, if the endocardial cells lining these 

channels are removed by apoptosis one would be expect to identify PCD either within 

the channels or directly adjacent to them. Furthermore, inhibition of interventricular 

apoptosis would be expected to prolong the presence of the channels.

The second theory suggests that as the two ventricles expand, the force created 

at the point of their apposition, at the interventricular sulcus, may lead to a “crumpling” 

event that forces tissue inward into the ventricular cavity to form the interventricular 

septum (Figures 1.11 d-f) (De la Cruz et a l, 1997). Such a mechanism, if responsible 

for the early growth of the interventricular septum would necessitate not just an
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increase in cell numbers in the septum, but also an increase in the axial length of the 

septum, unlike the trabecular-fusion model, which does not necessitate such an increase 

in length. This theory might predict that PCD would occur at the ventral aspect of the 

interventricular septum as a result of compaction of tissue at the point of junction of the 

two ventricles. Inhibition of this PCD might therefore result in a thickening of the 

ventral part of the septum. Epicardial cells have been shown to actively migrate into 

the interventricular septum at E l2.5-E l3.5, as detected by labelling with an anti-WT-1 

antibody (Moore et a l, 1999). If correct, the expansion model might suggest an earlier, 

passive incorporation of epicardial cells into the interventricular septum (Figure 1.11 d- 

f). This idea is important to investigate as it is possible that some of these epicardial 

cells may die through PCD, as a result of being in an “inappropriate environment”.

This has previously been suggested to be a cause of apoptosis (Evan and Vousden, 

2001; Raff, 1992).

The third theory is that the interventricular septum grows by a process of simple 

proliferation. Rates of PCD are related to rates of proliferation, since errors in DNA 

replication may result in apoptosis (Evan and Vousden, 2001, and Norbury and 

Hickson, 2001). This possibility is discussed in more detail in Chapter 4 (Section 

4.3.3).

In this chapter, histological analysis and calculation of changes in the length of 

the interventricular septum are used to address whether ventricular apposition and/or 

layering of trabeculae are responsible for the initial development of the interventricular 

septum. The question of whether endocardial cells may be dying within the septum is 

also addressed using double-labelling to investigate which cell types are undergoing 

apoptosis during this period. Finally, whole embryo culture in the presence of an 

apoptosis inhibitor is used, at day E10.5 (described in Section 2.6), and its effects on 

early cardiogenesis, and particularly development of the interventricular septum are
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described. The period investigated is at the beginning of development of the 

interventricular septum when its growth is most rapid (Section 4.2.2). At this time 

period, there are only three foci of PCD -  two in the aortic sac and one in the 

interventricular septum.
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7.2 Results

The results first describe changes in the length of the interventricular septum 

and its histology. This is followed by an assessment of the cellular localisation of PCD 

found within the septum. Finally, the results of preliminary studies on the effects of 

inhibition of apoptosis on the early development of the septum are described.

7.2.1 Controls

Controls for TUNEL and anti-caspase-3 immunohistochemistry were performed 

as in Chapter 3 and controls for TUNEL/anti-skeletal slow myosin double-labelling 

were performed as in Chapter 5.

The WT-1 protein has been demonstrated to be expressed by cells in the 

epicardium (Moore et a l, 1999; Figures 7.1 a and b). Hence, WT-1-stained sections 

that did not show a labelled outer layer of cells in the heart were excluded from 

analysis. Negative controls were slides that underwent identical experimental 

procedures, except that the primary antibody was omitted. Positive staining was never 

seen in these slides (Figure 7.1 c).

7.2.2 Epicardial cells do not become trapped within the interventricular septum

To address the question of whether epicardial cells become passively 

incorporated within, or migrate into, the mass of the interventricular septum during the 

early part of its growth, sections of embryonic hearts at E l0.5 to El 1.5 underwent anti- 

WT-1 staining. Throughout this developmental period, cells positive for WT-1 were 

found exclusively within the epicardial layer, but not within the mass of the 

interventricular septum (Figures 7.1 a-b). Interestingly, at El 1.5, the WT-1-positive 

cells could be seen to be forming a vessel in the interventricular sulcus (Figure 7.1 b).
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Figure 7.1 Anti-WT-1 immunohistochemistry in the interventricular septum

Figures a) and b) Anti-WT-1 staining of transverse sections through an E10.5 and E l l .5 

heart, c) is a transverse section of an El 1.5 heart and is a negative control. The 

sections have been counterstained with methyl green.

a) Epicardial WT-1 staining is seen in the outer layer of the heart (arrow) but not within 

the developing interventricular septum at E10.5. b) Similarly, at El 1.5, WT-1 staining 

is seen only in the epicardium of the heart (arrows), but not within the mass of the 

interventricular septum. In this image, the epicardial cells can be seen forming the left 

anterior descending coronary vessel, c) A comparable section of a heart which was 

subjected to the same procedure as the sections in a) and b) but with the omission of the 

primary antibody -  no positive staining is seen.

IVS = interventricular septum 

LAD = left anterior descending vessel 

LV = left ventricle 

RV = right ventricle 

Scale bar = 0.1 mm
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7.2.3 Early changes in interventricular septal length

If the apposition of the walls of the rapidly expanding ventricles is important for

the early development of the interventricular septum, it may be predicted that the length 

of the septum would have to increase (Section 7.1 and Figure 1.11). In order to assess 

whether this occurred, the length of the interventricular septum of six somite groups, as 

defined in Section 2.3.6, between 31 and 48 somites (E10.5 to early El 1.5) was 

measured, as described in Section 2.8.3. At each stage, three interventricular septa were 

analysed from different embryos. The results are shown in Figure 7.2. Throughout the 

period investigated there is an increase in cell number, which approximately doubles 

between somite groups (Figure 7.2 a). This is in contrast to the length of the 

interventricular septum (Figure 7.2b), which between 31 and 39 somites does not 

change. Subsequently, from 40-48 somites, there is a linear increase in the length of the 

septum, coincident with the increase in cell number.

7.2.3 The early interventricular septum consists of myocardium and endocardial 

channels, both of which contain PCD

To address which cell types undergo PCD within the focus of cell death in the 

interventricular septum, double-labelling for anti-skeletal slow myosin and TUNEL was 

performed from E10.5 to El 1.5. Imaging was performed as described in Sections 2.7.2 

and 5.2.2. The cell layer on the exterior surface of the heart that does not label with the 

anti-skeletal slow myosin antibody is considered to be the epicardium (Figures 7.3 a-c). 

Whereas the cell layer on the inside of the heart that is anti-skeletal slow myosin- 

negative is considered to be endocardium (Figures 7.3 a-c). The nuclei of the 

cardiomyocytes do not themselves stain for myosin, and so appear as round, dark-green 

circles within the red of the myosin-positive staining.

The histological appearance of the interventricular septum changes gradually during

development from E10.5 to El 1.5. At early-mid E10.5, the interventricular septum,

302



303



Figure 7.2 Changes in length and cell number of the interventricular septum from 

31 to 48 somites

Graphical representations of changes in cell number (a)) and length (b)), respectively, of 

the interventricular septum between 31 and 48 somites.

a) The number of cells in the interventricular septum in each of the six somite groups 

analysed is shown (based on data presented in Chapter 4). Since each point only 

represents a single embryo, no error bars are shown. There is an approximate doubling 

of cell number between each somite group studied.

b) The mean length in millimetres of the interventricular septum, measured in three 

embryos from each of the six somite groups analysed, is shown. Length was measured 

from the base of the septum to its apex. The error bars show the standard error of the 

mean. From 31-39 somites, the length of the septum is constant at approximately 0.2- 

0.22 mm. In the following three groups, there is a linear increase in the length to 

approximately 0.6 mm.

s = somites
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Figure 7.3 Histological comparison of the interventricular septum as shown by 

myosin /TUNEL double-labelling and the expression of lacZ in the endocardium

a)-c) Composite images of TUNEL and anti-skeletal slow myosin double-labelling in 

the interventricular septum. Myosin-positive cells are red, TUNEL-positive nuclei 

bright green, and autofluorescence is blue. All sections are transverse, d) Transverse 

section of an interventricular septum at early-mid E l0.5 stained for lacZ, the expression 

of which is under the control of the endothelium-specific promoter, Tie-1. The counter 

stain is eosin and positive lacZ staining is blue. The image was taken and kindly 

provided by Dr. D. Henderson.

a) At E l0.5, the interventricular septum can be seen to consist of myocardium 

containing myosin-negative endocardial channels. An apoptotic cell is seen adjacent to 

an endocardial channel (arrowhead), b) At early El 1.5, there are relatively fewer 

channels within the interventricular septum than at E l0.5. In this particular image,

PCD can be seen to occur within the epicardial layer (arrowhead), c) An image of a 

mid-late El 1.5 interventricular septum which mainly consists of myocardium, and has 

very few channels within it compared to that in a) and b). PCD can be seen in one of 

the channels and in the adjacent epicardium (arrowheads).

d) At early-mid E l0.5, the channels within the interventricular septum are clearly lined 

with lacZ-positive endocardial cells.

Endo = Endocardium

Epi = Epicardium

IVS = interventricular septum

LV = left ventricle

RV = right ventricle

Scale bar = 0.1 mm
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although mainly consisting of skeletal slow myosin-positive myocardial cells, has 

numerous holes within it (Figure 7.3 a). These holes are typically lined by a single cell 

layer that is skeletal-slow myosin-negative (Figure 7.3 a). This cell layer within the 

interventricular septum is considered to be the endocardium, since it seems very 

unlikely that epicardial cells occur within the mass of the interventricular septum at this 

(Figure 7.1). Furthermore, in ongoing work in our laboratory. Dr. D. Henderson has 

studied the development of the endocardium by use of a lacZ construct driven by the 

promoter for the endothelium specific gene Tie-1 (Rodewald and Sato, 1996). Figure

7.3 d (a photograph taken by Dr. Henderson) shows the expression of the construct 

within the channels of the interventricular septum at E10.5, further suggesting that they 

are endocardium-lined. The holes are reminiscent of those described for the chick 

embryo by Ben-Shachar et al as “endocardial channels” (1985). The “strands” of 

myocardium within the septum that are separated by such channels appear only slightly 

larger than neighbouring trabeculae within the ventricular chambers. At late E l0.5 and 

early El 1.5, the interventricular septum is still largely skeletal slow myosin-positive, 

and although endocardial-lined channels still occur within its mass, they are smaller, 

and less frequent, and are no longer present within the centre of the septum (Figure 7.3

b). The septum also appears thicker than at E l0.5, although not particularly longer. At 

mid-late El 1.5, there are even fewer endocardial-lined holes than previously, and the 

septum appears more homogenously skeletal slow myosin-positive than previously 

(Figure 7.3 c). The septum now appears thicker and longer than previously.

Apoptosis at early-mid E l0.5 is rarely seen within the epicardial cell layer adjacent 

to the interventricular septum and in the endocardial cell layer within the channels 

described above. PCD does, however, frequently occur within skeletal slow myosin- 

positive regions directly adjacent to the channels (arrowhead. Figures 7.4 a and b).
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Figure 7.4 TUNEL and anti-skeletal slow myosin double-labelling of the 

interventricular septum from E10.5- E l 1.5 embryos

a)-f) Composite pictures of TUNEL and anti-skeletal slow myosin double-labelling of 

the interventricular septum. TUNEL-positive nuclei are green (arrowheads and arrows), 

and myosin-positive cells are red. Autofluorescence is blue.

a) and b) At early E l0.5, PCD can be seen in the myocardium (arrow), and is frequently 

directly adjacent to channels lined within myosin-negative cells (arrowheads), c) and d) 

At late ElO.S/earlyEl 1.5, PCD can be seen in the cells lining the channels in the 

interventricular septum (arrowhead, c)) and in the myocardium (arrow, d)). e) and f) At 

mid-late El 1.5, TUNEL-positive nuclei in the septum are visible within the 

myocardium (arrows, e)) and directly adjacent to and actually within channels 

(arrowheads). TUNEL-positive nuclei are also seen in the epicardium adjacent to the 

septum (arrow, f)).

IVS = interventricular septum 

LV = left ventricle 

RV = right ventricle 

Scale bar = 0.05 mm
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PCD is also sometimes seen within skeletal slow myosin-positive regions at a distance 

from the endocardial channels (arrow, Figures 7.4 b).

At late El 0.5/early E l l .5, PCD can be seen to occasionally occur within the 

epicardium adjacent to the interventricular septum (arrowheads, Figure 7.3 b). PCD 

can still be seen in myocardium adjacent to endocardial channels, and occasionally 

within the endocardial channels themselves (arrowhead. Figure 7.4 c). PCD is also still 

found within skeletal slow myosin-positive regions not directly adjacent to endocardial 

channels (arrow. Figures 7.4 d).

The epicardium at mid-late El 1.5 still contains occasional apoptotic cells 

(arrowheads. Figure 7.4 f). As at late El 0.5/early El 1.5, PCD can be seen in both what 

remains of the endocardial channels and directly adjacent myocardium (arrowheads. 

Figures 7.4 e and f). In addition, PCD is seen further away from the endocardial 

channels within the myocardium (arrows. Figure 7.4 e).

7.2.4 Em bryos grow n in vitro develop norm ally

In order to initiate a study to experimentally alter PCD in the early heart, whole 

embryo cultures were performed from early E l0.5 to late E l0.5. Embryos were 

dissected from the mother and cultured in vitro for 12 hours as described in Section 2.6. 

Before and after culture, embryos were examined carefully to confirm normal growth 

and development. An embryo was considered normal if there was rapid circulation 

within the head and yolk sac vessels, it appeared grossly morphologically normal, and 

there were no signs of circulatory failure. Embryos that did not meet these criteria were 

excluded from analysis. In fact, of the four experiments that are reported in this study, 

only one embryo, from the control group in experiment “C”, was excluded from 

analysis.
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Figure 7.5 shows examples of two embryos from the same experiment. One 

embryo was treated with 200 pM zVAD-fmk and the other was a control, which was 

treated with DMSG only. An uncultured, normal embryo of a comparable 

developmental stage is also shown. In both the cultured embryos, the tail does not curl 

towards the trunk as much as in the uncultured embryo. This was found almost 

invariably in cultured embryos and is presumed to be due to the physical impedance 

caused by the necessity for ventral placement of the yolk sac during embryo culture 

(Section 2.6.2, Figure 2.4 c). Also, both the cultured embryos shown have a mild 

dilation of the 4̂*̂ ventricle of the developing brain, as occurred in all cultured embryos 

(compare arrows Figures 7.4 a, b and c). However, neither of the cultured embryos 

shown had pericardial or peripheral oedema and, in addition, both had good head and 

yolk sac circulation, suggesting that they were not suffering from circulatory failure. 

They were, therefore, considered as normal.

Table 7.1 shows details of embryonic development, as measured by somite 

number, following 12 hours of whole embryo culture for control (DMSO-treated) 

embryos and those treated with 200 pM zVAD-fmk. The concentration used was based 

on empirical observations of the inhibitor’s efficacy in early experiments (data not 

shown). Mouse embryos at the stage investigated are considered to develop a new 

somite approximately every two hours (Brown, 1990). Therefore, embryos would be 

expected to develop six somites during the culture period if the culture conditions were 

ideal. To assess this, data were pooled between experimental groups, due to the low 

sample number in each group. The average increase in number of somites in cultured, 

control embryos was 4.98 ± 0.23 (standard error of the mean), and the average increase 

in cultured, zVAD-fmk treated embryos was 4.78 ± 0.33 somites. A t-test showed no 

significant difference between the two groups at the 5% confidence level (T = 0.479, P 

= 0.6383). These data show that while both the control and treated groups developed
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Figure 7.5 Morphological comparison of cultured and uncultured embryos

a) and b) Embryos cultured for 12 hours from early to late E l0.5 in the presence of 

DMSO and 200pM zVAD-fmk respectively. Figure c) shows an uncultured embryo at 

late E l0.5 and at a similar developmental stage to those shown in a) and b). 

a) The embryo cultured in the presence of DMSO alone has grown comparably to that 

cultured with the inhibitor shown in b) in terms of both size and morphology. 

Furthermore, both cultured embryos appear to have a similar morphology and size to 

the somite-matched, uncultured embryo, also at late El 0.5, shown in c). The tail of the 

cultured embryos, however, does not appear to be ventrally flexed as in normal 

embryos. Also, there appears to be mild swelling of the 4̂  ̂ventricle in both cultured 

embryos shown in a) and b) compared to the uncultured embryo shown in c) (arrows).

Scale bar = 2.5 mm
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Table 7.1 Developmental progression of zVAD-fmk treated and DMSO-treated 

embryos in whole-embryo culture

Tables A) -  D) each represent a different experiment. Each row of the tables gives 

details of a different embryo within that experiment.

The tables provide details of the initial number of somites, the final number of somites 

and the increase in somites following 12 hours of embryo culture for all embryos from 

the four experiments that were included for analysis. Since somites cannot be counted 

accurately in embryos prior to culture, the initial somite number was estimated by 

averaging the somite-number of normal, uncultured littermates. The increase in somites 

was found by subtracting the mean initial number of somites from the final number of 

somites. Exact measurement of heart rate after culture was difficult as it was very 

rapid, but was invariably at least 200 beats per minute. The average increase in somite 

number in cultured control and treated embryos across all experiments is given beneath 

the tables, the error shown being the standard error of the mean. The results of a t-test 

performed between the average increase in somite number in the two groups are then 

given.



Table 7.1

Experiment A Initial
somites

End
somites

Increase 
in somites

Control 1 32.6 38 5.4
Control 2 32.6 38 5.4
zVAD Treated 1 32.6 36 3.4
zVAD Treated 2 32.6 37 4.4

Experiment B Initial
somites

End
somites

Increase 
in somites

Control 1 27.5 32 4.5
Control 2 27.5 33 5.5
zVAD Treated 1 27.5 32 4.5
zVAD Treated 2 27.5 32 4.5

Experiment C Initial
somites

End
somites

Increase 
in somites

Control 1 33 38 5
Control 2 33 39 6
zVAD Treated 1 33 37 4
zVAD Treated 2 33 37 4
zVAD Treated 3 33 39 6

Experiment D Initial
somites

End
somites

Increase 
in somites

Control 1 31 35 4
Control 2 31 35 4
Control 3 31 36 5
zVAD Treated 1 31 36 5
zVAD Treated 2 31 36 5
zVAD Treated 3 31 38 7

Increase in somites in control embryos : 4.98 ± 0.23
Increase in somites in treated embryos : 4.78 ± 0.33
(t-test - T = 0.479, P = 0.6383 -  difference not significant at the 5% confidence level)



slightly slower than embryos in utero, which, over 12 hours, would be estimated to 

develop six new somites, they developed comparably to one another. The heart rate in 

apparently normal embryos that were included for analysis tended to be above 200 

beats per minute. Accurate counting was difficult at these rates, and so was not 

compared between groups.

7.2.5 Cardiac morphology of control embryos grown in vitro is normal

Embryos grown in culture in the presence of both DMSO (controls) and 200 pM 

zVAD-fmk had normal and comparable outflow tract, endocardial cushion and primary 

atrial septum development (compare Figures 7.6 a and b with Figures 7.6 d and e, and 

Figures 7.6 g and h, respectively). General atrial and ventricular morphology also 

appeared grossly normal and comparable between treatment groups (compare Figures

7.6 c, f  and i). However this was more difficult to assess for two reasons. Firstly, at the 

stages investigated, the ventricular walls and trabeculae are in the very early stages of 

development even in normal, uncultured embryos, and secondly a dilated appearance of 

the atria or ventricles may be related to whether the heart is in diastole or systole 

(Icardo and Femandez-Teran, 1987; Vuillemin and Pexieder, 1989). However, there 

did not seem to be any general propensity for the atria and ventricles of either the 

control group or the zVAD-fmk treated group to be small and thick-walled (systole) or 

dilated and thin walled (diastole).

Differences were, however, observed in the development of the interventricular 

septum between treatment groups (arrows in Figures 7.6 c, f  and i). In general, the 

interventricular septum of inhibitor-treated embryos appeared smaller and less well 

formed than either those of treated or control embryos. These differences are discussed 

in more detail in Section 7.2.8.
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Figure 7.6 Cardiac morphology in cultured and uncultured embryos

a)-i) Transverse, methyl green counter-stained sections of embryos with 36 somites.

The sections have undergone cleaved-caspase-3 immunohistochemistry, except for g), 

h) and i), which have undergone the TUNEL assay. The protocol for cleaved-caspase-3 

immunohistochemistry has resulted in particularly poor uptake of the methyl green in 

embryos at this age group. Therefore the images of cultured embryos have been taken 

using phase contrast optics and so appear to have a different hue compared with 

uncultured embryos.

a) The walls of the aortic sac, the aortopulmonary septum and the outflow tract cushion 

appear morphologically similar in the control, cultured embryo to those from a zVAD- 

fmk-treated embryo shown in d) and a normal, untreated embryo, shown in g).

b) The primary atrial septum appears morphologically similar in this control, cultured 

embryo to that from a zVAD-fmk treated embryo shown in e) and to one from a normal, 

untreated embryo, shown in h).

c) While the ventricles and atria appear morphologically similar in the control, cultured 

embryo to that from a zVAD-fmk-treated embryo shown in f) and a normal, uncultured 

embryo of the same developmental stage, shown in i), the interventricular septum of the 

zVAD-fmk treated embryo (f)) is markedly smaller,

APS = aortopulmonary septum 

AS = aortic sac 

IVS = interventricular septum 

L/RA = left/right atrium 

L/RV = left/right ventricle 

OFTC = outflow tract cushion 

PAS = primary atrial septum 

Scale bar a), d) and g) = 0.35 mm 

Scale bar b), e) and h) = 0.20 mm 

Scale bar c), f) and i) = 0.50 mm
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7.2.6 PCD inhibition by zVAD-fmk

The in vitro culture of embryos is an abnormal environment, and therefore, there 

is a risk that the TUNEL assay would non-specifically label necrotic cells in cultured 

embryos. To exclude this possibility, embryos were assayed for apoptosis by anti- 

caspase-3 labelling, which does not label necrotic cells (Knaapen et al., 2001).

In order to assess the effect of inhibiting apoptosis for this study, data were 

templated for control and treated embryos. The templating was performed separately 

for each experiment. The developmental stages of embryos within experimental 

groups, as measured by somite number, did not all fall into the groups described in 

Section 2.3.6 that spanned three somites. Therefore, templating was performed using a 

template from a 35-somite embryo that was chosen to represent the early-mid E l0.5 

period (31-39 somites) into which all the cultured embryos fell. This allowed 

comparisons to be made more easily.

In control embryos, cultured in the presence of DMSO, low intensity foci of 

cleaved-caspase-3-positive staining were seen in the interventricular septum, aortic sac 

and aortopulmonary septum (Figures 7.7 a and c). Furthermore, PCD was seen in the 

ventricles, which, although apparently greater than expected at E l0.5, did not clearly 

form a focus. In contrast, almost no cleaved-caspase-3-positive cells were found in the 

ventricles or the aortopulmonary septum of embryos that had been treated with the 

zVAD-fmk inhibitor (compare Figure 7.7 a with b, and c with d). In all the sections of 

any given inhibitor-treated embryo, one or two cleaved-caspase-3 positive cells were 

seen in the ventricles. The positive cells in low-intensity foci in the walls of the aortic 

sac were also very much reduced in intensity (compare Figures 7.7 c and d), although 

cell death was not completely abolished. Furthermore, embryos cultured only in 

DMSO invariably demonstrated frequent cleaved-caspase-3-positive staining in the
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Figure 7.7 Apoptosis in cultured and uncultured embryos

a)-d) Templates from embryos from experiment B cultured in the presence of either 

DMSO (control) or zVAD-fmk (200pM). In each case the data represent summation of 

the caspase-3 positive cells seen in two embryos, e) and f) Transverse sections through 

cleaved-caspase-3 stained sections of the pharynx of control and cultured embryos. The 

images for these sections have been taken using phase optics.

a) A focus of cleaved-caspase-3-positive staining is seen in the interventricular septum, 

and occasional cleaved-caspase-3-positive cells are seen in the rest of the ventricles, b) 

No cleaved-caspase-3-positive cells are seen in the template of inhibitor-treated 

embryos.

c) The walls of the aortic sac (arrows) and the aortopulmonary septum have foci of 

cleaved-caspase-3-positive cells within them in embryos cultured in the presence of 

DMSO only, d) Only occasional cleaved-caspase-3-positive cells are seen in the walls 

of the aortic sac (arrow) in embryos cultured with zVAD-fmk. 

e) The ventral part of the pharynx in control-cultured embryos shows many cleaved- 

caspase-3-positive cells (arrow), f) No cleaved-caspase-3-positive cells are seen in 

comparable region of the pharynx in embryos grown in the presence of zVAD-fmk 

(arrow).

AS = aortic sac

APS = aortopulmonary septum 

IVS = interventricular septum 

L/RA = left/right atrium 

L/RV = left/right ventricle 

OFTC = outflow tract cushion 

PAS = primary atrial septum 

Scale bar a)-d) = 0.55 mm 

Scale bar e) and f) = 0.12 mm
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ventral aspect of the pharynx (arrow, Figure 7.7 e) whereas this staining was abolished 

in inhibitor-treated embryos (arrow, Figure 7.7 f).

7.2.7 Abnormal development of the interventricular septum in embryos 

following inhibition of PCD by zVAD-fmk

As noted in Section 7.2.6, development of the interventricular septum in 

inhibitor-treated embryos appeared abnormal compared to both control, cultured 

embryos and uncultured stage matched embryos. A montage of sections, taken through 

the interventricular septum at comparable rostro-caudal levels is shown in Figure 7.8. 

Compared to normal and control embryos, the developing interventricular septum of 

inhibitor-treated embryos tends to be small and poorly formed.

In order to assess the differences in interventricular septal development between 

treatment groups, images of the cultured interventricular septa shown in Figure 7.8 were 

analysed blind (2.8.5). Analysis was carried out according to two criteria. Firstly, size 

was assessed. The grade “3” was given to interventricular septa of comparable size to 

normal. Grade “ 1” was given to interventricular septa that appeared to be less than a 

third of the normal size. Grade “2” was given to interventricular septa that appeared to 

be between a third and two thirds of the normal size. Secondly, the form of the 

interventricular septa was assessed. Interventricular septa that appeared to have an 

architecture comparable to normal were graded as “3”. In cases where the 

interventricular septa was very poorly formed, appearing to consist of disparate 

elements, the grade “ 1” was given. Interventricular septa that appeared to have 

markedly more, or larger, fissures or holes than normal septa of a comparable 

developmental stage, but are still a single intact structure were marked as “2”.

The results are displayed graphically in Figure 7.9. The distribution of the 

grades for both criteria investigated between DMSO-treated and zVAD-fmk-treated
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Figure 7.8 Morphology of the interventricular septum in cultured and uncultured 

embryos

Transverse sections through the interventricular septum from uncultured, normal 

embryos (a), f), k) and q)), embryos cultured with DMSO (b) - c), g) - h), 1) - m) and r) 

- 1)) and embryos cultured with 200|iM zVAD-fmk (d) - e), i) - j), n) - p), u) - w)). 

Uncultured embryos have undergone the TUNEL assay and been counterstained with 

methyl green. Cultured embryos have undergone anti-cleaved-caspase-3 

immunohistochemistry, and images have been taken through phase filters.

The interventricular septum in embryos cultured in zVAD-fmk tends to be smaller and 

less well formed than those in uncultured embryos, or cultured DMSO-treated embryos 

with comparable numbers of somites. Occasional cleaved-caspase-3-positive cells can 

be seen in the control embryos (arrowheads), whereas these are not seen in zVAD-fmk- 

treated embryos. The arrows in v) show what is apparently a muscular interventricular 

septal defect, 

s = somites 

Scale bar = 0.25 mm
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Figure .7.9..Graphs showing analysis of interventricular septal development 

following embryo culture

Graphs a) and b) were prepared following “blind” analysis of interventricular septal 

development in control and zVAD-fmk treated cultured embryos and show the 

distribution of embryos between categories or “bins” with regard to their size and form.

a) The size of the interventricular septum is scored as: much smaller than normal (“ 1”), 

smaller than normal (“2”) or normal (“3”) compared to uncultured embryos of similar 

somite numbers. The results show that the interventricular septum in zVAD-fmk 

treated embryos is almost invariably smaller than in normal embryos (9/10), whereas 

only 3/9 control embryos have a smaller than normal septum.

b) The development of the interventricular septum is scored as: much more poorly 

formed than normal (“ 1”), more poorly formed than normal (“2”) or normal (“3”) 

compared to uncultured embryos of similar somite numbers. The results show that the 

interventricular septum in zVAD-fmk treated embryos is often abnormally formed 

(5/10), whereas all control embryos have normally formed septa.
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groups was markedly different. In DMSO-treated embryos, the size of the 

interventricular septum tended to be normal (6/9) whereas that in zVAD-fmk-treated 

embryos was generally smaller than in normal embryos (9/10) and frequently very 

small (4/10); the difference between inhibitor-treated and control groups was found to 

be statistically significant by a chi squared test {p = 0.0179). The architecture of the 

septum in DMSO-treated embryos was invariably normal (9/9), whereas in zVAD-fmk- 

treated embryos, it was frequently poorly formed with larger channels, or holes, than in 

normal embryos (5/10); again this difference was statistically significant (p = 0.0472). 

In one embryo in the treated group, a hole in the interventricular septum was observed 

that appeared reminiscent of a muscular interventricular septal defect (arrow. Figure 7,8 

v), and on two occasions, the interventricular septum appeared to consist of large, 

adjacent trabeculae (Figures 7.8 e and w).
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7.3 Discussion

The significance of the morphology and histology of the interventricular septum and 

the PCD seen within it will be discussed first. This is then applied to the findings on 

the inhibition of PCD on interventricular septal development.

7.3.1 The morphology and histology of the early development of the

interventricular septum is consistent with a trabecular-fusion model

As described in the general introduction, in a study by De la Cruz et a l (1997) 

Indian Ink was placed in the epicardial region of the interventricular groove of the chick 

heart prior to the development of the interventricular septum. This became 

incorporated into the apical third of the structure in the mature heart. The authors 

proposed a model to explain this result, in which the interventricular septum develops 

from an inward “buckling” of the interventricular sulcus between the two expanding 

ventricular masses (Figure 1.11 d-f). If this is true for the mouse, epicardial cells could 

become trapped within the interventricular septum by this process, as shown 

schematically in Figure 1.11 d-f. As it is believed that the default state of many cells in 

abnormal environmental conditions is apoptosis (Raff, 1992; Evan and Vousden, 2001), 

it might be expected that if epicardial cells did become trapped within the 

interventricular septum, they might undergo PCD. WT-I has been previously shown to 

be a reliable marker of epicardial cells (Moore et a l, 1999). However, the evidence 

provided in Section 7.2.2 and Figure 7.1 shows that, consistent with the published data, 

at least up to E l2.5, WT-1 positive cells are not seen within the interventricular septum. 

The possibility that epicardial cells are present in the base of the interventricular septum 

at this stage, but that they rapidly downregulate WT-I cannot be excluded, but this 

seems unlikely given that WT-1 has been previously used to mark epicardial cells 

migrating into the myocardium of the heart (Moore et a l, 1999). While this evidence
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by itself does not indicate that the septum does not form by apposition of the ventricles, 

it does show that epicardial cells neither become trapped, nor migrate into the 

interventricular septum at the stages investigated, and therefore are not those 

undergoing apoptosis within it.

Initially, at El 0.5, the interventricular septum of the heart has channels lined 

with myosin-negative cells within it, reminiscent of those described by Ben-Shachar et 

al (1985) in the chick. Comparison with Tie-1 driven expression of lacZ suggests that 

these channels are endocardially-lined, suggesting that they are unlikely to be 

precursors of intracardiac vessels, which have been shown to be epicardially-derived 

(Moore et a l, 1999; Tevosian et a l, 2000). The septum appears to be made up of 

myocardial bands comparable in thickness to the neighbouring trabeculae with which it 

is continuous. By mid-late El 1.5, this appearance changes so that the endocardial 

channels have all but disappeared, leaving only occasional, small channels and fissures 

within the septum. The myocardial component of the septum is now much thicker than 

neighbouring trabeculae. Such histological maturation is consistent with the early 

development of the interventricular septum in the mouse involving fusion of trabeculae, 

as has been shown in the chick (Ben-Shachar et a l, 1985).

A model in which the fusion of trabeculae is important in the early growth of the 

interventricular septum is not necessarily exclusive of one in which part of 

interventricular septal growth is dependent upon the apposition of expanding ventricles. 

However, if the early development of the septum were largely dependent on apposition 

of expanding ventricles, an increase in length of the septum, in addition to the observed 

increase in thickness of the septum, would be expected (Figure 1.11). The data shown 

in Figure 7.2 demonstrate that during the initial stages of development of the septum, 

up to late E10.5, there is no increase in the length of the septum, despite an increase in 

cell number. Subsequently, from El 1.5, the increase in length of the septum occurs at a
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greater rate. Taken together, the data from the histological analysis of the 

interventricular septum, and quantitation of cell numbers and septal length, suggest that 

fusion of the trabeculae is important for the earliest stages of septum formation at 

El 0.5. Subsequently, however, it is possible that the expansion of the ventricles plays a 

significant role in “forcing” the septum inward toward the atrioventricular cushions.

Finally, the very fact that cell proliferation occurs in the interventricular septum 

suggests that at least some of its growth is due to this process (Zhao and Rivkees, 2000; 

Dr. D. Henderson, unpublished data). However, the importance of cell proliferation 

was not addressed in this chapter and remains unclear. Although proliferation alone 

seems unlikely to explain the morphological and histological changes described during 

septal development, it is, nevertheless, quite possible that proliferation could work in 

conjunction with either fusion of trabeculae, or apposition of the expanding ventricles 

to increase the size of the interventricular septum.

7.3.2 PCD in the interventricular septum: a role in the removal of endocardial

channels

The data discussed above support a role for the apposition of trabeculae in the 

initial development of the interventricular septum. Such a model requires a mechanism 

for trabecular fusion and for the removal of endocardial cells that constitute the walls of 

channels produced by this process (Figure 1.11 a-c). PCD has been implicated in both 

these processes. In the developing nervous system apoptosis has been shown to be 

required for the fusion of the tips of the neural folds (Weil et a i,  1997). In this case, 

PCD is found near the point of fusion. If PCD were similarly important in the actual 

fusion of trabeculae, it would be expected to be found actually near the fusion points of 

trabeculae fusing to the septum. However, this was not observed, suggesting that PCD 

is not involved in the initial fusion of the trabeculae.
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In the developing palate, two epithelially lined structures (the two halves of the 

palatine shelf) fuse to form a single secondary palate. Three theories have been put 

forward, and also experimentally supported, to explain what happens to epithelial cells 

at the line of fusion. One is that there is an “elastic” retraction of the epithelial layer at 

the fusion point (Martinez-Alvarez et a l, 2000). It has also been suggested that the 

epithelial cells undergo an epithelium to mesenchyme transformation and become 

dispersed in the mesenchyme of the palate (Fitchett and Hay; 1989). Finally, it has 

been suggested that the epithelial cells are removed by apoptosis (Green and Pratt,

1976; Fitchett and Hay; 1989; Mori et a l, 1994). In Section 7.2.4 and Figure 7.4, 

evidence was presented showing that apoptotic cells detected in the interventricular 

septum by TUNEL were often either in, or directly adjacent to, endocardial channels. 

This suggests that, to some extent, PCD may be involved in the removal of the cells 

lining the endocardial channels, and may therefore be important in the removal of the 

channels themselves. This is not exclusive of the removal of endocardial cells by 

dilution within the muscle mass of the septum or elastic retraction of the endocardial 

cells, which may both occur too.

7.3.3 General development of embryos cultured in zVAD-fmk is grossly normal

Apoptosis within the embryo, and specifically in the heart, is almost completely 

inhibited when embryos are cultured in the presence of 200 pM of the apoptosis 

inhibitor zVAD-fmk. Nonetheless, there was no difference in gross morphology or the 

rate of development, as measured by somite number, between zVAD-fmk treated and 

control, cultured embryos. Moreover, development in culture, as measured by increase 

in somite number, is only slightly delayed (by one somite per 12 hours). These 

findings suggest that development in culture, during the period from early to late E10.5, 

closely reproduces that occurring in utero. It seems, therefore, unlikely that the
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morphological abnormalities in the heart observed following inhibition of apoptosis in 

vitro by zVAD-fmk treatment are secondary to generally impaired embryonic 

development. It has been shown that altered haemodynamics during embryogenesis 

may result in the development of heart defects (Pexieder, 1975; Colvee and Hurle, 

1983; Broekhuizen et a l, 1999). Although, none of the embryos included for analysis 

displayed overt signs of circulatory failure, such as a radically lowered heart rate, or 

defective circulation in the head or yolk sac, there was a mild degree of oedema, which 

could potentially be indicative of cardiac insufficiency. Although the swelling was 

mild, appeared to occur in both inhibitor-treated and control groups, and was not 

accompanied with any other signs of impaired circulation, the possibility that it did 

represent some sign of circulatory impairment that affected inhibitor-treated embryos 

more than control embryos cannot be categorically excluded. Therefore, it remains 

possible that the defects in interventricular septal development (discussed in Section

7.3.4 below) were secondary, perhaps to a haemodynamic impairment.

Descriptions of the caspase-8 and F ADD null mouse mutants have suggested 

that inhibition of the receptor mediated apoptotic pathway may result in an excessive 

number of blood cells within the vasculature, and it has been suggested that this may 

result in cardiac defects (Varfolomeev et a l, 1998; Yeh et a l, 1998). However, such a 

hyperaemia was not seen in the inhibitor treated embryos. This may be because of the 

relatively short time over which the embryos were cultured in the current study, which 

did not allow changes in haemopoiesis to become manifest.

7.3.4 Inhibition of PCD in embryo culture perturbs development of the 

interventricular septum

Normally, during the period over which culture experiments were carried out, at 

early to late E l0.5, low intensity foci of cell death can be observed within the
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interventricular septum, the aortopulmonary septum and the walls of the aortic sac 

(Table 4.1). In embryos grown in zVAD-fmk, however, despite inhibition of apoptosis, 

these latter two regions seemed grossly normal, although it is not possible to exclude 

the existence of more subtle defects. It is also possible that defects in the 

aortopulmonary septum and the walls of the aortic sac would be visible if cultured in 

the presence of the apoptosis inhibitor for longer periods of time. On the other hand, 

defects were visible in the development of the interventricular septum in zVAD-fmk- 

treated embryos. The analysis shown in Figure 7.7 suggests that PCD inhibition tends 

to result in a small, poorly formed interventricular septum, rather than overgrowth, as 

might have been expected if PCD played an important role in controlling cell number 

within the septum. Similarly in the FADD, caspase-8 and FLIP knockouts, the 

ventricles were not observed to be too large, but to be unusually thin, although the state 

of the interventricular septum itself was not specifically described (Varfolomeev et a l, 

1998; Yeh et a l, 1998; Yeh et a l, 2000). The presence of relatively large holes within 

the interventricular septa of treated embryos, some even giving the appearance of 

muscular ventricular septal defects, supports a role for PCD in the removal of 

endocardial channels.

Since in inhibitor treated embryos the interventricular septa were nearly always 

small and sometimes trabeculae appeared to have failed to fuse properly, it seems that 

PCD may play some role in the formation of the interventricular septum by facilitating 

the fusion of trabeculae. How this may arise is unclear since PCD does not appear to 

occur at regions where trabeculae are fusing. However, it could be that proper removal 

of endocardial channels is a necessary step towards fusion of trabeculae to the 

interventricular septum. Thinking of the septum in terms of its three-dimensional 

structure, excess, or excessively large, endocardial channels may reduce the suitable
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surface area over which trabeculae may attach, or may affect signalling between fusing 

trabeculae. Such theories await experimental analysis.
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7.4 Summary

Evidence is provided to suggest that the early development of the mouse 

interventricular septum is a result of fusion of trabeculae, rather than apposition of the 

expanding ventricles at the interventricular sulcus, and that epicardial cells do not 

become trapped within the interventricular septum. Furthermore, whole embryo culture 

with the zVAD-fmk inhibitor results in poor development of the interventricular 

septum, suggesting that PCD may be important for the normal development of this 

structure, perhaps via removal of “trapped” endocardial cells, although the exact 

mechanism remains elusive.
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CHAPTER 8

G e n e r a l  D is c u s s io n

327



This chapter will consider (a) how some aspects of the experiments performed in this 

thesis could have been improved upon (and, indeed, might be in the future), (b) further 

work that could be performed as an extension of the work in the thesis, (c) the 

significance of apoptosis observed in regions of the embryo outside the heart, and (d) 

how I view the significance of the study of apoptosis in cardiac development.

8.1 Possible improvements and sources of error

8.1.1 Sample numbers

Although it can be said of any experiment that the larger the sample number, the 

more certain and accurate the conclusions that can be drawn from it, I feel that the low 

sample numbers are a notable weakness of this thesis. Frequently, there were only three 

samples in a given group. The reason for this was simply that time constraints forced a 

choice between increasing sample number and doing a greater range of experiments. 

Frequently the latter was opted for.

The small sample number is a particular weakness in the assessment of total cell 

numbers in different regions of the heart, as presented in Chapter 4. The estimates of 

total cell number made in that chapter were suggested to be sufficiently accurate for the 

purpose of estimating the PCD index and for comparison with those indices determined, 

and furthermore they generally showed consistent trends. No indication of variability, 

however, could be provided, as in each group there were only two embryos, except at 

E13.5 where there was only one. Furthermore, at E13.5, in the outflow tract wall, there 

was shown to be a reduction in cell number in conjunction with maintenance of cell 

number in the outflow tract cushions. This finding was important, as it was suggested 

to be indicative of a mechanism for myocardialisation and outflow tract shortening, but 

was based on a single sample. While the data in Chapter 5 independently supports this
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mechanism, it would still be valuable to confirm the observations in Chapter 4 by 

assessing cell numbers in more E l3.5 embryos, and in the previous 55-60 somite group.

8.1.2 Primary myocardium versus working myocardium

In the General Introduction, a distinction was drawn between the primary 

myocardium of the heart, and the working, chamber myocardium. These regions have 

been suggested to have different properties, such as higher proliferation rates in the 

working myocardium (Section 1.2.3). It would therefore have been of interest to 

compare cell numbers and the PCD index between these two regions in Chapter 4 to see 

if there was also a difference in cell death. However, the papers through which I 

became aware of these distinctions were only published in mid-2000, after much of the 

work for the quantitative analysis had already been completed.

8.1.3 CIeaved-caspase-3 immunohistochemistry of cultured embryos

In Chapter 7, the culture experiments were assayed by cleaved-caspase-3 

immunohistochemistry followed by templating. The results of the templating 

demonstrated that embryos cultured without the apoptosis inhibitor, zVAD-fmk, 

appeared to develop foci of cell death in the same places as were observed in 

developmentally matched uncultured embryos. However, in Chapter 3, it was noted 

that cleaved-caspase-3 staining appeared to mark fewer cells than TUNEL staining in 

both the outflow tract and atrioventricular cushions. Furthermore, Dr. Takashi Shibata, 

in our laboratory, has observed the reverse effect in certain dorsal root ganglia, that is to 

say, cleaved caspase-3 labelling marks more cells than TUNEL marks nuclei.

Therefore, in order to confirm the normality of the foci of PCD observed by templating 

of cleaved-caspase-3 immunohistochemistry on control, cultured embryos, it would be
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ideal to perform templating of cleaved-caspase-3 immunohistochemistry on normal, 

uncultured developmentally matched embryos.

Annexin V staining marks necrotic cells as well as apoptotic cells since both are 

permeable to annexin V and so enable labelling of internal and external 

phosphotidylserine (Section 1.1.2). Therefore comparison of annexin V staining and 

cleaved caspase-3 staining in embryo culture may provide some information on how 

much necrosis occurs in embryo culture. This may be important to ascertain since it is 

possible that the defects in development observed following treatment of embryos with 

zVAD-fmk are secondary to necrosis. TUNEL can also label necrotic cells (Grasl- 

Kraupp et a l, 1995), although how well it does so remains unclear. Initial experiments 

analysed with TUNEL, in which embryos were cultured with and without inhibitor 

showed, empirically, a massive reduction in TUNEL-positive nuclei in the inhibitor 

treated group, providing some support against the effects of the zVAD-fmk being 

secondary to necrosis.

8.1.4 Negative controls

The negative controls for immunohistochemistry were invariably just omissions 

of the specific primary antibody. However, it would perhaps have been more 

convincing if in place of the primary antibody, a non-specific antibody raised in the 

same host as the primary was used. Another possible negative control for the Fas and 

FasL antibodies would be to test them on embryos null for those proteins.

8.2 Future work

8.2.1 Programmed cell death and outflow tract development

A flow chart is displayed in Figure 8.1 showing some of the effects predicted to 

follow from high intensity PCD in the outflow tract cushions. In Chapter 5, evidence
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Figure 8.1 Effects of high intensity PCD in the proximal outflow tract cushions

The flow chart summarises the hypothesised effects of the high intensity focus of PCD 

observed in the outflow tract cushion at E l2.5 and E l3.5.
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was provided for a role for this PCD in allowing myocardialisation of the outflow tract 

cushions. It was also shown in this chapter that the high intensity PCD in the outflow 

tract cushions of Sp^^/Sp^^ embryos was abolished. It might be predicted, therefore, 

that myocardialisation is inhibited in Sp^^/ Sp^^ embryos. Furthermore, it has been 

suggested that myocardialisation allows the outflow tract wall to shorten (Sections 4.3.4 

and 5.3.3), so it may be predicted that such shortening does not occur in Sp^^/Sp^^ 

embryos. Preliminary work by Dr. V. Reed in our laboratory suggests 

myocardialisation is indeed impaired in Sp^^/ Sp^^ embryos. I am currently working 

with her to determine if, as may be predicted, the length of the outflow tract in Sp^^/ 

Sp^^ embryos is greater than in wild type littermates. It will be difficult to prove, 

however, that poor myocardialisation, and any effects on outflow tract length, are not 

secondary to the outflow tract defect and/or the absence of neural crest cells.

In the paper by Martin and Cockroft (1999) on whole embryo culture, it was 

shown to be possible to culture embryos from E12.5 to E13.5. In theory, therefore, it 

should be possible to determine whether cell death in the proximal outflow tract 

cushions can be inhibited using zVAD-fmk from around 55-60 somites to E l3.5 in 

whole embryo culture. This would enable the potential role of PCD in outflow tract 

development (shown in Figure 8.1) to be further assessed. Furthermore PCD would 

also be likely to be inhibited in the atrioventricular cushions and so may provide some 

clues to the function of this PCD.

Gemma Brindley in our laboratory is currently performing a broad screen of 

genes that are expressed in the outflow tract cushions of non-mutant mice and Sp^^/ 

Sp^^ embryos. Since high intensity PCD does not occur in the outflow tract of Sp^^/ 

Sp^^ embryos at E12.5, the result of this survey may provide candidates for the genetic 

regulation of the PCD seen in the outflow tract cushions.
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8.2.2 The control of apoptosis in low intensity foci of PCD

The evidence from Chapter 6 suggests that PCD in the low intensity foci of cell 

death may be controlled by receptor-mediated apoptosis, and at least some of these foci 

of apoptosis are associated (and may be caused by) Fas/Fas ligand interactions. 

Furthermore, it was hypothesised that the high intensity foci of PCD were dependent on 

receptor-mediated PCD, on the basis of evidence from the published literature (Section 

6.3.1).

It has become apparent that caspases-8 and -9, responsible for death receptor 

and stress-mediated apoptosis respectively, can each be specifically inhibited by tetra- 

peptide inhibitors (Dr. A. Stephanou at the Institute of Child Health, personal 

communication). Specific inhibition of either stress-mediated or receptor-mediated 

apoptosis in embryo culture (as performed in Chapter 7), followed by analysis of which 

PCD foci are affected, would allow determination of which molecular pathways lead to 

these foci. Since it would not be vital to determine what the effect of inhibiting PCD 

would be on the embryo, just whether PCD was inhibited or not, a culture period of as 

little as three or four hours would suffice to see an effect (since PCD is believed to take 

around two or three hours from cleavage of upstream caspases to clearance and 

degradation). A shorter culture period would be more likely to have a higher success 

rate in older embryos, although, culturing embryos for longer to see the actual effect of 

inhibiting this PCD would be ideal. Results from such experiments could form the 

basis for future experiments in which molecular cues upstream of the cell death 

pathways could be examined.

8.2.3 PCD in avian and human hearts

As explained in Section 1.3, much of the literature that already exists on 

apoptosis in cardiac development suggests that the high intensity PCD in the outflow
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tract cushions also occurs in chick and human hearts. I have suggested that many of the 

effects of the low intensity foci of PCD in the mouse heart are involved in remodelling 

of the developing heart. For example, in the interventricular septum, low intensity PCD 

was suggested to be necessary for its formation. Since human, avian and mouse cardiac 

developments are similar (Pexieder, 1975; Webb et a l, 1996; Christoffels et a l, 2000a), 

it may be predicted that if these foci of PCD are important in heart development of the 

mouse, they would be present in the other species too. It would be of great interest to 

see whether the low intensity foci are also present in the chick and human. It should be 

noted that Pexieder (1975) did observe that PCD foci occur within regions of the chick 

heart other than the outflow tract. The distribution, intensity and time course was not 

described, however, as Pexieder focused most of his study on the outflow tract. The 

availability of human embryos at 4-12 weeks gestation from the human embryo bank, 

based at the Institute of Child Health, could provide human cardiac material for such 

studies in the future.

8,3 Programmed cell death outside the heart

8.3.1 Apoptosis adjacent to the heart

TUNEL and cleaved-caspase-3 staining revealed a large degree of apoptosis in 

the pericardium, particularly at E12.5 and E13.5, with, I would estimate, a PCD index 

of 5-10%. This membrane separates the heart from the amniotic cavity. Interestingly at 

E12.5 - E13.5, when this PCD is observed, the heart and the surrounding pericardium 

are becoming enveloped by structures that will form the rib cage and the pectoral 

musculature, so that the heart becomes completely internalised (Figures 8.2 a and b). 

Furthermore, PCD is seen at this same time in regions of the body wall to which the 

pericardium is attached. These observations may suggest that the mechanisms resulting
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Figure 8,2 Internalisation of the pericardium and development of the great veins

a) and b) Schematic representations of transverse sections through the thorax of 

embryos at E12.5 and E13.5, respectively, c) and d) Schematic representations, 

showing a view of the dorsal aspect of the heart at El 0.5 and El 3.5 respectively. 

Adapted from Larsen, 1993.

a) The pericardium is initially an external structure that separates the heart from the 

amniotic cavity, b) At E l3.5, however, the pericardium, and the heart within it, become 

internalised as the ribs and muscle grow around it.

c) At El 0.5, the left and right horns of the sinus venosus are connected to the left and 

right anterior and posterior cardinal veins, umbilical veins and vitelline veins, d) 

Regression of the left and right posterior cardinal and umbilical veins, and of the left 

vitelline vein, and partial regression of the left anterior cardinal vein (dashed lines) 

leaves the right vitelline vein which forms the inferior vena cava, part of the left anterior 

cardinal vein, which forms the left superior vena cava and the right anterior cardinal 

vein, which forms the right superior vena cava. The coronary sinus is largely formed 

from the left sinus horn. Note that in humans, there is no left superior vena cava.

Ao = aorta

L/R ant car V = left/right anterior cardinal vein

L/R horn of SV = left/right horn of sinus venosus

L/R post cardinal V = left/right posterior cardinal vein

L/R umbilical V = left/right umbilical vein

L/R vitelline V = left/right vitelline vein

L/RA = left/right atrium

L/RV = left/right ventricle

OFT = outflow tract

PT = pulmonary trunk
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in the morphological changes through which the pericardium, and the heart that it 

surrounds, become internalised in the thorax involve apoptosis.

Apoptosis is also seen in the left and right sinus venosus just as they enter the 

heart. This is consistently seen throughout septation. During this time, the great veins 

are being remodelled into the left and right superior caval veins and the right-sided 

inferior vena cava. This remodelling involves the regression of many of the embryonic 

great veins and the transformation of the left sinus horn into the coronary sinus, which 

provides the venous return to the heart (Figures 8.2 c and d; Larsen, 1993; Webb et a l, 

1996; Webb et a l, 1998a). Although there are descriptions of the changes in the 

morphology of the great veins, I found no literature that described their molecular or 

mechanistic basis. It is conceivable that PCD, which is an important mechanism for 

developmental morphogenesis, could play a role in this transformation.

Elucidation of how PCD may be involved in pericardial development and 

development of the great veins may be performed using a similar approach to that used 

in the current study. That is to say, analysis of the exact location of this PCD, which 

cell types are undergoing PCD in these structures, the molecules that may be controlling 

the apoptosis and the effects of inhibiting it.

8.3.2 Apoptosis in the tracheal diverticulum

The respiratory system develops from an out-pouching of the pharynx. This 

initially gives rise to the trachea, which itself gives rise to the left and right bronchial 

buds, which form the rudiments of the future airways. The initial out-pouching is 

known as the tracheal diverticulum and is present at E l0.5 in the mouse (Kaufman, 

1992). Molecular studies have suggested that the development of the diverticulum is 

particularly dependent upon the expression of the morphogen sonic hedgehog (Shh) and 

molecules involved in its transduction (Litingtung, et al, 1998; Becker et a l, 2001).
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The actual mechanism by which it forms seems unclear, although, altered apoptosis has 

been implicated in its abnormal development in the rat (Williams et a l, 2000). 

Interestingly, at the very early stage of its development at E10.5,1 have observed a high 

intensity focus of apoptosis in the diverticulum and the ventral aspect of the pharynx 

from which it arises. This may suggest a mechanism in which PCD is needed to 

“hollow out” the diverticulum. Furthermore, I have observed very specific Fas ligand 

staining in this region, suggesting a possible mechanism for this apoptosis via death 

receptor activation. It was noted in the inhibitor experiments described in Chapter 7 

that this PCD was abolished completely, and therefore this culture system provides a 

potential model to study the effects of this apoptosis. As yet, I have not made a detailed 

study of the effects on the anatomy of this region of the foregut following apoptosis 

inhibition. Dr. Adonis loannides, a paediatric surgeon working in our laboratory, is 

researching animal models for tracheo-oesophogeal fistula, in which there is an 

inappropriate connection between the foregut and the respiratory tract, and I hope that 

he will be able to analyse the anatomy of the inhibitor-treated embryos. Congenital 

foregut anomalies, of which tracheo-oesophageal fistula is one, are relatively common 

in humans, being present in one in 3000 live births (Skandalakis and Gray, 1994).
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8.4 Concluding remarks

To understand how molecules, and therefore genes, affect development, it is 

vital to understand the mechanisms through which they function. As I see it, apoptosis 

is a basic cellular mechanism, in the same way as migration, differentiation or 

proliferation are, providing a “final pathway” through which molecules regulating 

development may act. It is therefore vital to understand what developmental apoptosis 

normally does, and so what defects may result if it is perturbed. This may further help 

us to understand the cascade from normal gene expression to normal development, and 

also that from gene mutation to abnormal development.

The achievement of the work carried out in this study is, I believe, to further 

advance, albeit in a small way, the understanding of why and how apoptosis may be 

necessary for normal cardiac septation, which is the stage at which the heart is most at 

risk from developmental malformations. Since this work has provided evidence that 

apoptosis is involved in septation processes, such as development of the interventricular 

septum, which is abnormal in 0.26% of live births (Tynan and Anderson, 1996), it 

provides a basic mechanism through which congenital cardiac defects may arise.
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