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ABSTRACT

Two regions of precardiac mesoderm initially situated 
in a cardiogenic crescentr migrate in an anterio-medial 
direction early in the development of the embryo to 
form the primitive heart. The movement of the 
precardiac cells over the underlying endoderm is termed 

"directional migration", and is thought to involve an 
intimate association between the precardiac cells and 
the extracellular matrix that exists at the mesoderm- 
endoderm interface.

The role of the extracellular matrix in the migration 
of the cells has been studied by treating early chick 
embryos with Monensin, a sodium ionophore which 
disrupts secretion. The range of anomalies - a 
reduction in embryo length, underdeveloped hearts and 
irregularly spaced and sized somites - is interpreted 
as evidence for the importance of the extracellular 
matrix in precardiac cell migration.

Directional migration of the precardiac mesoderm in 
the chick embryo has been studied by culturing together 

explants 'in tandem1 and 'abutting', from the 
precardiac area of both chick and quail embryos. These 
were examined histologically to ascertain the direction 
in which the cells had migrated, thereby testing



whether chemotaxis was playing a role in the 
directional migration. Precardiac cells did not alter 
their direction of migration toward the putative 
chemotactic source. The idea that chemotaxis is 
involved is therefore rejected.

The interaction of the precardiac tissues has , been 
studied by microsurgery. Mesoderm from the anterior 
and posterior precardiac region of quail embryos was 
grafted into the posterior or anterior precardiac 
region of chick embryos to form chimeras. Grafts from 
the posterior region inserted into the anterior region 
lead to failure of heart looping, but grafts from the 
anterior region inserted into the anterior region never 
had this effect. It is suggested that a special 
function of the posterior precardiac mesoderm (a 
morphogen?) inhibits looping.
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CHAPTER ONE

GENERAL INTRODUCTION

This thesis is concerned with various aspects that 
are associated with the directional migration of 
precardiac mesoderm in the chick embryo and the later 
differentiation of this mesoderm into the early heart. 
In order to understand these processes it is necessary 
to first undertake a comprehensive background 
examination of the morphogenetic events that occur 
during this phase of development.

DIRECTIONAL CELL LOCOMOTION

The understanding of the various aspects involved in 
morphogenetic cell movement plays a vital role in the 
understanding of morphogenesis within the embryo as a 
whole. A detailed account of cell locomotion in vitro 
and within the organism itself, together with the 
physical and chemical nature of both is necessary.

A cell must be able to adhere and deadhere at the 
correct time to its substratum in order to translocate, 
but to do this towards a required region, a cell or its 
substratum must possess directionality. Directionality
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is the distinguishing feature of morphogenesis, as 
most, if not all morphogenetic cell movements during 
embryogenesis are directional. Unfortunately, there is 
very little understanding or evidence as to what forces 
actually govern directional cell movement during 
morphogenesis.

There are various poorly understood aspects involved 
in directional cell movement, such as what makes the 
cell commence translocation? what keeps it moving and 
gives it directionality; and finally, what transpires 
to stop the cell at its required destination.

Cells examined in situ at the start of development, 
during cleavage and early blastula formation, do not 
seem able to move (Trinkaus, 1984). When the same 
cells are transplanted to a new site or placed in 
culture, they still appear unable to move. This could 
possibly be due to the contractile microfilaments and 
microtubules that would normally at later stages be 
available for translocation, being fully occupied at 
this early stage of development, with cytokinesis. It 
would therefore appear that even when cells have the 
capacity to move, i.e. the required conditions are 
present, they do not possess the ability to move 
without some form of stimulus.



This stimulus could possibly originate in the 
environment of the cell, for example, it could be a 
change of some kind in the extracellular matrix. A 
large, local increase in the concentration of the 
glycosaminoglycan, hyaluronic acid, has frequently been 
found to coincide with the beginning of cell 
locomotion. By introducing isotopically labeled
precursors into the corneas of chick embryos, Toole and 
Trelstad (1971) found a noticeable increase in the 
level of hyaluronate from stage 24 to 35 (Hamburger and 
Hamilton, 1951). This preceded and accompanied the 
swelling of the primary corneal stroma at about stage 
27 and the subsequent rapid invasion by mesenchymal 
cells up until stage 36. Glycosaminoglycans, in 
particular hyaluronic acid, begin to fill the cell-free 
space next to the prospective mesencephalon at the time 
that neural crest cells from the latter move into the 
space. Finally, another cell-free space filled with 
hyaluronic acid and other glycosaminoglycans, namely 
the "cardiac jelly", is crossed by fibroblasts 
migrating from the endocardial cushion during later 
heart development. Migration is prevented if the 
synthesis of hyaluronic acid is blocked.

Unfortunately, there are certain problems involved in 
analyzing the evidence that the glycosaminoglycans in 
the extracellular matrix provide a major substratum for
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cell movement within the embryo. Collagen is generally 
present in at least one form in the extracellular 
matrix, and may block detection of other matrix 
molecules. Frequently, more than one type of
glycosaminoglycan is present in the extracellular 
matrix so that it is difficult to ascertain which 
molecule or combination of molecules may be responsible 
for cell movement. Inhibitors of glycosaminoglycan 
synthesis, such as 6-diazo-5-oxonorleucine (DON), are 
non-specific and do not completely block synthesis 
(Trinkaus, 1984). Also, to complicate matters more, 
hyaluronate is present in the extracellular matrix 
before the start of cell locomotion (Manasek, 1975), so 
that it is not the sudden presence of hyaluronate that 
is the critical factor for the commencement of cell 
locomotion, but more likely a change of some kind in 
the state of the hyaluronate. A more detailed analysis 
of the effects of glycosaminoglycans on cell movement 
must be undertaken.

Likewise, little is known of the factors which bring 
about the cessation of cell movement. There would seem 
to be two possible ways in which individual cells might 
stop, having attained their destination: interactions
between the cells and/or a change in the non-cellular 
environment. Such cell interactions could involve 
contact inhibition of locomotion if the cells were

18



contact-inhibiting, so that locomotion would be halted 
at the destination when the moving cells came into 
contact with one another. As of yet, evidence 
pertaining to this has not been found. The pathway of 
locomotion of the cell may itself entirely determine 
the cessation of movement at the destination, or it may 
play a secondary role by simply guiding the cells to 
their destination where other factors cause them to 
stop.

Just as an increase in glycosaminoglycans has been 
found to coincide with the start of cell movement in 
some cell systems, a correlation between 
glycosaminoglycan decrease and cessation of movement 
could be possible. In studying the migration of 
corneal fibroblasts, Toole and Trelstad (1971) found 
that during locomotion of the cells, the concentration 
of hyaluronate in the local environment was high, but 
when the cells stopped moving and soon after this time, 
there was a decline in hyaluronate synthesis. This was 
indicated by a decrease in the incorporation of 
isotopic precursors, concomitant with an increase in 
corneal hyaluronidase activity between stage 35 and 38 
(Hamburger and Hamilton, 1951) when the cornea starts 
to dehydrate before becoming transparent.
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Directional cell movement has received the greatest 
attention and various models for it have been 
suggested. One must first take care not to confuse the 

overall movement of a cell population that simply 
accumulates at a given region, with the directional 
movement of cells to a particular site. Erickson et al 
(1980) have shown that intrinsic factors such as innate 
programming may be partially responsible for locomotion 
in some cell lines, such as neural crest cells. Both 
undifferentiated and differentiated neural crest cells, 
normal, untransformed embryonic fibroblastic cells and 
Sarcoma-180-transformed fibroblasts were grafted into 
the initial crest cell migratory pathway of chick 
embryos (Erickson et al, 1980) . The neural crest cells 
and the Sarcoma cells distributed themselves normally 
along the neural pathways, but the untransformed 
fibroblasts remained intact in the graft site, 
suggesting that the neural crest cells are innately 
programmed to move and that the pathway itself is not 
sufficient to stimulate movement of the fibroblasts. 
Despite such results, recent evidence suggests the 
involvement of extrinsic factors to a much greater 
degree, and it is this aspect that most models for 
directional cell movement depend upon.

The various theories of directional cell migration 
are discussed in the Introduction to Chapter Three.
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EARLY HEART DEVELOPMENT

The development of the heart in the chick embryo from 
the initial appearance of the precardiac areas at stage 
5 (Hamburger and Hamilton, 1951) to the formation of a 
single-tubed heart curving to the embryo's right (stage 
11) is discussed here, although certain phases of this 
development are discussed in greater detail in the 
Introduction to Chapter Four on heart differentiation 
(p.199) and in the section on heart development in the 
Discussion to Chapter Two (p.116).

Figure 1.1 presents the development of the chick
heart in diagrammatic form, from stage 5 (19 to 22

hours of incubation) through to stage 10+ (36 to 40
hours of incubation) . The stage of development of the
chick embryo is determined from external morphological 
features and not chronological age and, based on the 
staging system devised by Hamburger and Hamilton 
(1951), it allows the examiner to identify and 
designate embryos at relatively precise stages for 
experimental purposes.

The precardiac mesoderm initially appears at stage 5 
on either side of the primitive streak and Hensen's 
node at the anterior of the embryo as two darkened oval 
areas, and were first identified by Rawles (1943). The
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FIGURE 1.1 Development of the chick heart in diagrammatic 
form, from stage 5 (19 to 22 hours of 
incubation) to stage 10+ (36 to 40 hours of 
incubation) viewed from the ventral side.

A. Stage 5 embryo: two large lateral heart 
forming areas are visible.

B. Stage 6 embryo: precardiac mesoderm in the 
lateral heart-forming areas begins to migrate 
in an anterio-lateral direction toward the head 
fold. The primitive streak begins to regress.

HF head fold
HFR heart-forming region
HN Hensen's node
NC notochord
PS primitive streak
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A. otage 5

NC

HFR HN

B. Stage 6
HF
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C. Stage 7 embryo: precardiac mesoderm has 
become more condensed and the cells meet in the 
midline ventral to the head fold. The anterior 

intestinal portal has formed and the first pair 
of somites and the neural folds are visible.

D. Stage 8 embryo: precardiac mesoderm begins 
to differentiate into bilateral heart tubes. 
Four pairs of somites are now present.

AIP anterior intestinal portal
EnF entodermal fold
EpF epidermal fold

GT gut tube
HF head fold
HFR heart-forming region
HN Hensen's node

NC notochord
NF neural fold
NT neural tube

PS primitive streak

S somite

SP segmental plate



D. Stage 8
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E. Stage 9+ embryo: bilateral heart tubes have 
fused to form a single heart primordium and the 
sinus venosus is visible over the anterior 
intestinal portal. The neural folds have fused 
to form the neural tube. Forebrain, optic 
vesicles and foregut have developed.

F. Stage 10+ embryo: the single heart tube has 
turned to the embryo's right.

ACV amniocardiac vesicle
AIP anterior intestinal portal
FB forebrain
FG foregut
Ht heart
HN Hensen's node
NT neural tube
OV optic vesicle
S somite
SP segmental plate
SV sinus venosus



F. Stage 10+



notochord or head process is visible at this stage as a 
rod of condensed mesoderm that extends forward from 
Hensen's node. By stage 6, as gastrulation proceeds, 
the primitive streak begins to regress and the 
precardiac mesoderm cells start to migrate in an 
anterio-medial direction toward the developing head 
fold. During stage 7 and 8 the precardiac cells 
continue to migrate over the underlying endoderm in 
this direction, concurrent with a number of events 
which assist in bringing the precardiac cells into the 
ventral midline. Such events include the folding 
movements of the endoderm to form the pouch of the 
anterior intestinal portal and early foregut and the 
separation of the splanchnic and somatic mesoderm to 
form the amniocardiac vesicles. The first pair of 
somites and the neural folds are visible by stage 7.

By stage 8, the precardiac mesoderm has condensed 
further and begins to differentiate into bilateral 
heart tubes. Segmentation occurs at the anterior of 
the segmental plate and successive pairs of somites are 
formed. The neural folds come together at the level of 
the mid-brain and the neural tube begins to form. At 
stage 9 the heart tubes begin to fuse together 
cranially in the midline and this fusion continues 
through stage 9+ by which time the sinus venosus has 
formed over the anterior intestinal portal. The optic



vesicles, forebrain and foregut are now present and the 
neural folds have fused along much of their length to 
form the neural tube. By stage 10, the bilateral heart 
tubes have fused to form a single heart tube which 
begins to turn to the embryo's right. Curvature and 
further development of the heart is discussed in the 
Introduction to Chapter Four on heart differentiation 
(p.205).
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FIBRONECTIN: ITS DISTRIBUTION AND PARTICIPATION 
IN EARLY HEART DEVELOPMENT

Fibronectins compose a family of large glycoproteins 
(220 kd MW) often found on cell surfaces, on 
extracellular matrix and in blood plasma. One 
fibronectin molecule consists of two similar, non
identical polypeptide subunits linked by disulphide 
bonds, each subunit consisting of approximately 2350 
amino acids (Thiery et al, 1986, and Yamada, 1983). 
Cellular fibronectin readily assembles into fibrils 
unlike the soluble plasma fibronectin.

Mitrani and Farberov (1982) detected fibronectin in 
the chick embryo after formation of the hypoblast was 
completed but before the formation of the primitive 
streak. A thin sheet of fibronectin existed opposite 
the hypoblast, on the transparent epiblastic side. 
Using immunocytochemistry, Sanders (1982) examined the 
distribution of fibronectin, from laying to the 
formation of the primitive streak, and found the 
fibronectin at all stages examined to be located 
primarily in the basal lamina of the epiblast and 
associated extracellular material.
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The area opaca of stage 4 to 6 (Hamburger and 
Hamilton, 1951) chick embryos has been studied in 
relation to the pattern of distribution of fibronectin 
by immunofluorescence, and the cellular distribution of 
fibronectin by protein A-coupled to gold techniques 
(Monnet-Tschudi et al, 1985). The distribution in the 
basal lamina of the area opaca was seen to follow a 
particular pattern, forming a fibrillar network which 
altered in both intensity and distribution of staining, 
decreasing from the centre to the periphery of the area 
opaca. Monnet-Tschudi et al (1985) also found a 
difference in fibronectin distribution between actively 
migrating and non-moving cells with the latter staining 
specifically on the basal side and the former staining 
around the whole surface and within the cytoplasm.

Before gastrulation it is thought that passive cell 
movements take place in the absence of fibronectin, 
whereas fibronectin is involved in active movements 
during the process of gastrulation (Duband and Thiery, 
1982). Critchley et al (1979) have suggested that a 
pattern of fibronectin may be laid down by the ectoderm 
alone or in association with the endoderm, with the 
purpose of aiding particular morphogenetic movements in 
early development.



There is little doubt that fibronectin in relation to 
cell adhesion is important in morphogenesis. Sanders 
(1980) examined the effects of substratum-attached 
material from chick embryo hypoblast and endoblast on 
the morphology and spreading of chick embryo mesoderm 
cells in vitro, and concluded that substratum-attached 
material, derived from the epithelia somehow changed 
the culture surface, affecting the rate of spreading of 
the mesoderm cells. Results of studies using
antibodies to fibronectin (Rovasio et al, 1983) and 
oriented deposits of fibronectin (Turner et al, 1983) 
support the notion that embryonic cell migration is 
guided by spatially organized extracellular matrix.

However, the extent to which such adhesive 
interactions regulate or direct particular 
morphogenetic events such as the migration of the 
precardiac mesoderm cells in the early development of 
the heart, is not yet fully understood. Using indirect 
immunofluorescence and scanning electron microscopy 
(SEM), Linask and Lash (1986) followed the directional 
movement of chick precardiac mesoderm cells through the 
extracellular matrix of stage 4 to 8 chick embryos, 
with respect to the localization of fibronectin at the 
mesoderm-endoderm interface. The precardiac cells were 
found to be in close association with the endoderm 
during migration. Prior to stage 5 no fibronectin was
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seen between the endoderm and mesoderm, whereas at the 
end of stage 5, as migration of the precardiac mesoderm 
clusters proceeds, fibronectin was observed in the 
anterior of the lateral heart-forming regions, 
decreasing posteriorly. SEM studies revealed a close 
association between stage 5 mesoderm cells, with the 
cells extending processes to each other as well as to 
the endoderm and ectoderm (although the basal lamina of 

the ectoderm prevents direct contact to this tissue 
layer).

By stage 6, the amount of fibronectin between the 
mesoderm layers had increased with the fluorescence of 
fibronectin between these layers in the heart-forming 
regions being greater than in the nearby regions. The 
anterior-posterior difference in fibronectin 
concentration continued into stage 7. SEM studies of 
stage 6 and 7 embryos revealed cell extensions between 
the migrating mesoderm cells in the heart-forming 
regions, and the underlying endoderm. The mesoderm 
cells within this region became elongated with their 
longitudinal axes parallel to the direction of 
movement, in contrast to the mesoderm cells outside 
this area which did not become elongated. In general, 
there is an anterior-posterior difference in 
fibronectin concentration and fibrillar association 
between the mesoderm and endoderm in the stage 6 to 8



chick embryos, with both increasing cephalad. Linask 
and Lash (1986) concluded that although the fibrillar 
meshwork alone could not explain the directionality of 
movement of the cells in either direction along the 
axis, the anterior-posterior difference in fibronectin 
concentration in the heart-forming regions could be 
involved in the anterior movement of the precardiac 
mesoderm.

Icardo and Manasek (1983) studied the distribution of 
fibronectin by indirect immunofluorescence with respect 
to heart development in stage 8 to 18 chick embryos, 
subsequent to precardiac cell migration. The

myocardial basement membrane (the cardiac jelly) showed 
little if any fibronectin staining through stages 8 to 
18, in contrast to the densely staining heart midline 
and dorsal mesocardium. Between stages 8 and 9, when 
the two heart tubes are fusing, fluorescence was seen 
associated with the basal surface of the myocardium. 
By stage 13, the endocardial basal lamina exhibited 
strong fluorescence which varied in intensity according 
to the craniocaudal level of the heart. At stage 16 to 
17, at the onset of trabeculation, the intensity of 
fluorescence increased in both the myocardium and 
endocardium, and decreased by the completion of 
trabeculation.



Immunocytochemical studies at the electron microscopy 
level were used to localize fibronectin in 2-day 
embryonic chick trunk and area vasculosa (Mayer et al, 
1981). Both the non-striated fibrils and the
interstitial bodies present in the extracellular matrix 
label with antibodies to fibronectin. A close 
association was observed between proteoglycan granules 
and the edges of the fibronectin-rich interstitial 
bodies. Mesenchymal cell processes in the dorsal trunk 
were observed in close contact with the interstitial 
bodies, the latter also being concentrated at the 
leading edge of the vascular mesenchyme in the area 
vasculosa. Results from these studies indicate a 
possible chemical composition of the interstitial 
bodies as well as suggesting that these embryonic 
matrix components may act as important substrates for 
cell migration.

Recent work has therefore shown fibronectin to be a 
very important molecule involved in cell adhesion and 
migration and hence in several processes in 
embryogenesis, although the intricate details on the 
way in which this molecule functions are not as yet 
fully understood.
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CHAPTER TWO

THE EFFECT OF THE IONOPHORE 
M O N E N S I N  ON THE EARLY 

CHICK EMBRYO

INTRODUCTION

Cells in the early embryo are intimately associated 
with the extracellular matrix. These extracellular 
regions incorporate a variety of substances including 
macromolecules (glycoproteins, glycosaminoglycans and 
proteoglycans) water and ions. Mesenchymal cells and 
the extracellular matrix together make up the 
connective tissue of the early embryo.

The extracellular matrix (ECM) plays a very active 
role in morphogenesis: it provides physical support and 
an open, stable environment for the mesenchymal cells, 
thereby providing a means of organization for these 
cells; it also provides an ordered substratum for the 
migration and spreading of several types of cells, 
including mesenchymal cells, primordial germ cells and 
neural crest cells (Sanders, 1986). A specific region 
of the ECM, usually found in close contact to the base 
of an epithelial sheet, is the basement membrane or



basal lamina. This structurally ordered and chemically 
specialized region separates the mesenchyme from the 
overlying epithelium, and is thus situated in a very 
important position, mediating between these two tissues 
in positions where specific interactions between them 
occur. Therefore, the extracellular matrix plays a 
vital informational role which affects the nature of 
the interactions between the mesenchyme and epithelium, 
hence influencing the migration of various cell 
populations, and the form of developing organs.

GLYCOSAMINOGLYCANS
Glycosaminoglycans (formerly known as

mucopolysaccharides) are found in all extracellular 
matrices in various compositions according to location 
and embryo age. They are large molecules of high 
molecular weight sugar polymers made up of repeating 
dimers of amino sugars and uronic acids (Trinkaus, 
1984). Glycosaminoglycans are usually found linked to 
proteoglycans, and are all, with the exception of 
hyaluronate, covalently linked to polypeptides. Common 
glycosaminoglycans found in embryonic tissues are 
hyaluronic acid, chondroitin, chondroitin sulphate, 
heparin sulphate and keratin sulphate.



Hyaluronic Acid Hyaluronic acid is the major 
glycosaminoglycan synthesized in the pre-somite stages 
of development of the early chick embryo (Manasek, 
1975; Solursh, 1976). By using electrophoresis, and 
autoradiography with hyaluronidase-sensitive tritiated 
glucosamine, Manasek (1975) has shown that hyaluronate 
is present and is being synthesized as early as the 
primitive streak stage, although at this stage it is 
restricted to the region of mesenchyme cell surfaces 
and intracellular spaces. The presence of hyaluronic 
acid in these early stages (stage 4-8, Hamburger and 
Hamilton, 1951) has also been demonstrated by utilizing 
the susceptibility of hyaluronic acid to Streptomyces 
hyaluronidase (Solursh, 1976). Hyaluronic acid was 
found to make up at least 84% of the 
glycosaminoglycans in these early stage embryos, with 
smaller amounts of heparin sulphate and chondroitin 
sulphate also produced.

The extensive synthesis of hyaluronic acid at 
precisely the time when the compact blastoderm becomes 
filled with an extensive cell-free space, and at the 
time of formation of the primary mesenchyme in the 
early embryo, has lead to the suggestion that it plays 
important roles in the formation of extracellular 
spaces and the conversion of epithelia into mesenchyme 
(Solursh, 1976). Evidence that the cell surfaces
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become labelled by tritiated glucosamine only as they 
ingress through the primitive streak (Manasek, 1975) is 
compatible with the hypothesis that hyaluronic acid 

could play a role at gastrulation in the conversion of 
epithelium to mesenchyme.

Hyaluronic acid has a distinctive characteristic in 
its capacity to retain enormous quantities of water 
molecules. The large volume of hyaluronic acid that is 
extensively hydrated following excretion into the 
extracellular space, could then play a role in the 
expansion and maintenance of the forming extracellular 
spaces. These spaces are essential for initial cell 
separation and the existence of migrational pathways, 
and prevent early condensation of cells and consequent 
differentiation (Solursh, 1976).

Evidence that hyaluronic acid may be involved in 
extracellular space formation comes from sub- 
blastodermic injection (Fisher and Solursh, 1977; 
Solursh et al, 1979) and direct injection (Van Hoof et 
al, 1984) of hyaluronidase into the tissue space of 
living embryos. Initially Fisher and Solursh
investigated the normal distribution of
glycosaminoglycans by examining sections of stage 8 
chick embryos stained with Alcian Blue (a dye that 
stains hyaluronic acid in particular because of its



extreme negativity) . They then treated some of their 
embryos with specific hyaluronidases prior to staining, 
and found that certain regions no longer stained with 
Alcian Blue (Fisher and Solursh, 1977). Both sulfated 
and non-sulfated glycosaminoglycans were located, 
associated with epithelial basement membranes in 
various concentrations at all levels of the embryo, 
although hyaluronic acid was located predominantly in 
the extracellular spaces.

Embryos of stages 5-6 (Fisher and Solursh, 1977) and 
stages 12-13 (Solursh et al, 1979) which received a 
sub-blastodermic injection of Streptomyces

hyaluronidase in ovo, exhibited clumping of the primary 
mesenchyme and a reduction in the intercellular and 
subectodermal cell-free spaces. Similarly, using an 
improved technique that allowed direct microinjection 
of hyaluronidase between the epiblast and hypoblast of 
a blastoderm explanted in vitro, Van Hoof et al (1984) 
observed that the cell-free space in the blastoderms 
was greatly decreased, the focal contacts between the 
epiblast and mesoblast were absent, and the mesoblast 
was clumped in appearance.

Further evidence for the importance of hyaluronic 
acid in the initial formation and maintenance of cell- 
free spaces can be found in the expansion of developing



corneal stroma (Toole and Trelstad, 1971) where the 
migration of neural-crest-derived fibroblasts into the 

developing corneal stroma occurs concomitantly with a 
swelling of the stroma and an increase in hyaluronate.

There is further suggestion of a role for hyaluronic
acid in the onset and possibly the cessation of cell
migration. Whereas the concentration of hyaluronate is
high in the developing cornea during movement of the
chick corneal fibroblasts, there is a rapid decline in
hyaluronate and an increase in hyaluronidase activity
concomitant with the time when there is cessation of
fibroblast migration, resulting in a more compact,
dehydrated and subsequently transparent corneal stroma
(Toole and Trelstad, 1971) . Similarly, studies on
regenerating salamander limbs have indicated an active
synthesis of hyaluronate at the time when mesenchyme
cells migrate from the amputation stump; and an
increase in hyaluronidase activity leading to the
removal of hyaluronate when the cells later
differentiate into cartilage (Toole and Gross, 1971).
Hyaluronic acid is the major glycosaminoglycan present
on both the dorsal and ventral trunk neural crest
pathways at the onset of migration (Derby, 1978;
Pintar, 197 8) . With increasing age of the embryo, the

crest
composition of glycosaminoglycan at the neural^ pathway 
changes such that the concentration of hyaluronate
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decreases and the concentration of chondroitin sulfate 
increases.

Finally, hyaluronate is known to participate in the 
structural formation of the pericellular coat 
surrounding several types of cells in culture (Goldberg 
and Toole, 1984a, 1984b). The pericellular coats have 
been shown in vitro to influence both cell aggregation 
and the interaction between lymphocytes and normal or 
tumour cells, and may also play an important part in 
vivo in embryonic development and tissue remodelling. 
Treatment of cultured cells with low concentrations of 
Streptomyces hyaluronidase removes the pericellular 
coats, and treatment with drugs that inhibit 
hyaluronate synthesis prevents their formation.

A more detailed study of the intimate environment is 
needed in each case where there is some evidence that 
changes in it have important effects on the movement 
and differentiation of its cells. The influence of the 
extracellular matrix on the spreading and movement of 
cells both in vitro and in vivo requires attention, as 
these interactions must be an important factor in 
determining the initiation, directionality and 
termination of migration. As the extracellular matrix 
is important in the secretion of several 
macromolecules, the inhibition of such secretions



enables further study of macromolecule secretion itself 
and therefore further study of the role of these 
macromolecules in the development of the embryo.



IONOPHORES

Ionophores are compounds of moderate molecular 
weights (200-2000) that form lipid-soluble complexes 
with polar cations (Pressman, 1976) . Biologically, the 
most significant of these are the cations of potassium, 
sodium, calcium and magnesium (K+ , Na+ , Ca2 + and Mg2 + 
respectively) and biogenic amines. Ionophores in 
general may be considered as molecules with backbones 
of diverse structures, containing strategically placed 
oxygen atoms. These oxygen atoms are focused by 
critical conformations of the backbone, about a ring or 
spacial cavity into which a cation may fit. The 
naturally occurring carboxylic ionophores, such as 
monensin, nigericin and A23187, all have linear 
backbones and a variety of function oxygen groups 
(including ether, carboxyl, hydroxyl and carbonyl) for 
cation liganding.

Ionophores were first recognised through their effect 
of stimulating energy-linked transport in mitochondria. 
They provided a valuable tool for perturbing biological 
systems in order to study metabolism and intracellular 
transport, as well as providing models for naturally 
occurring biological macromolecules responsible for 
membrane transport.



Ionophores have a potential use in various areas of 
pharmacological application. They may have uses in 
nuclear medicine in diagnosing myocardial infarcts by 
favorably modifying the distribution of the 
radionuclide used in radioimaging (Semenoff et al, 
1975). This same procedure could be extended to 
improve radioimaging and diagnosis of tumours and other 
pathological conditions. The increasing membrane 

permeability by ionophore administration may be 
effective in treating heavy-metal toxicity. The use of 
ionophores for cardiovascular application may be able 
to help treatment with digitalis. The effect of 
digitalis on contractility has been attributed to the 
indirect consequences of its effect on blocking the 
sodium-potassium pump in the plasma membrane which in 
turn maintains the low intracellular Na+ concentration 
(Langer, 1973).

MONENSIN

Monensin is a monovalent carboxylic Na+ ionophore 
that interferes with a variety of eukaryotic cell 

functions. It has the ability to disrupt secretory and 
endocytic activities of cells in culture by collapsing 
the Na+ and proton gradients that exist across



biological membranes. (For the chemical structure of 
Monensin, see figure 2.1).

Site of Action of Monensin

Available evidence has implicated the Golgi complex 
as the primary site of action of monensin (Ledger et 
al, 1980; Nishimoto et al, 1982b; Tartakoff and 
Vassalli, 1977, 1978; Uchida et al, 1980). In the most 
recognised form, this organelle is a collection of
individual, specialized membrane-bound units that work 
together, despite possessing no limiting outer boundary 
membrane (Whaley and Dauwalder, 1979). The Golgi
apparatus is considered to be the site of much
packaging and concentrating of secretory products, as 
well as possibly a site of great importance in 
determining the genetic expression of the cell.

The conduction of vesicular traffic from the rough 
endoplasmic reticulum to the Golgi complex is highly 
sensitive to the existing levels of monovalent cations. 
Studies by electron microscopy (Tartakoff, 1983; 
Tartakoff and Vassalli, 1977, 1978; Tartakoff et al,

1981), autoradiography, (Tartakoff and Vassalli, 1978) 
and kinetic analyses of secretion (Uchida et al, 1980) 
have all shown that monensin distorts the Golgi



complex. The cisternae of the rough endoplasmic 
reticulum continue to adhere to each other along much 
of their perimeter, but become vastly swollen, leading 
to the accumulation of macromolecules (Ledger et al, 

1980; Nishimoto et al, 1982b). From their
morphological and autoradiographic observations, 
Tartakoff and Vassalli (1977) suggested that such 
distortions in the Golgi complex correspond to those 
that occur from fusion of the derived Golgi vesicles, 
either with each other or with pre-existing cisternae. 
The dilated, smooth-surfaced vacuoles that are produced 
become storage compartments that are unable to fuse 
with the plasma membrane. Tartakoff and Vassalli 
(1978) proposed that the overall effect of monensin was 
to arrest the membrane fission that normally creates 
populations of secondary organelles, therefore causing 
secretory products to accumulate within the Golgi 
cisternae.

Little is known about the basic mode of the 
interference action of monensin in secretion and 
endocytosis. The swelling of the Golgi cisternae in 
the presence of monensin could be due to an exchange of 
sodium ions for protons within the cisternal space, 
which would result in the passive influx of water by 
osmosis (Ledger and Tanzer, 1984).



Me MeMeHO
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Figure 2.1.The chemical structure of Monensin: 
a linear backbone into which oxygen-containing 
heterocyclic rings are inserted. The molecule folds 

into a circular ring on binding, wrapping the 

hydrophylic carbonyl ligands around the cation, 
presenting methyl groups to the exterior.
A hydrophobic surface is therefore produced around the 
cation, increasing its solubility, in the hydrophobic 

interior of the membrane.[From Yeagle, P., 1987].

(Me = methyl group).
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Monensin and Post-translational Processing

Monensin disturbs normal Golgi-dependent post- 
translational processing such as proteoglycan 
sulphation and protein glycosylation. Tajiri et al 
(1980) exposed chick embryonic chondrocytes to various 
concentrations of monensin, and found the 
glycosaminoglycan chains of proteoglycans to be 
undersulphated with SO4 incorporation being only 30% 
that of control values. Nishimoto et al (1982a; 1982b) 
developed radioimmunoassays specific for cartilage 
proteoglycans, and showed that monensin inhibited the 
secretion of these macromolecules, causing accumulation 
of core proteins that were both undersulphated and 
underglycosylated. These results agreed with those of 
Mitchell and Hardingham (1982) where sulphation of 
chondroitin sulphate and secretion of proteoglycans in 
rat chondrocytes were particularly sensitive to 
inhibition by monensin.

Morita et al (1985) found that monensin completely 
inhibited terminal glycosylation of all subunits of 
laminin in parietal endoderm-like F9 cells. 
Glycosylation of fibronectin was also found to be 
affected by monensin treatment (Ledger et al, 1983; Sai 
and Tanzer, 1984) . The inhibition of fibronectin 
secretion was not absolute, although the portion of
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fibronectin that was released had undergone abnormal 
glycosylation and exhibited oligosaccharides with 
incomplete branches.

Tartakoff and Vassalli (1979) utilized monensin to 
locate the site of terminal glycosylation in 
immunoglobulins by blocking the exit of the 
immunoglobulins from the Golgi cisternae. They
concluded from the underglycosylation of the 
macromolecules that monensin defined a subcompartment 
in the Golgi complex, distal to the Golgi cisternae 
that accumulated the immunoglobulins and proximal to 
the site of terminal glycosylation, i.e. that the 
terminal sugars are usually added to immunoglobulins 
either at the moment they leave the Golgi cisternae, or 
in the smooth vesicles which transport the 
macromolecules from the cisternae to the cell surface.



Effect of Monensin on Secretion

By interfering with the Golgi complex, monensin is 
known to impair the secretion of several macromolecules 
in a variety of cell types. Such macromolecules 
include immunoglobulins, collagen, fibronectin, 
acetylcholinesterase (ACHE) and hyaluronic acid.

Immunoglobulins The arrest of plasma cell
immunoglobulin secretion by monensin has been studied 
by Tartakoff and Vassalli (1977, 1979 and Tartakoff et 
al, 1981). Immunoglobulins are normally synthesized on 
the polysomes of rough endoplasmic reticulum and 
segregated in the cisternal spaces before being 
transported to smooth-surfaced elements of the Golgi 
complex. In the presence of monensin however, newly 
synthesized, incompletely glycosylated immunoglobulins 
accumulate in a subcompartment between the dilated 
cisternae and the smooth-surfaced elements of the 
Golgi, so that secretion of these macromolecules is 
inhibited.

Acetylcholinesterase Smilowitz (1979) showed that the 
release of ACHE from embryonic skeletal muscle cells is 
reversibly inhibited by monensin. The ACHE accumulates 
within the muscle cells and is accompanied by the 
appearance of distended membranous vesicles in the
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vicinity of the myotube nuclei. These membranous
vesicles are likely to be derivatives of the Golgi 
apparatus of skeletal muscle.

Laminin Monensin interferes with the synthesis and 
secretion of laminin, a major glycoprotein in the 
basement membrane. Morphological evidence has
indicated that the intracellular pathway of laminin and 
its precursors is from the rough endoplasmic reticulum, 
through the Golgi cisternae, to the secretory granules 
(Laurie et al, 1982). The secretion of mature subunits 
of laminin in F9 cell was inhibited by monensin (Morita 
et al, 1985) whereas polypeptides with similar 
molecular weights to those of intracellular precursors 
were secreted, indicating that the Golgi apparatus in 
the cells was capable of transporting precursors of 
laminin subunits, even when their terminal 
glycosylation had been inactivated by monensin.

Procollacren and Fibronectin Procollagen and
fibronectin are large glycoproteins often associated 
together in the extracellular matrix. Procollagen is 
synthesized on the rough endoplasmic reticulum, later 
moving to the smooth endoplasmic reticulum and hence to 
the Golgi system, before moving outward to the cell 
surface where it is released. Less is known about the 
intracellular transport and release of fibronectin



although it is thought to be similar to that of
procollagen. Uchida et al (1979) demonstrated that
monensin inhibited the secretion of procollagen and 
fibronectin without impairing their synthesis or
altering their degradation rates. The inhibition was 
not total and the effect was found to be reversible on 
the removal of monensin. The appearance of several 
membranous vacuoles as a result of exposure to monensin 
was also noticed. Subsequent studies (Ledger et al, 
1980? Uchida et al, 1980) revealed that procollagen and 
fibronectin responded to monensin in a similar fashion, 
with both proteins accumulating in highest abundance in 
regions that corresponded to Golgi and endoplasmic 
reticulum, therefore indicating that procollagen and
fibronectin share a common intracellular route before 
entering the Golgi region.

Pizzey et al (1983) examined the effect of the 
inhibition of procollagen and fibronectin secretion by 
monensin on the initial spreading of cultured human 
fibroblasts. They found that monensin treatment did 
not appear to affect the initial adhesion of the 
fibroblasts to the substratum, but did consistently 
reduce later spreading of the cells. These results 
concurred with those of Uchida et al (1979) who found 
that monensin did not totally inhibit the secretion of 
procollagen and fibronectin so that a small amount of



these glycoproteins would be available for initial 
adhesion and spreading although the latter would be 
reduced due to continuing glycoprotein inhibition. In 
contrast, work by Virtanen et al (1982) with monensin 
treated cells suggested that human fibroblasts do not 
require fibronectin for adhesion to and spreading on 
culture substrata. This could possibly be explained by 
the presence of exogenous fibronectin in the serum, 
which although different to cellular fibronectin, may 
have a similar visible effect on cell adhesion.

Hyaluronic Acid As mentioned previously, several 
different kinds of cells in culture are surrounded by 
pericellular coats which contain hyaluronate as an 
essential structure component. Rat fibrosarcoma cells 
with their pericellular coats removed by enzyme 
treatment (Goldberg and Toole, 1984) showed inhibited 
hyaluronate-coat regeneration following treatment with 
monensin. Monensin was also found to cause the 
depletion of existing hyaluronate coats. This was 
possibly due to the synthesis and secretion of 
additional hyaluronate that is necessary to maintain 
the coat, being blocked by the monensin. However, the 
prevention of coat formation due to monensin treatment, 
did not inhibit the spreading of the fibrosarcoma cells 
which suggests that these cells may not require



hyaluronate (or other macromolecules inhibited by 
monensin) in order to spread.

From examination of the effect of monensin on rat 
chondrocytes, Mitchell and Hardingham (1982) reported 
that synthesis and secretion of hyaluronate was not 
inhibited by 10-6M monensin even though this 
concentration was sufficient for marked inhibition of 
chondroitin sulphate synthesis secretion. They
proposed that different intracellular pathways existed 
in cells for the synthesis and secretion of hyaluronate 
and chondroitin sulphate, and that these were utilized 
to different extents in different cell types. This 
implied that in rat chondrocytes, hyaluronate is 
synthesized in a separate compartment from chondroitin 
sulphate, and at this site it is insensitive to the 
effects of monensin.

Using 10“6M monensin on human chondrocytes, Goldberg 
and Toole (1983) found no inhibition of hyaluronate 
production, confirming the findings of Mitchell and 
Hardingham. Similarly, Goldberg and Toole found that 

although most of the synthesis of hyaluronate in rat 
fibrosarcoma cells was sensitive to treatment with 
monensin, a small proportion (20%) of hyaluronate 
remained insensitive to increasing doses of monensin up 
to 10“6 M .
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This would suggest the presence of two pathways of 
synthesis and secretion for hyaluronate that differ 
according to cell type. The first pathway would be 
similar to that for the synthesis and secretion of 
chondroitin sulphate in chondrocytes, and would be via 
the Golgi apparatus and therefore sensitive to 
monensin. Goldberg and Toole (1983) suggested that 
this was the major pathway for hyaluronate synthesis 
and secretion in rat fibrosarcoma cells. The second 
pathway would be via an alternative route which may or 
may not involve the Golgi complex, and that is not 
sensitive to monensin. In keeping with this proposal, 
20 % of hyaluronate synthesis in rat fibrosarcoma
cells, and the majority of hyaluronate synthesis in 
human and rat chondrocytes, would be along this second 
route. However, the likelihood of two separate 
pathways for the synthesis and secretion of hyaluronate 
(one via the Golgi apparatus and one not) existing in 
the same cell is minimal as there has been no evidence 
of two pathways for hyaluronate in other cell types. 
Moreover, there is no evidence for other macromolecules 
possessing an extra pathway that does not travel via 
the Golgi complex.

Using early chick embryo cultures of stage 3 to 5 

(Hamburger and Hamilton, 1951), Sanders and Chokka 
(1987) conducted the first set of in situ experiments



on the effects of monensin on organized tissues. They 
examined the effects of intracellular matrix 
perturbation on a limited system of interacting cells, 
particularly mesoderm cells. The two main effects that 
the monensin appeared to have on the early embryonic 
tissues were to obliterate the tissue space between the 
endoderm and mesoderm, and to cause the mesoderm cells 
to round up and condense together in the collapsed 
spaces. The mesoderm cells no longer possessed a 
normal fibroblastic appearance in relation to one 
another or to the basement membrane.
Immunocytochemical examination revealed that the 
distribution of fibronectin had been affected in the 
monensin-treated embryos, with a punctate pattern of 
fluorescence reflecting an intracellular accumulation 
of fibronectin, instead of an extensive network of 
fluorescence as in the untreated embryos. Interference 
reflection microscopy revealed poor spreading of the 
monensin-treated mesoderm cells, characteristic 
accumulation of small vesicles and very infrequent 

focal contacts. Sanders and Chokka proposed that the 
monensin inhibited the synthesis and secretion of 
hyaluronate and extracellular fibronectin, bringing 
about these changes in the mesoderm cells.

The aim of the following experiments was to repeat 
those of Sanders and Chokka (1987) in the application



of various concentrations of monensin to chick embryo 
cultures, but this time using older embryos of stage 5 
to 7 where the cells are possibly more determined 
towards their final destination. Various techniques 
were used to examine the resulting morphological and 
ultrastructural changes, particularly in the cardiac 
area, caused by the effect of the monensin on the 
synthesis and secretion of hyaluronate and fibronectin.



METHOD

Fertile Ross Brown and Ross Broiler hens' eggs were 
incubated in a Westernette rotating incubator for 23-26 
hours to stages 5-8 (Hamburger and Hamilton, 1951) . 
Using the method of New (1955) , (see Appendix I) , the 
embryos were removed from their yolk, rinsed in Pannett 
and Compton's saline (see Appendix II) and were 
explanted on glass rings, over albumen. A volume of 
0.25 ml of a solution of Monensin (Calbiochem-Behring 
475896) was added to the uppermost surface of the 
explanted embryos which were then incubated in a LEEC 
gassed tissue-culture incubator.

Various concentrations of Monensin were used over 
different exposure times to find an optimum 
concentration that was high enough to cause an effect 
over a specific duration, but not so concentrated that 
it would kill the majority of embryos. The optimum 
treatment proved to be 0.25 ml of lxlO_4M Monensin over 
a period of 15-30 minutes. After incubation with 
Monensin, the Monensin solution was removed and the 
embryos were rinsed in Pannett and Compton's saline. 
Following this, the albumen was changed in case it had 
been contaminated by the Monensin. The embryos were 
then re-incubated for 2-20 hours after which they were 
photographed (see Appendix III) and their morphological



appearance was recorded. The embryos were then fixed 
for histochemical examination, scanning electron 
microscopy and immunocytochemistry for fibronectin.

Controls were treated with ethanol of an equal 
concentration to that of the Monensin solutions or with 
Pannett and Compton's saline.

The stock solution of Monensin was prepared by 
dissolving 0.175g Monensin (Calbiochem-Behring) in 25 
ml of absolute ethanol which gave a resulting
concentration of 1x10”2M. This stock solution was
diluted with Pannett and Compton's saline to the 
required working solutions.

Histochemical examination

After a recovery period of 2-20 hours in the 
incubator, the embryos were fixed in Buffered Formal 
Saline for up to 1 hour. They were then dehydrated in 
graded alcohols and stored in cedar wood oil before 
being embedded in wax for microtome sectioning. 
Sections of 7pm thickness were later stained with
Alcian Blue to distinguish hyaluronic acid. The 
specificity of Alcian Blue staining can be altered at 
different values of pH. At pH 1 it can be made
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specific for sulphated mucopolysaccharides, whereas at 
pH 2.2 Alcian Blue will strongly stain for hyaluronic 
acid. See Appendix IV for staining method.

Immunocytochemistry for Fibronectin

To examine the distribution of fibronectin after 
treatment with Monensin, the embryos were fixed after 
2-20 hours incubation (post-Monensin-treatment) either 
in 1% paraformaldehyde solution or 96% ethanol solution 
for 2-3 hours; dehydrated in graded ethanols; cleared 
for 15 minutes in xylene after removing the vitelline 
membrane and embedded for 45-60 minutes in wax. (After 
Harrisson et al, 1984) . See Appendix V for fixative 
preparation.

6pm sections of the wax-embedded embryos were stained 
for fibronectin using Anti-Human Fibronectin developed 
in goats using purified human protein, and Anti-Goat 
IgG (Immunoglobulin G) raised in rabbit and conjugated 
to Sigma Fluorescein Isothiocyanate (FITC). Both the 
Anti-Human Fibronectin and the Anti-Goat IgG were 
obtained from Sigma Chemical Company. See Appendix VI 
for method of immunocytochemistry.



Scanning Electron Microscopy

In order to view the embryonic cells in greater 
morphological detail, the embryos were fixed for 4-7 
hours in 2.5% glutaraldehyde in 0.1 M phosphate buffer 

at pH 7.4. Some embryos were fixed in a different 
fixative which was made up of 1 - 2% glutaraldehyde 
containing 0.25 - 1.0% cetylpyridinium chloride (CPC) 
in 0.065 M cacodylate buffer. This second fixative is 
useful for matrices that are rich in hyaluronate as the 
CPC retains water soluble matrix substances such as 
glycosaminoglycans by ionic interaction.

Following this, the embryos were rinsed 3-4 times in 
phosphate buffer before treatment for 1 hour with 
osmium tetroxide in phosphate buffer. The embryos were 
then rinsed again in phosphate buffer and the endoderm 
was removed before the rest of the specimen was 
dehydrated in graded acetones and critical point dried 
in liquid carbon dioxide. The fragile dried specimens 
were then mounted with silver paint onto SEM stubs, 
either whole or after being fractured with a tungsten 
needle, and coated with gold using a sputter coater. 
Specimens were examined using a Hitachi S-530 Scanning 
Electron Microscope. (After Waterman, 1980, and
Bellairs and Sanders, 1986).
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RESULTS

Over 200 New cultures were set up, 194 of which were 
examined after a 20-24 hour recovery period, following 
treatment with either control saline or a solution of 
monensin. Exposure to the test solution was divided 
into three time durations: over 10 hours; 1-2 hours and 
up to 30 minutes. Table 2.1 shows the number of New 
cultures used for each solution over the three time 
durations. A total of 55 control embryos were treated 
with Pannett and Compton's saline. The remaining 
embryos were treated with Monensin solutions of 
decreasing concentrations (Table 2.1) to establish the 
optimum concentration that would produce an effect but 
not be fatal to the majority of treated embryos.

Morphological Appearance of Embryos Before Fixation

After the recovery period, the embryos were examined 
under a Nikon stereo microscope and their appearance 
was noted with respect to the condition of the overall 
embryo, the appearance of the heart and somites, and 
any other structure that was visibly atypical. Table
2.2 shows the number of embryos treated with each test 
solutions for up to 30 minutes (except where 
indicated), and divides the results into five defined



classifications of normal, near normal, abnormal 
(figure 2.2 A-D) , dead or dying and non-viable. Table
2.3 presents the results shown in Table 2.2 calculated 
as a percentage of the total number of embryos used for 
each solution. Of the 55 control embryos treated only 
with saline, 100% were normal. The saline had no
detrimental effect on the embryo regardless of the
duration of treatment. Treatment for twenty hours with 
the most concentrated monensin solution, ’A' (1 x 10“3
M) resulted in 100% fatality. Treatment with the less 
concentrated ' B' solution (2 x 10"4 M) for up to thirty 
minutes still resulted in a large number of fatalities 
(70%).

The solution 1C 1 proved to be the optimum 
concentration at 1 x 10"4 M for up to 30 minutes. In 
total, 130 embryos (Table 2.1) were treated with 
solution 'C' , 103 of which had an exposure time of 30
minutes or less to the solution. With this shorter
exposure time, a good range of effects was observed 
(Tables 2.2 and 2.3). 23 embryos (22.3%) were
classified as normal (figure 2.2k), with a further 9 
(8.7%) classified as near-normal (figure 2.2B-C). 38
embryos (37 %) were classified as abnormal (figure
2.2D). 17 of the 103 embryos (16.5%) were dead or
dying, with a further 16 (15.5%) classified as non-
viable, possibly due to the Monensin treatment itself



on mishandling of the New culture, causing damage to 
the vitelline membrane. A separate set of 23 control 
embryos (not tabulated) were treated with an ethanol 
solution of equal concentration to that of the test 
monensin solution. This was to test whether the
ethanol in which the monensin was initially dissolved 
had a detrimental effect on the embryos. Treatment 
with an ethanol solution of concentration 1 x 10“3 M 
resulted in normal embryos.

Although solution 1C' produced a satisfactory range 
of results, two further dilutions of monensin were 
assayed in order to verify its continual use. The 
first dilution, solution 'D' (5 x 10“3 M) was half the
concentration of solution 'C', and while it still 
produced 3 abnormal embryos out of 13 (23.1%), the
majority of embryos treated with this solution (8;
61.5%) were classified as normal or near-normal. The 
second dilution, solution 'E' (1 x 10“3 M) was one
tenth the concentration of solution 'C' and resulted in 
100% normal embryos even when the treatment lasted one 
hour. This verified that solution 'C 1 was the optimum 
concentration to produce a reasonable range of effects 

when treatment occurred for up to 30 minutes.

The 103 embryos treated with solution ’C 1 were 
examined and classified in more detail. Table 2.4
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gives a specific account of how many of the 103 embryos 
were treated for 15, 20, 25 and 30 minutes, and the
classification of the resulting appearance of the 
embryos after the 20-24 hour recovery period. Table 
2.5 presents these results as a percentage of each 
classification. 31 of the 103 embryos (30.1%) were 
treated for 15 minutes? 24 (23.3%) for 20 minutes? 2
(1.9%) for 25 minutes and 46 (44.7%) for 30 minutes.
32.2% of the embryos treated for 15 minutes were 
classified as normal, compared to 25% treated for 20 
minutes and 15.2% treated for 30 minutes, i.e. the 
percentage of resulting normal embryos decreased when 
the treatment time increased. In contrast, of the 
embryos treated for 15 minutes, 32.2% were abnormal and 
9.7% were dead or dying, compared to 37.5% and 12.5% 
(abnormal and dead or dying respectively) treated for 
20 minutes? and 39.1% and 24% (abnormal and dead or 
dying respectively) treated for 30 minutes i.e. the 
percentage of resulting abnormal and dead or dying 
embryos increased as the treatment time increased.

The various types of atypical structures observed in 
the 38 embryos classified as abnormal following 
treatment with monensin solution ' C 1, were assessed 
according to the area affected and the number of 
different types of atypical morphological aspect 
observed in each area. Tables 2.6A-H show the number



FIGURE 2.2 
(All embryos 
are
photographed 

from ventral 

side. )

A. Stage 10+ embryo classified as NORMAL 
following 15 minutes treatment with Monensin 
solution ’C ' (1 x 10-4 M) at stage 6. The 
embryo has a well developed body with a 

normal head, a well developed heart (H) which 

is bending to the embryo's right, regularly 
shaped and spaced somites (S), and a straight, 

fused neural tube (NT).

B. Stage 10 embryo classified as NEAR-NORMAL 
following 20 minutes treatment with Monensin 
'C' solution at stage 6+. The embryo appears 
normal as in A except for winged somites (WS).

C. Stage 10+ embryo classified as NEAR-NORMAL 

following 15 minutes treatment with Monensin
'C * solution at stage 6. The embryo resembles 

B in that it appears normal except for the 
presence of winged somites (WS).

D. Stage 10 embryo classified as ABNORMAL 
following 30 minutes treatment with Monensin
'C ' solution. The embryo has a well developed 

body and short head, but the heart is an 
abnormal shape (H), the somites are extremely 

winged (WS), and the neural tube is open in 
places (NT>).
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Magnifications: X 15 
Scale bar = 1.0 mm

69



and percentage of affected embryos in each category. 
Table 2.6A divides the atypical aspects into three main 
affected groups: somites; heart and miscellaneous
(neural tube, head, and embryo length). Of the total
38 embryos classified as abnormal, 35 (92.1%) possessed
atypical somites; 36 (94.7%) atypical hearts, and 21
(57.3%) atypical miscellaneous structures. Table 2.6B 
reveals that no embryo exhibited only one affected
area. 17 (44.7%) embryos possessed both an atypical
heart and atypical somites, and a further 16 (42.1%)
embryos had been affected in all three categorized 
areas (heart, somites and miscellaneous structures). 3
(7.9%) embryos had affected miscellaneous structures 
and heart, and 2 (5.3%) embryos had affected
miscellaneous structures and somites.

Somite abnormalities were divided into four different 
groups, as shown in Table 2.6C. The first group 
somites absent/dispersed, incorporated those where no 
somites were present or those where only remnants of
somites structures were visible in the embryo. 10 of 
the 38 abnormal embryos (26.3%) were classified in this 
group. The second group somites few in

number/dispersing, incorporated those embryos which 
possessed very few somites (these tended to be the 
cranialmost somites) or those where somites were 
visible but often dispersed away from the midline,



particularly the caudalmost somites. 10 embryos 
(26.3%) possessed such somites. The third group 
irregular arrangement/size, incorporated embryos which 
had particularly large or small somites and those which 
displayed an asymmetrical pattern i.e. those with 
noticeably more somites on one side of the midline than 
the other or where the spacing of the somites was 
uneven (figure 2.3A and 2.3D). A further 10 embryos 
(26.3%) were classified in this group. The final 
somite group winged somites, incorporated those embryos 
which displayed this one atypical somite structure in 
particular (figure 2.2D). Termed 'winged somite' by 
Osmond (1989), the somites appear externally to extend 
and taper craniolaterally, with an internal continuance 
between the somites and the lateral plate mesoderm. 15 
of the 38 embryos (39.5%) possessed winged somites. 
Some embryos displayed winged somites but no other 
atypical morphology after treatment with monensin 
solution 'C', and appeared to be developing normally. 
These embryos were classified under the 'near-normal' 
heading (figure 2.2B and 2.2C).

Table 2.6D indicates that only 3 of the 38 abnormal 
embryos (7.9%) exhibited no somite abnormality. The 
majority of embryos, 26 (68.4%) exhibited only one of
the somite abnormalities, with a further 8 embryos
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(21.1%) exhibiting two types. Only one embryo in the 
38 (2.6%) displayed 3 types of somite abnormality.

Heart abnormalities were divided into 3 main groups 
as shown in Table 2.6E. The first group underdeveloped 
heart, incorporated those with hearts that appeared to 
be small due to retarded development (figure 2.3A). 
The majority of embryos [25 of the 38 embryos (65.8%)] 
were classified in this group. The second heart group 
abnormal shape, incorporated those hearts that, 
regardless of size and stage, possessed a structure not 
seen in control embryos (figure 2.3B-D). 18 embryos
(47.4%) were classified in this group. The third group 
butterfly-shaped, was essentially a sub-group of the 
second, with the heart possessing one particular 
abnormal shape: the heart had no convolutions and
resembled a butterfly in that it was divided into two 
roughly equal halves resembling the symmetrical wings 
of a butterfly (figure 2.3C-D). 7 embryos (18.4%) were
classified in this group.

Table 2.6F indicates that only 2 of the 28 abnormal 
embryos (5.3%) exhibited no heart abnormality. The 
majority of embryos, 29 (76.3%), exhibited only one
heart abnormality, while 7 embryos (18.4%) exhibited 
both abnormalities, possessing an underdeveloped heart 
of an abnormal shape.
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FIGURE 2.3 Four embryos classified as abnormal following 

15-30 minutes treatment with Monensin solution 

'C', showing various atypical structures.

A. An abnormal embryo treated for 15 minutes at 

stage 5, exhibiting somites of irregular shape 

and spacing (S); an underdeveloped heart (H) 

and a neural tube that has not completely fused 

down its length (NT).

B. An abnormal embryo treated for 15 minutes at 

stage 5, exhibiting an unusually shaped heart 

(H) .

C. An abnormal embryo treated for 30 minutes at 

stage 6, exhibiting a butterfly-shaped heart 

(BH) .

D. An abnormal embryo treated for 20 minutes at 

stage 6, exhibiting irregularly spaced and 

sized somites (S) which are winged at the 

cranial end (WS), and a butterfly-shaped heart 

(BH) .

Magnifications: 15X 

Scale bar = 1 mm.

73



74



Miscellaneous abnormalities were divided into 3 main 
groups as shown in Table 2.6G. The first group neural 
tube open and/or kinked, incorporated those where the 
neural tube displayed incomplete fusing at at least one 
point along its length (figure 2.2D and 2.3A), or where 
the neural tube did not appear to lie in a straight 
line but was instead 'folded' laterally. 11 of the 38
abnormal embryos (28.9%) were classified in this group. 
The second group head abnormal shape, incorporated 
those embryos where the head fold appeared incomplete 
or malformed, or where the general shape of the head 
area was very different to those of the various control 
embryos. 10 embryos (26.3%) were classified in this 
group. The final group visibly short embryo

incorporated those embryos which, on initial
examination, appeared to be stunted in comparison with 
control embryos. [This visible assessment was later 
verified by actual measurements of the embryo lengths, 
as seen in Tables 2.7 and 2.8.] 8 of the 38 abnormal
embryos (26.3%) were classified in this last category.

Table 2.6H indicates that a high proportion of 
embryos (17? 44.7%) did not exhibit any of the
abnormalities that came under the miscellaneous
category. A further 15 embryos (39.5%) exhibited only 
one of the miscellaneous abnormalities. A relatively



small number of embryos exhibited 2 or all 3 
abnormalities (4; 10.5% and 2; 5.3% respectively).

Therefore, to summarise briefly: A large number of
embryos were treated with decreasing concentrations of 
monensin, of which 103 were treated with the optimum 
solution 'C' for up to 30 minutes. Of the 103, 38 were 
classified as being abnormal after a recovery period of 
20-24 hours, with the number of abnormal embryos 
increasing when the duration of treatment with the 
monensin solution increased. The majority of the 38 
abnormal embryos exhibited both heart and somite 
abnormalities, with a small proportion exhibiting 
miscellaneous abnormalities.

Table 2.7 gives the lengths of ten control embryos 
selected at random. Measurements were taken of the 
total length of the embryo and of the distance from the 
head apex to the anterior intestinal portal (figure 
2.4). Similar measurements were taken from 27 of the 
38 embryos classified as abnormal following treatment 
with monensin solution 'C'. All measurements were 
taken after a 20-24 hour recovery period. T tests were 
performed on the results to determine whether the 
differences between the mean total length, the mean 
distance from head apex to anterior intestinal portal, 
and the mean of the second distance expressed as a
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FIGURE 2.4 Normal control embryo, stage -11, following 

30 minutes treatment with Pannett and 

Compton's saline.

Embryos were measured along their total 

body length (A) and from the apex of the 

head to the anterior intestinal portal (B).

Magnifications: 15X 

Scale bar = 1 mm.
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percentage of the first, were significant. (See Tables 
2.7 and 2.8 and Appendix VII for data).

Using a significance level of t<0.001 the following 
results were obtained: (a) the length of the embryos
treated with monensin was significantly shorter 
(tA=8.42 highly significant, d.f.=35) than the 
untreated controls; (b) the distance from the apex of 
the head to the anterior intestinal portal in the 
monensin-treated controls was significantly shorter 
(tB=9.01 highly significant, d.f.=35) than in the 
untreated controls; and (c) the distance from the head 
apex to the anterior intestinal portal expressed as a 
percentage of total length was significantly less in 
the monensin-treated embryos (^=5.17 highly 
significant, d.f.=35) than in the control embryos. 
Therefore, treatment with monensin solution 'C' for up 
to 30 minutes, resulted in a significantly shorter 
length of both the whole embryo and the distance from 
the head apex to the anterior intestinal portal, 
producing a significantly smaller embryo.



Histochemical Examination of Embryo Sections

Chick embryo sections of 7yim thickness stained with 
Alcian Blue and counter stained with Neutral Red, 
exhibited blue stained material in various regions 
which corresponded to the localization of hyaluronic 
acid (Figure 2.5A-F). In general, a striking
difference in the intensity and distribution of blue 
hyaluronic acid stain was not observed between the 
control saline-treated embryos and the embryos treated 
for up to thirty minutes with 1 x 10"4 M monensin, 
although some small regional differences were noted, 
where the control sections exhibited slightly greater 
staining.

Figures 2. 5A and 2. 5B compare control and monensin- 
treated embryos in sections taken through the heart 
region. The most intense staining in both sections can 
be seen in the heart cavity which contains cardiac 
jelly. The control embryos (figure 2.5A) exhibited 
abundant staining material in the extracellular matrix 
associated with the mesenchyme in comparison to the 
virtually absent staining in this region of the 

monensin-treated embryos (figure 2.5B). In addition to 
the Alcian Blue staining, the Neutral Red stain 
displayed the basic structure of the embryonic tissues 
and revealed a reduced extracellular space between the
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FIGURE 2.5 7 pm sections of control and monensin-treated chick

embryos, stained with Alcian Blue (Steedman, 1950) 

at a critical point to distinguish acid 

mucopolysaccharides, particularly hyaluronic acid.

Where the stage of the embryo is not stated, it 

was not clearly discernable due to the destruction 

or lack of somites, the number of which are 

generally used to determine the stage of the 

embryo (Hamburger and Hamilton, 1951).

A. Stage 9 control embryo classified as normal 

following treatment with Pannett and Compton’s 

saline for 20 minutes.

B. Embryo classified as abnormal, following 

treatment with 1 x 10“4 M monensin solution for 20 

minutes.

A and B Embryos were fixed after 20-24 hrs recovery time..

c coelom M mesenchyme

Ec ectoderm NC notochord

En endoderm NT neural tube

Ep epimyocardium P pharynx
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M agnifica tions: X143 
Scale bar = 0.1 mm
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C. Stage -11 control embryo classified as normal 
following treatment with Pannett and Compton's 
saline for 30 minutes.

D. Embryo classified as abnormal following 
treatment with 1 x 10~4 M monensin solution for 30 
minutes.

Embryos were fixed after 20-24 hrs recovery time.

ectoderm NC
endoderm NT
lateral plate mesoderm S

notochord 
neural tube 
somite



NC NT Ec

D
NT

Magnifications: X143 
Scale bar= 0.1 mm
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E. Stage 7+ control embryo, following treatment at 
stage 6+ with Pannett and Compton's saline for 20 
minutes.

F. Stage 7 embryo, following treatment at stage 6 
with 1 x 10~4M monensin solution for 20 minutes.

Embryos were fixed after 2.5 hrs recovery time.

ectoderm
endoderm
mesoderm

NC
NP

notochord 
neural plate



M agnifica tions: X143 
Scale bar = 0.1mm
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dorsal ectoderm and the mesenchyme in the treated 
embryos compared to the large spaces in these regions 
of the controls. Similarly, the space between the 
neural tube and the notochord in the treated embryos 
appeared to be absent, with the notochord appearing to 
be considerably flattened against the neural tube.

Figures 2. 5C and 2. 5D compare sections taken further 
caudally, in the somite region. The distribution of 
Alcian Blue staining was slightly greater in the 
controls than in the monensin- treated, with a 
prominent stain noted in the former in the non-neural 
ectoderm positioned over the somites and lateral plate 
mesoderm and around the somites and notochord. The 
large inter-tissue spaces observed in the control 
embryos between the endoderm and the somites, lateral 
plate mesoderm and notochord were reduced in the 
monensin-treated embryos, with these embryos displaying 
a more flattened dorsal ectoderm than the controls.

A number of control and monensin-treated embryos were 
fixed after a recovery period of 2.5 hours rather than 
20-24 hours to see whether the immediate effects of the 
ionophore were more apparent after this shorter time. 
No morphological differences were observed between the 
two groups on fixing. Histochemical examination with 

Alcian Blue showed no significant difference in the



intensity of staining, with both control and monensin- 
treated embryos revealing occasional staining material 
associated with the mesoderm, although the control 
embryos stained slightly more in the intercellular 
spaces separating the mesoderm from the ectoderm 
(figures 2.5E and 2.5F). In addition to the Alcian 
blue staining for hyaluronic acid, the histochemical 
examination revealed reduced spaces between the neural 
groove and the endoderm and a more flattened notochord 
in the embryos treated with monensin.



Immunocvtochemical Examination of Embrvo Sections

6pm sections from chick embryos that had been fixed 
in one of two fixatives were examined 
immunocytochemically for fibronectin localization, 
following treatment with either saline or monensin, to 
ascertain whether the ionophore had impaired the 
production or distribution of the glycoprotein. Two 
fixatives, 1% paraformaldehyde solution and 96% ethanol 
solution, and three dilutions of the Anti-Human 
Fibronectin antibody (1/10, 1/50 and 1/100 of the stock 
solution) were used.

There was very little difference in the intensity of 
the fluorescence observed between the three dilutions 
of fibronectin antibody, when the embryos had been 
formerly fixed in the 1% paraformaldehyde solution. 
Although a slight difference in fluorescence intensity 
was observed with this fixative between the controls 
and monensin-treated embryos, this was greatly masked 
by the presence of extreme background fluorescence. 
The paraformaldehyde fixative contained 0.5% 
glutaraldehyde and glutaraldehyde is known to have a 
relatively high autofluorescence, so that this was most 
likely an important contributing factor to the lack of 
differentiation between the fluorescing areas.



FIGURE 2.6 6pm sections of control and monensin-treated
chick embryos exhibiting immunocytochemical 
localization of fibronectin, using Goat Anti 
Human Fibronectin and Rabbit Anti-goat 
Immunoglobulin G.

A to F Embryos were fixed after 20-24 hrs recovery
time.

A to F Magnifications: X 95
Scale bar = 0.1 mm

A. Stage 11+ control embryo classified as 
normal following treatment with Pannett and 
Compton's saline for 30 minutes.

B. Stage 11+ control embryo classified as 
normal following treatment with Pannett and 
Compton's saline for 30 minutes.

BV
C
E
H

blood vessel(s) 
coelom 
endoderm 
heart

M mesenchyme
NT neural tube 
P pharynx
VM vitelline 

membrane
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C . Embryo classified as abnormal following 
treatment with 1 x 10“4 M monensin solution for 
20 minutes.

D. Stage -10 embryo classified as abnormal 
following treatment with 1 x 10“4 M monensin 
solution for 30 minutes.

Where the stage of the embryo is not stated, it 
was not clearly discernible due to the 
destruction or lack of somites, the number of 
which are generally used to determine the stage 
of the embryo (Hamburger and Hamilton, 1951).

BV blood vessel(s) P pharynx

C coelom PC pericardial
DA dorsal aortae coelom
E endoderm T truncus
M mesenchyme * VM vitelline
NC notochord membrane
NT neural tube
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DA
1

E. Embryo classified as abnormal following 
treatment with 1 x 10“4 M monensin solution for 
20 minutes.

F. Stage -10 embryo classified as abnormal 
following treatment with 1 x 10“4 M monensin 
solution for 30 minutes.
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In contrast, sections from embryos that had been 
fixed in 96% ethanol exhibited very little background 
fluorescence, so that this fixative was decided upon 
for fixing further embryos to be examined. The 1/100 
dilution of Anti-Fibronectin antibody was found to 
provide the optimum fluorescence for examination 

(figures 2.6A to 2.6F).

In general, the saline-treated controls exhibited an 
extensive network of cell surface fluorescence
throughout most of the embryo. Fluorescence was
present in the monensin-treated embryos, and although 
it appeared to be only slightly less than in the
controls, its distribution was less extensive and more 
punctate. There did not appear to be a difference in 
the fluorescence between the embryos that had been 
exposed to monensin for varying periods of time (from 
15 to 30 minutes).

Figures 2. 6A and 2.6B show the extensive network of 
fluorescence observed in the control embryos, which is 

particularly great along the vitelline membrane and in 
the regions of the heart, pharynx and head mesenchyme 
and to a lesser extent around the neural tube. In the 
monensin-treated embryos (figures 2.6C, D, E and F)
fluorescence is still strong (but more punctate) in the 
regions of the vitelline membrane, pharynx and truncus,
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but less in the regions of the head mesenchyme and 
neural tube. Sections of the heart region of monensin- 
treated embryos revealed a reduced amount of 
fluorescence in the heart and associated structures.

Two groups of control sections of monensin-treated 
specimens were stained with a saline solution that 
either lacked the Anti-Human Fibronectin Antibody or 

j one that lacked both the Anti-Human Fibronectin 
| antibody and the Anti-Goat IgG to determine whether 
either of the antibodies auto-fluoresced. Examination 
| of all the controls revealed no auto-fluorescence (not 
shown) so that any subsequent fluorescence observed in 
(the experimental specimens would be due to the 
'localized fibronectin in the specimen.



Scanning Electron Microscopy

A small number of control and monensin-treated 
embryos were examined by scanning electron microscopy 
to view them in greater detail. It proved difficult to 
examine the more abnormally affected monensin-treated 

embryos as they tended to be easily damaged during the 
processing for scanning electron microscopy, due to the 
fragility of the embryo itself. Therefore the embryos 
that successfully survived the processing were those 
with few or minor visible abnormalities. Of these, 
only the ones that had been initially fixed in the 
fixative that lacked CPC (cetylpyridinium chloride) 
proved viable. CPC should only be added to the primary 
fixative if the examined matrices are known to be rich 
in hyaluronate (Waterman, 1980). If there is little 
hyaluronate present however, the presence of CPC in the 
fixative tends to condense persisting charged matrix 
components into unorganized electron dense strands 
which would interfere considerably with examination by 
electron microscopy. This is what appeared to happen 
in these experiments with the embryos that had been 
fixed with glutaraldehyde that contained CPC.

Of the viable embryos not fixed with CPC, there 
appeared to be no notable differences between the 
control and monensin-treated embryos in the appearance



FIGURE 2.7 Chick embryo following 30 minutes treatment
with 1 x 10-4 M solution of monensin r and 20-24 
hours recovery time.

A. Photograph of embryo prior to fixing, 
exhibiting presence of possible winged somites.

Magnification: X 15 
Scale bar = 1.0 mm

B. Scanning electron micrograph of the same 
embryo exhibiting position of blood vessels 
superior to somites.

Magnification: X 90 
Scale bar « 0.5 mm

BV blood vessels
HD head
HT heart

NT
S
WS

neural tube 
somites
winged somites
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of the tissues. Figure 2.7A shows an embryo that had 
been treated for 30 minutes with monensin (1 x 10"4 M), 
which resulted in a short head and what appeared to be 
slightly winged somites. On examination of this same 
embryo by scanning electron microscopy (figure 2.7B), 
it is clear that it is the blood vessels covering the 
somites that are positioned in such a manner as to 
suggest the presence of 'winged' somites. The 
possibility remains that the somites beneath these 
blood vessels are of winged morphology with the blood 
vessels actually following along the surface of the 
cranio-lateral somite extensions.
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TABLE 2.1: Number of New cultures used for each solution, applied 
for varying durations.

SOLUTION APPLIED TO NEW CULTURE 
Decreasing concentration of 
monensin ->

’Z' 'A' 'B' 'C •D’ ' E *

>10 hours
DURATION

21 8 8 - -

OF 1-2 hours 15 - 19 - 5
APPLICATION

< 30 mins 19 10 103 13 -

TOTAL NEW CULTURES 55 8 10 130 13 5

Solutions:
'Z' Pannett and Compton's saline 
Monensin:

0.175g Monensin in 25 ml. absolute ethanol 
Final concentration: 1 x 10-2 M.

'A' 1 ml of (1 X 10-2 M) in 9 ml saline: 1 X o i CO M
'B' 2 ml of (1 X 10-3 M) in 8 ml saline: 2 X 10-4 M

'C' 1 ml of (1 X 10-3 M) in 9 ml saline: 1 X 10-4 M
'D' 0.5 ml of i(1 x 10- 3 M) in 9.5 ml saline: 5 X 10-B M
' E ' 1 ml of (1 X 10-4 M) in 9 ml saline: 1 X IQ"3 M
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TABLE 2.2: Number of normal and affected embryos after 20-24
hours recovery period, following 30 minutes* treatment with 
different concentrations of monensin solution or control saline,
* except 1 (20 hours), 2 (1 hour) and 3 (30 minutes - 10 hours).

SOLUTION APPLIED
Decreasing 
monensin -> 

'Z' 'A' 'B'

TO NEW CULTURE 
concentration of 

'C' 'D' 'E' TOTAL

APPEARANCE Normal 553 - 23 5 52 88

OF EMBRYO Near
normal

- - 9 3 12

AFTER Abnormal - 2 38 3 43

RECOVERY Dead/Dying - 00 17 2 34

PERIOD Non-viable - 1 16 - 7

TOTAL NEW CULTURES 55 8 10 103 13 5 94

Near normal embryos constituted those which appeared to be
developing normally with all the required structures, but where 
the morphology of the head, heart or somites was different to 
those of control embryos. In most cases the atypical morphology 
4was 'winged somites'. If the embryo exhibited more than one of 
these characteristics, it was classified as abnormal.

Abnormal embryos constituted those which exhibited more than one
atypical morhological feature. (See Tables 2.6A-H for the
different morphological features found).
Non-viable embryos constituted those where either the blastoderm 
had come away from the vitelline membrane, or the blastoderm had 
become submerged in albumen that had entered via a damaged
vitelline membrane. In both cases further development was either 
prevented or non-discernable.
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TABLE 2.3: Percentage of normal and affected embryos after 20-24 
hours recovery period, following treatment with different 
concentrations of monensin solution or control saline.

Percentages calculated from figures in Table 2.2.

SOLUTION APPLIED TO NEW CULTURE

Decreasing concentration of 
monensin ->

'Z* ’A ’ 'B ’ 'C' ’D' 'E'

APPEARANCE Normal 100.0 22.3 38.4 100.0

OF EMBRYO Near
normal

_ 8.7 23.1 -

AFTER Abnormal 20.0 37.0 23.1 -

RECOVERY Dead/Dying 100.0 70.0 16.5 15.4 -

PERIOD Non-viable 10.0 15.5 - -
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TABLE 2.4: Number of normal and affected embryos after 20-24
hours recovery period, following treatment with solution ' C' (1 x 
10~4 M) for different lengths of time.

DURATION OF SOLUTION 
' C' APPLICATION 

(minutes)
15 20 25 30 TOTAL

APPEARANCE Normal 10 6 - 7 23

OF EMBRYO Near normal 2 4 - 3 9

AFTER Abnormal 10 9 1 1 8 38

RECOVERY Dead/Dying 3 3 - 1 1 17

PERIOD Non-viable 6 2 1 7 16

TOTAL NEW CULTURES 31 24 2 46 103
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TABLE 2.5: Percentage of normal and affected embryos after 20-24 
hours recovery period, following treatment with solution ' C' (1 x 
10~4 M) for different lengths of time.

Percentages calculated from figures in Table 2.4.

DURATION OF SOLUTION 
'C' APPLICATION 

(minutes)
PERCENTAGE 
OF TOTAL 
EMBRYOS

15 20 25 30 (103)

APPEARANCE Normal 32.2 25.0 15.2 22.3

OF EMBRYO Near normal 6.5 16.7 6.5 8.7

AFTER Abnormal 32.2 37.5 50.0 39.1 37.0

RECOVERY Dead/Dying 9.7 12.5 24.0 16.5

PERIOD Non-viable 19.4 8.3 50.0 15.2 15.5

PERCENTAGE OF TOTAL 
EMBRYOS (103)

30.1 23.3 1.9 44.7
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TABLE 2.6 A-H: Atypical morphological aspects of the embryos
classified as abnormal (total 38) after treatment for 15-30 
minutes with Monensin solution ' C* (1 x 10~4 M) .

TABLE 2.6A: Summary of atypical morphological aspects.

Morphological aspect Number affected Percentage affected 
(of 38) (of total 38)

Somite abnormality
Heart abnormality
Miscellaneous 
(Misc.)*

35 92.1
36 94.7 
21 57.3

* See Table 2.6G for definitions of miscellaneous abnormalities.

TABLE 2.6B: Number and percentage of embryos exhibiting 1 or more 
abnormally affected structure.

Structure affected Number affected 
(of 38)

Percentage affected 
(of total 38)

Heart only 0 —

Somites only 0 -

Miscellaneous 
structures only

0 -

Heart and somites 17 44.7
Heart and Misc. 3 7.9
Somites and Misc. 2 5.3
Heart, Somites and Misc. 16 42.1
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TABLE 2.6C: Number and percentage of embryos exhibiting each type
of somite abnormality.

Type of abnormality Number affected 
(of 38)

Percentage affected 
(of total 38)

Somites absent/dispersed 10 26.3
Few in number/dispersing 10 26.3
Irregular arrangement/size 10 26.3
Winged 15 39.5

TABLE 2.6D: Number and percentage of embryos exhibiting 1 or more 
of the somite abnormalities in Table 2.6C.

Number of somite 
abnormalities 
(per embryo)*

Number affected 
(of 38)

Percentage affected 
(of total 38)

0 3 7.9
1 26 68.4
2 8 21.1
3 1 2.6

*An embryo can only be classified as having either 
absent/dispersed somites or few/dispersing, as these 
classifications are mutually exclusive.
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TABLE 2.6E: Number and percentage of embryos exhibiting each type
of heart abnormality.

Type of abnormality Number affected Percentage affected 
(of 38) (of total 38)

Underdeveloped 
Abnormal shape 
Butterfly-shaped*

25 65.8 
18 47.4 
7 18.4

TABLE 2.6F: Number and percentage of embryos exhibiting 1 or more 
of the heart abnormalities in Table 2.6E.

Number of heart 
abnormalities 
(per embryo)*

Number affected 
(of 38)

Percentage affected 
(of total 38)

0 2 5.3

1 29 76.3
2 7 18.4

* Embryos with a 'butterfly' heart are classified as having an 
abnormally-shaped heart, so that in Table 2.6E these embryos come 
under both the abnormal shape and the butterfly-shaped 
classification, whereas in table 2.6F they are regarded as one 
abnormality rather than two separate ones.
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TABLE 2.6G: Number and percentage of embryos exhibiting each type
of miscellaneous abnormality.

Type of abnormality Number affected Percentage affected 
(of 38) (of total 38)

Neural tube open 
and/or kinked
Head abnormal shape
Visibly short embryo

11 28.9 
10 26.3 
8 26.3

TABLE 2.6H: Number and percentage of embryos exhibiting 1 or more 
of the miscellaneous abnormalities in Table 2.6G.

Number of Miscellaneous
abnormalities
(per embryo)

Number affected 
(of 38)

Percentage affected 
(of total 38)

0 17 44.7
1 15 39.5
2 4 10.5
3 2 5.3
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TABLE 2.7: Length measurements of 10 control embryos (solution
'Z') after 20-24 hours recovery period.
Total length of embryo (A) ; length from apex of head to sinus 
venosus (B) ; and the latter expressed as a percentage of total 
body length (C) are given. Measurements are in mm.

Specimen A
(mm)

B
(mm)

C
(%)

M203 6.27 2.20 35.1
M204 6.00 2.27 37.8
M205 6.20 2.00 32.3
M240 5.30 1.73 32.6
M241 5.60 1.87 33.4
M278 5. 80 2.07 35.7
M279 5.20 1.67 32.1
M291 6.20 2.20 35.5
M305 5.67 1.93 34.0
M330 5.53 1.87 33.8

Mean
Range
Standard
deviation

5.78 
5.20 - 6.27 

0.363

1.98 
1.67 - 2.27 

0.194

34.23 
32.1 - 37.8 

1.71
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TABLE 2.8: Length measurements of 27 of the 38 embryos classified 
as abnormal following treatment with Monensin solution ' C* (1 x 
10--* M) .
Measurements are taken after 20-24 hours recovery period.
Total length of embryo (A) ; length from apex of head to sinus 
venosus (B) ; and the latter expressed as a percentage of total 
body length (C) are given. Measurements are in mm.

Specimen A
(mm)

B
(mm)

C
(%)

M141 4.87 1.27 26.1
M142 3.93 0.73 18.6
M172 4.53 1.47 32.5
M174 4.20 1.33 31.7
M176 4.40 0.80 18.2
M178 4.27 1.20 28.1
M179 4.33 0.87 20.1
M181 4.53 1.00 22.1
M185 4.47 1.40 31.3
M188 5.20 1.53 29.4
M192 5.20 1.27 24.4
M233 3.60 1.27 35.3
M234 3.13 0.87 27.1
M235 5.07 1.53 30.2
M248 4.73 1.40 29.6
M260 4.20 1.40 33.3
M264 3.80 1.27 33.4
M270 5.60 1.47 26.2
M271 4.47 1.47 32.9
M281 4.27 1.33 31.1
M282 3.80 1.20 31.6
M283 5.40 1.87 34.6
M285 4.80 1.53 31.9
M293 4.13 1.27 30.7
M297 4.13 1.20 29.1
M323 5.00 1.47 29.4
M324 4.13 1.27 30.8

Mean
Range
Standard
deviation

4.45 
3.13 - 5.60 

0.562

1.28 
0.73 - 1.87 

0.251

28.9 
18.6 - 35.3 

4.59
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DISCUSSION

There are several advantages to using the ionophore 
monensin as an agent of intracellular transport 
perturbation. Monensin is selective in its binding 
properties, binding protons and monovalent cations. It 
is ten times more selective for sodium ions than for 
potassium ions (Smilowitz, 1979). It has a common 
effect of disrupting the Golgi complex and producing 
smooth-membraned vacuoles in several different cell 
types, including plasma cells, chondrocytes, 
macrophages, myotubes and fibroblasts.

Monensin produces its effects in the perturbation of 
intracellular transport at extremely low levels of 
concentration (O.Olvim to l.Oum). Concomitant with
these morphological effects, monensin induces a dose- 
dependent reduction in intracellular transport by 
impairing the synthesis and secretion of several 
macromolecules and disrupting normal post-translational 
processing of secretory proteins. Furthermore,
according to Tartakoff and Vassalli (1979) and Uchida 
et al (1980) , monensin does not appear to alter the 
degradation rate or affect the biosynthesis or 
glycosylation of those macromolecules where secretion 
is inhibited and where the monensin has only partially 
inhibited macromolecule secretion, it does not appear
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to have affected the molecular properties of the small 
amounts of secreted molecules which exit from the cells 
(Tajiri et al, 1980). Since these experiments however, 
Ledger et al (1983) and Morita et al (1985) have 
observed that in the presence of monensin, small 

amounts of fibronectin and laminin from F9 cells are 
secreted even though they possess abnormal 
oligosaccharides and incompletely glycosylated subunits 
respectively.

One final advantage in using monensin is that its 
action on the cells is reversible. Smilowitz (1979)
demonstrated the reversible action of monensin on the 
inhibition of ACHE release from avian myotubes. 
Studies by Pizzey et al (1983) on the effect of 
monensin on initial spreading of cultured human 
fibroblasts revealed that after removal of the
ionophore block, there was a lag period, followed by 
the return of secretion of procollagen and fibronectin 
to the normal rate. On examination of oligosaccharide 
processing in human fibronectin, Sai and Tanzer (1984)
found the inhibiting effect of monensin to be
biologically reversible on removal of the ionophore, 
and attributed this to the restoration of enzyme 
activity.
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Experiments performed here on the effect of monensin 
on chick embryos have corroborated the work by Pizzey 
et al (1983) and Sai and Tanzer (1984) , by showing that 
although several embryos were abnormally affected by 
brief exposure to monensin, following a 20-24 hour 
recovery period nearly one third were classified as 
normal or near-normal, having recovered fully from 
their exposure to monensin. Together these results 
indicate that extended exposure to monensin does not 
permanently impair the functioning of the Golgi 
complex.

By exposing chick embryos in New culture to various 
concentrations of monensin for different periods of 
time, the optimum treatment which elicited a range of 
normal and affected embryos was found to be an exposure 
of 1 x 10~4 M monensin solution for up to 30 minutes, 
followed by a recovery period of 20-24 hours during 
which time the embryos were reincubated. As the 
duration of exposure to monensin increased from fifteen 
to thirty minutes, the percentage of resulting 
unaffected embryos decreased, and likewise the 
percentage of abnormal and dead or dying embryos 
increased.

This would imply that the effect of monensin on the 
Golgi complex in the cells, and hence on the
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intracellular transport system of the embryo, is 
gradual in that the extent of the detrimental effects 
is proportional to the duration of exposure to the 
ionophore. Given that the effects of monensin are 
reversible, the cells are more likely to recover faster 
after a shorter exposure, with less side-effects in 
comparison to an exposure of longer duration.
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Morphological Examination

Of the various atypical morphological changes 
observed in embryos that had been treated with the 
optimum concentration of monensin, those occurring in 
the heart region were the most frequent, succeeded 
closely by those in the somite region.

Heart anomalies

The majority of affected hearts were underdeveloped, 
usually exhibiting cranial stunting, with a high 
proportion possessing an abnormal shape which was often 
concomitant with the underdevelopment. As less than 
one fifth of the embryos classified as abnormal had 
developed 'butterfly' hearts, it is difficult to draw 
any firm conclusions as to how this malformation had 
transpired. It appeared that the paired primordia had 
incompletely fused resulting in a heart that was 
incapable of looping, and had instead developed into a 
form of bifid heart.

In normal development, bilateral areas of precardiac 
mesoderm migrate anteromedially to form a cardiogenic 
crescent which later condenses to form bilateral heart 
tubes - the paired primordia of the primitive heart
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(Rosenquist and DeHaanr 1966; Rosenquist, 1970). The 
two heart tubes meet as the body folds laterally and 
the former begin to fuse from anterior to posterior to 
form a single heart tube which initially lies in the 
midline. As the single heart tube continues to 
increase in length, it is possible that its attachment 

by the aortic and venous roots at the anterior and 
posterior ends respectively, compel it to bend (most 
often to the right) to form a looped heart. However, 
it has been shown in amphibian embryos that when the 
heart is removed from the confining pericardial space 
and allowed to grow in culture, it continues to loop in 
vitro (Bacon, 1945). Furthermore, Butler (1952) has 
observed curvature in cultured heart tubes removed from 
chick embryos similar to that seen in vivo, and has 
shown by means of measurements of the dorsal and 
ventral surfaces of the heart tube taken before and 
after the period of culture, that the curvature may 
result from differential growth in the length of the 
two sides of the heart tube. (See Chapter Four p.207).

Such heart anomalies that were found in these 
experiments are likely to have arisen due to a 
disturbance in the anteromedial migration of the 
precardiac mesoderm. The stage of the embryo at which 
the monensin solution is initially added, which is from 
stage 6 to 7, corresponds to the stage when the
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precardiac mesoderm is actively migrating over the 
endoderm to form the heart (according to DeHaan, 
1963b). At this time therefore, it is likely that the 
precardiac cells and associated extracellular matrix 
are more susceptible to the effects that occur in the 
presence of monensin.

From the various heart anomalies observed it would 
appear that the initial anteromedial migrations of the 
precardiac mesoderm to form the cardiogenic crescent 
and similarly the formation of the paired heart tubes, 
are not completely inhibited by the monensin to the 
extent that all further migration is halted as there 
has been sufficient anteromedial migration for hearts 
to have developed in every instance. However, in the 
specimens which exhibited underdeveloped or stunted 
hearts, it is possible that although cell migration was 
possible, it was inhibited to the extent that there was 
an insufficient number of migrating cells, producing a 
lack of heart tissue in the area of the fusing heart 
tubes.

Similarly, the hearts that appeared to be of abnormal 
shape possibly resulted from a deficiency in the number 
of migrating cells. Occasionally, as in the cases of 
the butterfly hearts, it is possible that the 
insufficient number of precardiac cells that had
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migrated to form the two heart tubes, in turn affected 
the fusion into one single tube, producing a form of 
bifid heart. At the time when the monensin is added, 
the embryos are at the stage at which the precardiac 
cells are already undergoing migration which suggests 
that the monensin has a slight delayed effect on the 
embryo, affecting subsequent stages in the course of 
heart development rather than the immediate 
developmental stage.

If the above anomalies are indeed associated with an 
effect of the monensin on the directed migration of the 
precardiac mesoderm it is important to question as to 
how this is accomplished. It is highly likely that the 
monensin is perturbing some of the macromolecules in 
the extracellular matrix in such a manner as to impair 
the migration of the precardiac mesoderm and in so 
doing, preventing the normal development of the heart.

Two abundant macromolecules that are present in the 
extracellular matrix at the time of early heart 
development and thought to be involved in this 
development are hyaluronic acid (Fisher and Solursh, 
1977; Solursh, 1976; Van Hoof et al, 1984) and 
fibronectin (Linask and Lash, 1986; 1888a; 1988b).
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Monensin is known to impair macromolecule secretion 
in several cell types and such effects have been 
discussed previously (See p. 52). It is therefore 
possible in the experiments discussed in this chapter, 
that the monensin is partially inhibiting the synthesis 
and secretion of fibronectin and hyaluronic acid, as 
well as possible other macromolecules. Hence the 
anteromedial migration of the precardiac mesoderm over 
matrices that normally contain a sufficient supply of 
these macromolecules would be affected, preventing many 
of the cells from completing their course of migration.

Histochemistry and immunocytochemistry were used to 
determine whether a change in the amount of hyaluronic 
acid and fibronectin could be detected in monensin- 
treated embryos and the results of these analyses will 
be discussed later.

Somite anomalies

The somite abnormalities ranged from being present in 
an irregular pattern often together with being of 
irregular size, to being few in number or totally 
absent. Over half of the embryos with atypical somite 
morphologies exhibited either a total absence of 
somites or dispersing somites with few remaining
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intact. A high proportion of the embryos also 

exhibited winged somites.

In normal development the presumptive somite region 
is located in the early chick embryo on either side of 
Hensen's node and immediately behind it (Rosenquist, 
1966). As Hensen's node begins to regress caudally 
down the primitive streak, the presumptive somitic 
mesoderm on either side of the streak becomes condensed 
into two thick bands of tissue, the segmental plates, 
which run longitudinally beside the neural tube and 
notochord. The segmental plate is initially made up of 
loosely arranged mesenchymal cells which become more 
tightly apposed to one another as the segmental plate 
becomes more defined. During the node regression, new 
material contributes to the caudal end of the segmental 
plate in the form of cells migrating laterally from the 
postnodal primitive streak, and at the same time 
segmentation of new somites occurs at the anterior end 
of the segmental plate (Bellairs, 1979; Bellairs and 
Veini, 1984; Ooi et al, 1986).

From the various somite abnormalities that were 
detected following treatment with monensin, it would 
seem that the ionophore produced at least one of many 
different possible actions on the presumptive somite 
material. Where the somites appeared to be completely



absent, the remains of somitic structures could usually 
be detected so that it was possibly a case of somite or 
segmental plate tissue which had initially formed and 
had subsequently dissipated, rather than a case of no 
somitic structures forming at all. Similarly, in the 
embryos which exhibited only a reduced number of 
somites, it appeared that a greater number of somites 
had initially been present, but that these too had 
dissipated. It should be noted however that these 
observed effects on somites are fairly standard for 
dying embryos, so may not be a direct effect of 
monensin, although the monensin could still be 
contributing to the death of the embryo.

The definite cause of this dissipation is not known, 
but it is likely to be associated with the action of 
monensin on the cell-cell and cell-substratum 
interactions involved in somitogenesis. The importance 
of fibronectin has been implicated in several instances 
of cell-cell and cell-substratum adhesions. Bellairs 
et al (1978) first described the adhesive properties of 
the segmental plate on finding that disaggregated 
somite cells were more adhesive than those of the 
segmental plate. They proposed that an increase in 
cell-cell adhesion may play a role in the formation of 
somites. Recent work has implicated a role for 
fibronectin in the compaction of presumptive somite
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material in the anterior portion of the segmental plate 
during somitogenesis (Lash et al, 1984; Lash and 
Yamada, 1986). It has been suggested that the presence 
of fibronectin acts as a trigger to evoke compaction of 
the segmental plate cells.

As monensin is known to partially inhibit the 
secretion of fibronectin (Ledger et al, 1980; Uchida et 
al, 1979, 1980) it is likely that in the cases where
somite material appeared to be absent or dispersed, a 
decrease due to the monensin treatment in the amount of 
fibronectin present, disrupted the process of 
compaction so that the formation of segmental plate 
tissue was incomplete. Several of the segmental plate 
cells would then remain in a loose arrangement which 
would be disrupted as the embryo lengthened leading to 
the appearance of dispersed or dispersing somite 
material.

Where the somites were present in the examined 
embryos, they often exhibited abnormal morphologies, 
such as being smaller than average, or irregularly 
shaped or spaced. In most cases where such anomalies 
were observed, the anomalous somites had developed 
caudally to a small number of normal somites, often 
with normal somites developing further caudally to the 
anomalous ones. As mentioned earlier, cells migrate
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outward from the primitive streak and contribute to the 
segmental plate and this cell migration involves the 
presence of certain extracellular matrix molecules. By 
destroying the postnodal primitive streak in early 
chick embryos and allowing the wounds to heal, Ooi et 
al (1986) revealed that somites were still able to 
form, indicating that the contribution of these cells 
may not be essential for the formation of somites. 
However, Bellairs and Veini (1984) have shown that 
although the segmental plate is capable of forming 
somites in embryos deprived of primitive streak, fewer 
somites developed and these were generally smaller than 
normal.

In reducing the amount and distribution of 
fibronectin and possibly other extracellular matrix 
materials in the region of the postnodal primitive 
streak, it is possible that treatment with monensin 
partially inhibited the migration of primitive streak 
cells to the caudal end of the segmental plate. This 
would result in a reduction in the amount of mesoderm 
available for somitogenesis so that the somites that 
did develop would be smaller than average.

One particular action that the monensin could be 
having on the embryo is in interfering with the somitic 
pre-pattern in the segmental plate. Various
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experiments by Elsdale and colleagues on the effect of 
heat shock on somitogenesis in amphibian embryos 
(Elsdale et al, 1976; Elsdale and Pearson, 1979;
Primmett et al, 1988) revealed that at the time of the 
heat shock the position of the first affected somite 
was precisely determined so that about the same number 

of normal somites appeared in each species before any 
abnormal ones were seen. Cooke and Zeeman (1976) 
proposed the "Clock and Wavefront Model" which infers 
that at least one inconspicuous wave of cellular change 
passes down the embryo a few hours prior to the wave of 
discernible segmentation. The first invisible wave is 
thought to set up a pre-pattern in the unsegmented 
mesoderm so that these cells are programmed for future 
development into somites. Veini and Bellairs (1986) 
suggested that a similar wave preceded somite 
segmentation in the chick embryo and showed that, 
following heat shock, a number of normal somites formed 
before abnormal ones were seen. The number of normal 
somites that developed before abnormal ones, showed a 
slight increase with the age of the embryo at the time 
of the heat shock, with embryos sustaining heat shock 
as early as stages 4-5 developing 4 or 5 normal somites 
followed by abnormal ones in comparison to embryos 
treated after stage 9 (when the segmental plate is 
almost fully formed) which developed 8-10 normal 
somites before abnormal ones were seen.
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As mentioned earlier in the section on heart 
anomalies resulting from monensin treatment, where it 
was not the immediate stage of heart development that 
was affected but rather subsequent stages, it would 
appear that the monensir has a similar delayed effect 
on the developing somites. It is possible that the 
monensin disrupts the pre-pattern in the embryo, so 
that the initial invisible wave that is thought to pass 
down the unsegmented mesoderm is somehow affected. 
Hence the predetermined size and shape of the future 
somites would be altered, resulting in the development 
of somites of irregular shape and size caudal to a 
number of normal somites, as seen with some of the 
monensin-treated embryos.

One further possible effect that the monensin 
treatment could be having on somitogenesis is to reduce 
the amount of collagen present in the embryo. Monensin 
inhibits the secretion of procollagen in human 
fibroblasts (Uchida et al, 1980) and type II collagen 
in chick embryo chondrocytes (Tajiri et al, 1980; 
Nishimoto et al, 1982a). Scanning electron micrographs 
of stage 8-18 chick embryos revealed the presence of 
two different extracellular matrix materials between 
the segmental plate mesoderm and the overlying ectoderm 

(Bellairs, 1979). These later proved to be fibronectin 
and collagen.
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The importance of the collagen was tested by treating 
embryos with analogues, such as a,a '-dipyridyl which 
interferes with the formation of normal collagen, 
synthesizing protocollagen instead of procollagen 
(Bellairs and Veini, 1980). It was found that the
segmentation of the somites was interrupted when the 
collagen synthesis was inhibited. Segmentation is 
accompanied by elongation of the cells at which time 
the cells are under considerable tension, and it 
appears to be fibrils of collagen that help to exert 
this tension on the somite cells (Bellairs, 1979). It 
has been suggested that collagen fibrils therefore 
provide a stabilizing force that anchors the somites to 
the notochord, preventing them from dissociating 
(Lipton and Jacobson, 1974) and that the tension 
exerted by this anchorage affects the formation, size 
and shape of each somite (Bellairs, 1979).

Therefore the monensin could possibly be reducing the 
amount of procollagen and collagen available by
partially impairing their secretion in the embryo at 
the time when collagen is needed for somitogenesis. 
This would then lead to a decrease in the amount of
tension available to hold the cells of the somite
together, allowing less cells to be held in one somite 
and hence the formation of a smaller somite. As the 
tension on the cells is likely to change during
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development (Bellairs, 1979), it follows that the shape 
of the somite would change also, so that if the tension 
was less, due to a reduction in the number of collagen 
fibrils, the shape of the somite might appear different 
to normal.

One particular somite anomaly that was observed in 
many of the monensin-treated embryos was that of 
"winged" somites, so named by Osmond (1989) because of 
their craniolateral extensions which appear to be 
continuous with the lateral plate mesoderm. It has 
been suggested by Osmond that these extensions are the 
result of an incompletion of the epithelialization 
process. Shortly after the compaction stage occurs in 
normal somitogenesis, epithelialization takes place 
with the cells in the paraxial mesoderm becoming more 
epithelially structured to form segmental units. If 
the monensin is impairing the process of compaction by 
partially inhibiting the secretion of fibronectin 
necessary for this process (Lash et al, 1984; Lash and 
Yamada, 1986) it is likely that the following 
somitogenic process, epithelialization, is also 
somewhat affected.
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Miscellaneous anomalies

Although heart and somite anomalies were the most 
recurring morphological structures recorded, occasional 
atypical features were noticed in the neural tube, the 
head and the body length. The neural tube was affected 
in such a way that the tube appeared to be kinked along 
some of its length, or openings were seen in some 
places along the length of the tube where the two 
neural folds had failed to close properly. The head 
occasionally appeared to be of an abnormal shape as if 
the head folds had not come together properly. 
Frequently the embryo either appeared to have an 
abnormally small head, or seemed to be of a smaller 
size in general. The latter observations on the size 
of the embryo are discussed in the section on embryo 
length.

In normal development the neural tube begins to form 
shortly after the head fold has developed at stage 6-7. 
The neural groove deepens, raising the bilateral neural 
folds until they meet in the midline and begin to fuse 
down their length in a cranio-caudal direction 
(Romanoff, 1960). The area of the neural plate 
overlying the notochord, referred to as the notoplate, 
is considered to be important for neurulation 
(Jacobson, 1981). Notoplate and underlying notochord
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isolated together from early newt embryos, elongate as 
they would in situ, whereas neither of the two tissues 
elongate if isolated separately (Jacobson and Gordon, 
1976). The normal closure of the neural tube depends 
on several conditions such as the specific properties 
of different types of cells and tissues and their 
inter-relationships (Marin-Padilla, 1978).
Neuroepithelial cells are important in the tube closure 
(Wiley, 1979; 1980a; 1980b). Sadler (1978)
demonstrated that a glycoprotein coat was present on 
the surface of these neuroepithelial cells, and 
suggested that this was involved in the fusion of the 
bilateral neural folds.

It is conceivable that the monensin is somehow 
affecting the properties of the various cell types 
involved in the fusion of the neural tube by possibly 
inhibiting the secretion of surrounding extracellular 
matrix molecules necessary for the cell interactions. 
The effect of the monensin here was not severe as, 
although there were openings in neural tubes of several 
specimens, these openings were generally small (only 
the length of 3-4 somites) and were never continual 
down the embryo. Similarly, the kinking of the neural 
tube only occurred in a few instances and only down 
part of the tube length. It is possible that the 
kinking of the neural tube occurred as a result of a
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decrease in the cranio-caudal tension in the embryo, 
relaxing the bilateral folds, to produce a concertina 
effect (Jacobson, 1981).

Embryo Length

One of the more striking features that was recorded 
as a result of the treatment with monensin was a 
significant reduction in both the head area and the 
total body length of the embryo. In normal development 
the embryo develops and lengthens as cells in various 
regions proliferate. The paraxial mesoderm continues 
to grow forward and, together with cells from the 
prechordal plate and ectodermal cells that migrate from 
the neural crest, the various cells contribute to the 
head mesenchyme. The embryo lengthens as the node
regresses caudally down the embryo and cells from the 
postnodal primitive streak migrate laterally to 
contribute to the segmental plate. It is possible that 

cell communication plays an essential role together
with other cellular interactions in the formation of
the embryonic axis, in the processes of mesoderm 
generation and the patterning of the mesoderm to form 
the notochord and somites (Warner, 1986).

Of the embryos that were classified as abnormal
following treatment with monensin, several appeared to
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be shorter than average, often with a stunted head
region, before any measurements were taken. Following
this observation, measurements were taken of the total
embryo length and the length of the head region as
defined by the distance from the apex of the head to

| portal*
the anterior intestinal^several of the embryos treated 
with the control saline as well as those classified as 

abnormal after the monensin treatment.

Results of T tests that compared the mean total body 
length, the mean head region length and the mean of the 
second distance expressed as a percentage of the first 
in the control saline group and the experimental 
monensin group, showed that all three values were 
highly significant. The comparisons between the means 
of the total body length and the head region length 
indicated that treatment with monensin generally 
produced a significantly smaller embryo with a shorter 
than average head region and a shorter than average 
total body length. By expressing the length of the 
head region as a percentage of the total body length 
and comparing the means obtained from the two groups, 
the results indicated that the shortened length was 
more significant in the head region alone than in the 
total body length. Therefore whatever the effect that 
the monensin is having om the embryonic tissue, the

132



cells in the head region are affected to a greater
extent than those of the caudal part of the embryo.

In knowing the various effects that monensin has on 
extracellular matrix components, it is suggested here 
that the ionophore is perturbing the migration and 
proliferation of the cells, particularly those that 
make up the head mesenchyme such as the neural crest, 
by partially inhibiting the synthesis and secretion of 
macromolecules such as fibronectin, which is known to 
play a part in cell migration. This would lead to a 
reduction in the number of cells contributing to the 
head mesenchyme and hence the formation of a stunted
head. Similarly in the caudal part of the embryo, 
although to a lesser extent, monensin could be
inhibiting the rate of migration of post-nodal 
primitive streak cells into the segmental plates. In 
addition to the development of smaller somites, this 
would lead to the formation of shortened segmental 
plates, and hence a shorter total body length.

There are likely to be other unforseen affects that 
the monensin is having on the embryo that lead to a
reduction in the head and axial mesoderm, and hence a 
reduction in embryo length. These may involve a 

reduction in tension in the embryo leading to the 
embryo not being stretched to its maximum length; or an
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interference in the communication between certain cells 
at precise locations such as gap junctions. Warner 
(1986) demonstrated that a deficient embryonic axis was 
produced in Xenopus embryos that were treated with an 
antibody against a specific gap junction protein. The 
antibody essentially blocked the gap junctions which 
resulted in a disruption in the organization of the 
mesoderm and a shorter embryonic axial length.
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Histochemical Examination

As mentioned previously, a possible cause for some of 
the malformations observed when treating chick embryos 
of early stages with monensin could be a reduction in 
the presence of particular extracellular matrix 
molecules necessary during cell migration and 
morphogenesis (see p. 119, 123 and 130).

Although there were some small regional differences 
in staining intensity between the sections of control 
and experimental monensin-treated embryos stained with 
Alcian Blue, the overall result was not conclusive. 
The control sections exhibited an abundance of stained 
material in regions such as the heart, head mesenchyme, 
notochord, somites and non-neural ectoderm, in 
comparison to the monensin-treated embryos which 
revealed either a lesser amount or an absence of 
stained material in these areas.

It has been shown that a reduction in the amount of 
hyaluronate present in the embryo, either by injection 
with hyaluronidase (Fisher and Solursh 1977; Van Hoof 
et al, 1984) or treatment with monensin (Sanders and 
Chokka, 1987) leads to an absence in focal contacts 
between endodermal cells and mesoderm cells leading to 
a weakened association between mesoderm and endoderm
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particularly in the head region, and a reduction in 
cell free spaces.

The reduced extracellular space in the monensin- 
treated embryos, revealed by the Neutral Red counter 
stain used in the Alcian Blue staining technique, could 
be a result of the fixation process although this does 
concur with the idea of a reduction of hyaluronate in 
the embryo, leading to the collapse of tissue spaces. 
Sanders and Chokka (1987) observed a pronounced 
obliteration of tissue spaces in stage 5 chick embryos 
that had been treated with Monensin, and concluded that 
these were due to the removal of hyaluronate from the 
matrix due to the monensin imposing inhibition of 
further synthesis of the glycosaminoglycan in these 
regions.

The results from my histochemical analysis of the 
Alcian Blue stain do not lead to a definite conclusion 
that monensin was inhibiting the synthesis and 
secretion of hyaluronic acid in the treated embryos. 
However, it would seem likely from the slight 
differences observed between the sections of control 
and experimental embryos in the amount and distribution 
of stained material, and from the results of similar 
experiments by others (Fisher and Solursh, 1977; 
Sanders and Chokka, 1987; Van Hoof et al, 1984) that
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the monensin is having some effect on the production of 
hyaluronic acid in the embryo and that the embryo has 
partially recovered from this effect following removal 
of the ionophore and rinsing of the embryo with saline 
and subsequent incubation.

As mentioned previously in this chapter, the effect 
of monensin on cells has been found to be reversible in 
several different cell types (Pizzey et al, 1983; Sai 
and Tanzer, 1984; Smilowitz, 1979). Therefore the 
possibility arises that the monensin partially inhibits 
the synthesis and secretion of hyaluronic acid soon 
after the addition of the ionophore to the embryo, but 
the effect was not continual as the monensin was 
removed after 15 - 30 minutes and the embryo was left 
to recover for up to twenty hours, allowing the 
synthesis and secretion of the hyaluronate to be 
restored. It may be that only some of the cells that 
are exposed to the ionophore are affected while the 
rest are not, or some of the cells may recover faster 
than others, allowing synthesis and secretion of 
hyaluronic acid to restart. Therefore since the 
embryos were stained with Alcian Blue and examined 
twenty hours after they had been treated with monensin, 
it is not untoward that no great difference in staining 
between the experimental and the control embryos was 
observed, as the former will have had sufficient time
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to recover and synthesize more hyaluronate. 
Furthermore, embryos that were allowed only 2.5 hours 
recovery time also revealed only a slight difference in 
stained material with the controls staining slightly 
more in the spaces between the tissues, but the 
difference was not very contrasting, suggesting that 
the embryos had recovered sufficiently, even after this 
short time period, from the partial hyaluronate 
inhibition imposed by the monensin.
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Immunocvtochemical Examination

It has been suggested that a number of the 
morphological anomalies that were observed following 
treatment with monensin in the experiments conducted 
here were possibly due, at least in part, to a 
disruption in the amount and distribution of 
fibronectin in the early embryos, which in turn lead to 
a perturbation of cell migration [see p. 119 & 123] as 
fibronectin is thought to play an important role in 
directional migration and adhesion (Lash et al, 1984; 
Lash and Yamada, 1986; Linask and Lash, 1986; 1988a).

Several authors have shown that monensin inhibits the 
secretion of fibronectin in many different cell types 
(Ledger et al, 1980; Sanders and Chokka, 1987; Uchida 
et al, 1979; 1980). In order to ascertain whether
there was a change in the amount of fibronectin present 
in the monensin-treated embryos, these embryos, 
together with saline-treated control embryos, were 
examined immunocytochemically using an antibody for 
fibronectin.

The control embryos exhibited an extensive network of 
fluorescence throughout most of the embryo, 
particularly in areas of the vitelline membrane, heart, 
pharynx, head mesenchyme and neural tube. These areas
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of fibronectin localization correspond to those 
observed in earlier immunocytochemical studies in chick 
embryos of similar stages (Icardo and Manasek, 1983; 
Mayer et al, 1981; Sanders and Chokka, 1987).

The monensin-treated embryos did exhibit fluorescence 
that appeared to be only slightly less intense than the 
control embryos, but its general distribution was not 
as extensive and the fluorescence itself was slightly 
punctate in appearance. Although the vitelline
membrane and pharynx appeared to stain intensely, the 
heart and its related structures, the head mesenchyme 
and the neural tube all displayed less fluorescence. 
These results are comparable to those of Sanders and
Chokka (1987) where control and monensin-treated sheets 
of endoblast cells in culture were examined
immunocytochemically for the presence and distribution 
of fibronectin. The untreated endoblast cells
exhibited a similar intersecting arrangement, while the 
monensin-treated endoblast cells displayed a punctate 
pattern, similar to the appearance of the control and 
monensin-treated embryos described here.

Sanders and Chokka (1987) suggested that the punctate 
pattern in their monensin-treated cells reflected an 
intracellular accumulation of fibronectin-positive
vacuoles. As mentioned previously (p.123), monensin is
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is known to affect the secretion of fibronectin. 
Ledger et al (1980) initially revealed by electron 
microscopy that treatment of human fibroblast cells 
with monensin resulted in the production of smooth- 
membraned vesicles in the region of the Golgi complex. 
Following this, they used immunocytochemical techniques 
to determine that the contents of these vacuoles did in 
fact include fibronectin.

Therefore, from the results reported here, it would 
appear that although some fibronectin is present in the 
monensin-treated embryos, the monensin has probably 
impaired its secretion somewhere in the course of 
development as a difference in the localization and 
distribution of fibronectin was detected by the 
utilization of the anti-fibronectin antibody, between 
the control and monensin-treated embryos. It would 
seem likely that the monensin began to inhibit the 
synthesis and secretion of extracellular matrix 
molecules such as fibronectin, after its initial 
application to the embryo surface, as the results 
reveal that certain structures in the monensin-treated 
embryos such as the heart and the head mesenchyme, do 
exhibit less fluorescence than in the control embryos.

However, the subsequent removal of the ionophore 
after only fifteen to thirty minutes prevented complete
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inhibition of the glycoprotein, and the two to twenty 
hour incubation time that followed allowed the cells a 
period of time to recover and produce more fibronectin 
so that on examination, other parts of the embryo 
appear unaffected with regard to fibronectin 
localization. The punctate distribution may or may not 

in this case reflect an accumulation of fibronectin in 
vesicles.

In conclusion, it would appear as though the 

secretion of fibronectin was impaired by the 
application of monensin . However the extent of the
impairment is difficult to ascertain due to the 
presence of several additional factors. Such factors 
include the relatively short exposure time to the 
monensin? the extended incubation time allowing the 
cells additional time to recover; the reversible effect 
of monensin on the secretion of macromolecules? and the 
difficultly in ascertaining the immediate effect that 
the monensin has on the fibronectin that is already 
precisely distributed in the embryo at the time of 
application of the ionophore.

Shorter incubation times of 2 hours were performed, but 
| these did not reveal any discernable differences in
i

I alcian blue staining or fibronectin localization. 
Future work using monensin in similar studies should 
therefore involve fixing the specimens at regular 

| intervals following treatment, to take into account the 
delayed and the reversible effects of the ionophore.
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Examination by Scanning Electron Microscopy

Due to a combination of the fragility of the abnormal 
embryos and the detrimental effects of the CPC 
(cetylpyridinium chloride) only a small number of 
embryos were examined by scanning electron microscopy. 
As mentioned previously (p. 97) CPC should only be
present in the fixative when the material to be
examined is rich in hyaluronate (Waterman, 1980) 
otherwise it interferes with the examination by
condensing the small amount of glycosaminoglycan into 
electron dense strands.

It is possible that either the monensin inhibited the 
synthesis and secretion of hyaluronic acid so that a 
lesser amount was present in the embryo at the time of 
fixing and this small amount became condensed into the 
unorganized electron dense strands; or there was a 
relatively small amount of hyaluronic acid present in 
the embryo on fixing, regardless of earlier inhibition 
by monensin, this small amount becoming condensed in
the presence of CPC. As the saline-treated controls 
that were exposed to CPC in the fixative also proved 
difficult to examine, it would seem likely that the
latter possibility of a relatively small amount of 
hyaluronic acid being distributed in the embryo at this 
time, regardless of prior inhibition, was the likely
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explanation. The known reversible effect of monensin 
on the inhibition of macromolecule secretion is further
testimony to this explanation as the embryos would have
had a period of up to twenty hours to recover from the 
initial inhibitory effects of the monensin and would 
have secreted a new amount of hyaluronate that could be 
detected.

In the few control and slightly abnormal embryos that 
survived the preparation for scanning electron
microscopy and were not prepared with a CPC-containing 
fixative, there appeared to be no discernable
differences in tissue or matrix morphology. This was 
likely to be due to the monensin-treated embryos having 
recovered sufficiently to be able to produce normal 
extracellular matrix.

The examination by scanning electron microscopy did 
prove useful in studying what appeared to be winged 
somites in one particular embryo that survived the 
fixation process. The embryo, which had earlier been 
treated with monensin, exhibited a short head and what 
appeared to be winged somite structures in the four 
anteriormost pairs of somites. On examination by 
scanning electron microscopy, it was revealed that 
these lateral extensions were in fact part of the blood 
vessels overlying the somites. This did not rule out
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the possibility that the underlying somites were of 
winged morphology with the blood vessels following over 
the 'winged' cranio-lateral extensions of the somites.

It is of note that the clear visibility of the blood 
vessel extensions in the embryo before fixing is, in 
itself, unusual and possibly a result of the monensin 
treatment, otherwise it would be seen more often in 
untreated embryos. It is conceivable therefore that 
the monensin may have sufficiently weakened the 
endoderm, the overlying cell layer through which the 
'winged' structures were initially observed, so that 
the blood vessels were visible underneath. Therefore, 
although the examination by scanning electron 
microscopy did not substantiate the conclusions 
attained by other methods such as the histochemical or 
the immunocytochemical analyses, it did disclose an 
additional explanation for the appearance of one of the 
morphological anomalies, namely the winged somite 
structures.
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CHAPTER THREE

D I R E C T I O N A L  M I G R A T I O N  OF THE 
ERE CARD I AC M E S O D E R M  I INF THE 

E ARLY CHICK E MBRYO

INTRODUCTION

As described in Chapter One and Two, precardiac 
mesoderm situated in a cardiogenic crescent at about 
stage 5 (Hamburger and Hamilton, 1951) migrates in an 
anterio-medial direction over the endoderm to form the 
primitive heart tubes (DeHaan, 1963b; 1964) . The
movement of the precardiac cells falls into the 
category of "directional migration". There are several 
different theories of directional cell migration and 
these will be considered before a specific discussion 
of the directional migration of the precardiac mesoderm 
to form the heart is undertaken.
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GALVANOTAXIS

A possible guide for cell movement is an electric 
field. There are established examples of various 
developing systems producing electric fields within, by 
driving steady ion currents through themselves. A 
centre of cellular activity such as the stump of a 
regenerating amphibian limb, generates a large current 
which leaves the area of the stump (Rose and Rose, 
1974). Newly fertilized fish eggs generate an electric 
current which crosses the egg from the animal pole to 
the vegetal pole (Jaffe and Nuccitelli, 1977). Early 
electric potentials have been found in a number of 
animal epithelia including the chick chorioallantoic 
membrane (Scott, 1963; Stewart and Terepka, 1969; 
Coleman and Terepka, 1972), the blastocyst wall of 
mammalian embryos (Cross and Brinster, 1969; Cross et 
al, 1973) and across many other mammalian epithelial.

Charged particles cover the surfaces of the cells 
themselves making it possible for the electric field 
within the organism to attract or repel the cells to 
one pole or the other, providing the cells with an 
electrical gradient for directional movement. This 
process is known as galvanotaxis.
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Cooper and Schliwa (1985) examined the effect of the 
presence or absence of direct current electric fields 
on the motility of fish epidermal cells (also known as 
keratocytes). They found that single cells, clusters 
of cells and sheets of cells all moved toward the 

cathode. Patel et al (1985) found that the growth 
cones of embryonic neurons from Xenopus also migrate 
toward the cathode. Both these in vitro examples are 
of cells which utilize their normal locomotory 
machinery to carry out active movement in electric 
fields that appear to be quantitatively comparable to 
the electric fields that are found in embryos (Jaffe 
and Nuccitelli, 1977). Such experiments have lead to 
the suggestion that electric fields may aid directional 
cell movement actually within the organism itself, 
although there is no evidence in vivo to substantiate 
this.
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CONTACT GUIDANCE

The first experimental evidence of "Contact Guidance" 
came from the early work of Harrison (1914) who 
investigated the oriented extension of nerve fibres 
along discontinuities in the substratum of cultured 
neural tissue. He found that the specific linear 
arrangement of the substratum surface played an 
important role in influencing the form and arrangement 
of the cells and on the direction of their migration. 
The actual term "Contact Guidance" originated with 
Weiss (1934), who revealed that nerve fibres in culture 
tended to follow a course oriented in the direction of 
stretch of the plasma clot in which they were growing.

It is difficult to ascertain whether contact guidance 
occurs in the embryo as the only evidence available is 
morphological. DeHaan (1963a) observed a change in 
shape of the endoderm cells underlying the precardiac 
mesoderm crescent in stage 6 to 7 (Hamburger and 
Hamilton, 1951) chick embryos, from irregular polygonal 
squamous cells to spindle-shaped or lunate columnar 
cells. He suggested that the now elongated endodermal 
cells formed an orienting influence for the anterior 
migration of the precardiac cells in accordance to 
Weiss' theory of Contact Guidance. However in later
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studies, Linask and Lash (1986) found no such shape- 
change in the endoderm.

Similarly, attempts to locate a pattern of fibrils in 
the basement membrane which could possibly guide the 
migrating mesoderm at the primitive streak stage proved 
unsuccessful (Ebendal, 1976a; 1976b). However, using a 
combination of scanning electron microscope, 
immunofluorescence and histological techniques, Wakely 
and England (1979) did locate a pattern of regional 
differences in the basement membrane of the epiblast 
and they suggested that this acted as a complex contact 
guidance system for the migrating mesoderm cells. 
Further possible evidence in favour of contact guidance 
occurring in vivo comes from the work of Bentley and 
Keshishian (1982) on peripheral pioneer neurons in 
grasshoppers. They found that growth cones from the 
first pioneer neurons navigate along a chain of cells 
to the central nervous system, and suggested that the 
position of these cells may constitute an initial 
contact guidance system underlying long-distance 
pathfinding.

It should however be emphasized that although contact 
guidance may be involved in the orientation of cells, 
it is unlikely to provide directionality for tissue 
cells, for the cells are able to move backward as well
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as forward, except where the cell body is anchored as 
in neurites, and backward movement is not possible. 
Contact guidance could certainly prevent sideways 
movement, but directionality cannot be assured for the 
oriented cells without the addition of supplementary 
influences such as contact inhibition, chemotaxis or 
haptotaxis.
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CONTACT INHIBITION

The directional behaviour of cells may be influenced 
by inhibition of cell movements in certain directions. 
Directional prohibition of further cell movement after 
the cell has come into contact with another cell is 
termed "contact inhibition of cell movement”. Using 
time-lapse cinematography, Abercrombie and Heaysman 
(1953), filmed chick heart fibroblasts cultured in 
liquid media, and found an inverse relationship between 
the speed of cell movement and the number of contacting 
cells. Later experiments (Abercrombie and Heaysman, 
1954) showed that the cell population in the area 
between two chick heart explants increased steadily, 
with the cells moving predominantly outward from each 
respective explant, until the cells from each explant 
came into contact with each other. When this occurred, 
cells changed direction until no free space remained. 
There was no further rise in cell population and the 
cells formed a monolayer. Abercrombie defined the term 
"contact inhibition of locomotion" as the cessation of 
continual movement of a cell having contacted another 
cell, so that the first cell will move away from the 
second cell rather than move in a direction that would 
take it over the surface of the latter.
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As well as in fibroblasts, contact inhibition of 
locomotion has been identified in neurites and 
epithelial cells. Dunn (1971) used time-lapse
cinematography to examine contact inhibition in the 
extension of chick sensory nerve fibres. He observed 
that in vitro, when the filopodia of the neurite growth 
cone contacted a second nerve fibre, the filopodia 
rapidly retracted, and frequently the growth cone 
itself retracted for a small distance. These results 
supported the theory that contact inhibition of 
locomotion was involved in the extension of nerve 
fibres. Dunn proposed that this contact reaction 
between the nerve fibres should be referred to as 
"contact inhibition of extension", whereby further 
extension of a nerve fibre is inhibited and the nerve 
fibre changes direction when the fibre's growth cone 
contacts a second fibre.

DiPasquale and Bell (1974) examined epithelial cell 
movement by time-lapse cinematography. As a sheet of 
embryonic chick epithelial cells moved forward, the 
cells maintained their positions with respect to each 
other and did not move actively over the upper surface 
of neighbouring cells in the sheet. It was concluded 
that this was because the upper cell surface was not a 
suitable substrate to support adhesion and spreading. 
This concurs with a possible explanation given by
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Michael Abercrombie (1970)f that cells are prevented 
from moving on and adhering to the upper cell surface 
as this is nonadhesive in comparison to the lateral 
edges of the cell sheet.

Although there are several instances of cell systems 
exhibiting contact inhibition of cell movement in 
vitro, there is no evidence in vivo that cells 
individually, in clusters, or in streams, move 
directionally in response to contact inhibition. 
However, there is evidence in vivo for cell sheets. 
Only seconds after wounding, epidermal cells of a 
Xenopus tadpole start to migrate directionally toward 
the wound centre and spread very quickly until the 
edges of the wound meet, whereupon contact inhibition 
of cell movement appears to stop further movement of 
the cells (Radice, 1980). The Xenopus tadpole is an 
ideal organism with which to study epithelial migration 
in vivo, for it possesses a flat, thin, transparent 
ventral tail fin which allows direct inspection of the 
movement of the cells during wound closure. Wounds 
were produced by using a microneedle to remove a number 
of cells from the bilayered epidermis so as not to 
injure marginal cells, leaving the basement membrane 
intact. Observation of epithelial cell movement was by 
time-lapse cinematography. The basal cells were guided 
by the leading marginal cells over the wound in a



similar manner to the way in which epithelial cells in 
vitro, moving in the direction of their free edges, 
migrate away from an explant. The measure of cell 
movement away from the explant is greater where there 
is more cell-free space, than toward it where there are 
more cells. Both the in vivo and in vitro examples of 
epithelial cell movement are exhibiting contact 
inhibition of cell movement, as cells move into the 
cell-free space until they come into contact with each 
other, when they stop advancing further and form a 
monolayer.

Contact inhibition appears to be due mainly to the 
fact that the cells tend to adhere to each other along 
their margins wherever they are in contact, and refrain 
from spreading over each other's surface. As described 
in the above examples, contact inhibition occurs in 
cell monolayers and is the phenomenon that maintains 
the normal pattern of monolayering in cell-to-cell 
confrontations (Abercrombie and Heaysman, 1954). 
However, studies by Abercrombie and Heaysman (1957) of 
the unobstructed invasion of fibroblast populations by 
mouse sarcoma cells revealed that there was a loss or 
lessening of contact inhibition on the part of the 
malignant cells.
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CHEMOTAXIS

A further guide for directional cell movement is
chemotaxis whereby a concentration gradient of
substance(s) in solution influences the direction of
movement of the cells. It is not easy to determine
whether the actual direction of movement of individual 
cells to accumulate at a particular locus has been 
influenced by a chemical concentration gradient. Other 
factors must be eliminated.

The cells could be moving as a result of chemokinesis 
i.e. the rate of locomotion is chemically stimulated so 
that the cells move more actively. Chemokinesis itself 
does not convey directionality, but if only one pathway 
for migration is available to the cells, confusion 
would arise between what was a chemokinetic effect and 
what was a chemotactic one. Contact guidance and other 
substratum influences must also be eliminated. For 
chemotaxis to be taking place, a cell must be capable 
of recognizing a difference in concentration of the 
chemotactic agent(s) over a distance equal to its own 
diameter, and it must move parallel to the gradient.

The foremost example of chemotaxis is that of the 
cellular slime molds or Acrasiae. These slime molds 
have a particular life cycle which is divided into a
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non-social and a social phase. During the former, the 
individual cells move about freely, feeding on
bacteria. Following this they enter the social phase 
and aggregate together into clumps, forming a

multicellular organism which is capable of
differentiating into different cell types. During this 
second phase, the clumps also erect fruiting bodies.

It had long been considered that the manner of 
aggregation, involving cell orientation and directional 
movement of the cells in streams, toward a centre where 
all the cells accumulate to form an aggregate, was most 
likely due to chemotaxis. But it was not until 1947, 
that work by Bonner on the slime mold Dictyostelium 
discoideum, established the chemotactic nature of the 
aggregation. The cells in the aggregate centre 
appeared to produce a diffusible agent that attracted 
the free Dictyostelium amoebae toward the aggregate. 
The possibility that contact guidance was acting, 
whereby the centre was producing an extracellular 
material that coated the surrounding area, providing a 
substrate for the amoebae, was eliminated by placing a 
centre on a glass shelf which was beside a second glass 
shelf although separated from it by a small gap. The 
individual amoebae were placed on the second shelf, and 
were observed to move in streams toward the edge of 
their shelf, accumulating at a point opposite and
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closest to the aggregate centre. The amoebae were 
unable to transverse the gap as they lacked a solid 
substratum for their locomotion, but the chemical 
attractant was able to cross this area, thereby 
eliminating the possibility of contact guidance. 
Bonner first named the chemotactic substance(s) 
acrasin, and later discovered that acrasin was in fact 
the simple molecule cyclic 3',51-adenosine 
monophosphate, more commonly known as cyclic AMP.

Intensive examination of polymorphonucleur leukocytes 
(neutrophils) has indicated the involvement of a number 
of specific diffusible factors (Zigmond, 1977; Ward et 
al, 1968; Postlethwaite et al, 1976). The locomotion 
of neutrophils can be observed directly both in vivo 
and in vitro and is described by Zigmond (1978) . The 
ability of neutrophils to orient their locomotion in a 

chemical gradient assuredly expedites their 
accumulation at locations of injury or infection. The 
orientation of neutrophils on gradients of N- 
formylmethionyl peptides in vitro was examined by phase 
microscopy (Zigmond, 1977) , which indicated that the 
neutrophils oriented quickly and reversibly to the 
chemical gradients. The degree of orientation depended 
on both the mean concentration of the peptide and the 

concentration gradient.



Studies by Ward et al, (1968), have indicated that 
several bacteria produce a factor or factors that are 
chemotactic for rabbit neutrophils in vitro. Various 
gram-positive and gram-negative bacteria were cultured 
in media and their filtrates examined for chemotactic 
activity. Except for several strains of meningococci 
and a human strain of Mycobacterium tuberculosis which 
did not produce chemotactic factors, chemotactic 
activity was found to be present in all the filtrates. 
Production of the chemotactic factor was proportional 
to bacterial growth. Likewise, the concentration of 
chemotactic factor appeared to affect the chemotactic 
response of the neutrophils. From the results, Ward et 
al proposed that the accumulation of neutrophils in 
vivo, as part of the acute inflammatory response to 
infection, in tissues containing viable bacteria, may 
well be attributed, at least in part, to the local 
production by the bacteria, of a factor or factors 
which are chemotactic for the neutrophils.

Fibroblasts are also involved in inflammatory 
reactions and wound healing, but the attraction 
mechanisms by which the fibroblasts accumulate at the 
site are not yet known. Experiments in vitro 
(Postlethwaite, et al, 1976) have shown fibroblasts to 
be chemotactically attracted to a factor produced by 
human peripheral blood lymphocytes, which have been
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stimulated by specific antigen or non-specific mitogen. 
The chemotactic factor, named LDCF-F (lymphocyte-
derived chemotactic factor for fibroblasts), was found 
to be heat stable and not chemotactic for human 
monocytes, suggesting a difference in chemotactic
receptors on fibroblasts and monocytes.

All the early work on chemotaxis only went so far as 
to show that chemotaxis occurred in very simple cell 
types such as the slime molds, and in more complex cell 
types, but only in vitro. Evidence of chemotaxis 
taking place in normal morphogenesis, arose from
earlier work on the reaction of nerve fibres or 
neurites in vitro to nerve growth factor (NGF). The 
response of sensory neurons from dorsal root ganglia of 
chick embryos to NGF was examined by culturing these 
neurons in agar matrices that contained a concentration 
gradient of NGF (Letourneau, 1978), or by placing 
micropipettes containing NGF near growing neurons in 
tissue culture (Gunderson and Barrett, 1979).

In the former experiment, there was a greater 
proportion of neuronal tips and extended fibres 
oriented up the concentration gradient toward the NGF 
source. The response occurred at very low thresholds. 
These results indicated that the locomotory behaviour 
of the extending tip of growing neurons demonstrates

161



chemotaxis to nerve growth factor. In the latter 
experiments, continuous observation of the growth cones 
of the neurons showed them to alter their direction of 
growth very rapidly (in 9 to 21 minutes) toward the 
NGF-filled micropipette. In one study, each time the 
growth cone began to grow toward the micropipette, the 
position of the latter was altered and the growth cone 
was seen to change direction toward the new source of 
NGF. These responses appeared to be due to a 
chemotactic gradient of NGF acting on receptors for 
chemotaxis which are most likely present on the surface 
of the growth cone.
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HAPTOTAXIS

As a cell must adhere to its substratum in order to 
move actively, differences in the adhesiveness of that 
substratum are likely to affect its movement. The 
classic experiment by Carter (1965) provided an 
excellent in vitro model for guidance up a gradient of 
increased adhesiveness, and Carter named this 
phenomenon "haptotaxis" after the Greek word haptein 
which means to bind. In this experiment, glass 
coverslips were coated with cellulose acetate, then 
palladium, an inert metal, was vacuum-evaporated onto 
this layer. Discrete 'haptotactic islands' of
deposited metal and gradients of gradually increasing 
metal density were produced by overlaying techniques, 
creating a range of surfaces that permitted different 
degrees of cellular adhesion. Carter observed that 
fibroblasts tended to accumulate on metal-coated 
surfaces in preference to coated cellulose acetate. 
Furthermore, when these cells were placed on gradients 
of metal density, they moved in the direction of 
increasing density.

Carter believed that the movement of the cells was 
passive and was 'directed' by the force of adhesion. 
However, while concurring with Carter's belief that 
cells moved preferentially from an area of low
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adhesiveness to an area of greater adhesiveness, 
subsequent work by Harris (197 3) on the movement of 

cells over grids consisting of squares of palladium 
separated by avenues of cellulose acetate, has shown 
that this movement of the cells is the result of active 
locomotory processes rather than passive movement.

Theoretically haptotaxis will only function within 
certain specifically defined limits, for if the 
substratum is too adhesive, the cells will adhere and 
not move further, yet if the adhesiveness is too weak, 
the cell will not be able to retain adequate contact. 
Therefore, as adhesiveness itself is difficult to 

determine, haptotaxis is fairly difficult to assess in 
vitro and even more difficult to determine in vivo.

Letourneau (1975) tested the response of neurites 
that were cultured on a substratum consisting of 
polyaminoacid polyornithine in place of palladium, and 
found that the axons that extended from the neurons 
similarly favoured a more adhesive substratum. Nardi 
and Kafatos (1976) have found evidence for a gradient 
of adhesiveness in the epithelium of the moth wing. In 
normal development, the axons of sensory neurons grow 
between two epithelial layers towards the thoracic 
ganglion, and transplantation of sections of this layer 
from one region to another revealed that the



adhesiveness in the epithelium increased towards the 
body and therefore was in the correct direction to lead 
the axons. Experiments that examined whether gradients 
of surface components were responsible for guiding 
retinal axons to specific areas of the brain were 
performed by Barbera (1975), who measured the binding 
of radioactively labeled retinal cells to different 
regions of the tectum and found that gross differences 
existed between dorsal and ventral halves of the brain 
that were consistent with development.

One excellent example of the possibility of 
haptotaxis occurring in vivo, comes from the 
experiments on the posteriad movement of the primordium 
(pronephric duct) of the pronephros in Xenopus (Poole 
and Steinberg, 1982) . Sections of posterior and 
anterior flank mesoderm that were exchanged by 
transplantation, later revealed a difference between 
the anterior and posterior mesoderm substrata of the 
migrating primordia. The graft of posterior mesoderm 
was found to round up into a sphere whereas the 
anterior mesoderm flattened out and spread. If the 
normal posteriad migration of the primordium is due to 
the greater adhesiveness in the posterior region, as 
presumed by haptotaxis, then the results can be 
explained by the low adhesiveness in the anterior 
region causing the transplanted posterior cells to
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round up, and the greater adhesiveness in the posterior 
region providing directionality and drawing the 
transplanted anterior cells posteriad. Poole and 
Steinberg (1982) proposed that the cells of the 
pronephric duct tip are guided in their migration by 
local information which passes caudad over the duct's 
mesodermal substratum as a wave that corresponds to the 
advancing wave of somite segmentation.

Due to its adhesive properties and frequent presence 
at the surface of moving cells, fibronectin is known to 
be involved with cell movement during migration. This 
has been reviewed in the main Introduction (see p. 30). 
Of particular interest is the work of Linask and Lash 
(1986) who revealed the correlations between the 
distribution of fibronectin at the mesoderm-endoderm 
interface and the period of directional cell migration 
of the precardiac mesoderm in the chick embryo. From 
their results, they suggested that the precardiac cells 
may be moving along the substratum toward areas of 
greater adhesiveness, thereby migrating by haptotaxis. 
More recently, evidence has been obtained by the same 
authors that further corroborates this suggestion 
(Linask and Lash, 1988a; 1988b) and this will be
reviewed at the end of this chapter (see p. 193).
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The possibility still exists that the distribution of 
fibronectin in the mesoderm-endoderm interface at the 
time of directional cell migration is not the only 
factor that controls this migration. The aim of the 
following experiments was to ascertain whether 
chemotaxis, the control of directional migration by a 
gradient that is produced by a chemical that diffuses 
through a solution from a source, was also playing a 
role in controlling the migration.

The concept of the experiments was to repeat the 
early experiments by DeHaan (1964), where pairs of 
explants of precardiac mesoderm and underlying endoderm 
were fused together in various combinations and grown 
in organ culture to ascertain whether chemotaxis 
attracted the posterior cells from one explant to the 
anterior end of the paired piece. DeHaan's results 
revealed that the posterior precardiac mesoderm did not 
alter direction and move posteriorly to the anterior 
region of the second explant, and this lead him to 
believe that chemotaxis was not in fact involved. 
However, these results were ambiguous as DeHaan used 
embryonic chick tissue for both explants and could not 
therefore distinguish the cells from the two explants. 
Therefore, in addition to repeating the method of 
DeHaan (1964), the following experiments involved the 
use embryonic quail tissue in addition to chick so as
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to utilise the quail nucleolar marker, to test whether 
posterior precardiac cells are attracted by anterior 

regions in vitro.
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METHOD

Fertile Ross Brown hens' eggs were incubated for 25- 
28 hours to stages 6-7 (Hamburger and Hamilton, 1951) . 
Similarly, Japanese Quail eggs were incubated for 
approximately 30 hours until stage 6-7 embryos had been 
obtained. Embryos were removed from the egg by the 
technique of New (1955) (see Appendix I) although the 
procedure was only performed as far as cleaning the 
residual yolk off the blastoderm and vitelline 
membrane. Chick and quail blastoderms were removed to 
separate Nunclon tissue-culture dishes and submerged in 
Pannett and Compton's Saline (see Appendix II). With 
the aid of a Nikon dissecting microscope, endoderm- 
mesoderm explants were obtained from both chick and 
quail embryos using a tungsten needle to mark out 
separate rectangular shapes containing the right or 
left lateral heart-forming regions. The shape was 
specific so that the anterior and posterior ends of the 
heart-forming regions could be distinguished after the 
explant had been removed from the donor (Fig. 3.1 A). 
The rectangle was peeled off using a tungsten needle. 
The explants, consisting of endoderm and mesoderm but 
lacking ectoderm, were removed to an agar dish (see 
Appendix VIII) using a siliconized pipette, and spread 
endoderm-side down.
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Two explants were cultured in contact with one 
another in each agar dish. The first explant was from 
a quail embryo of stage 6-7, with the second explant 
from a chick embryo of near or equal stage. The 
explants were positioned so that either (i) the 
anterior end of one explant was in contact with the 
posterior end of the second explant, constituting an in 
tandem arrangement, (Fig. 3.1 B) or (ii) the anterior 
ends of both explants were in contact with one another, 
constituting an abutting arrangement (Fig. 3.1 C) . A 
second abutting arrangement was also obtained with the 
posterior end of the explant in contact with one 
another (not shown). The in tandem arrangement 
provided the posterior precardiac mesoderm cells in the 
anterior explant with the opportunity to be attracted 
to the adjacent anterior end of the paired posterior 
explant, whereas the abutting arrangement acted as a 
control to see whether the precardiac cells migrated 
from one explant to the other, irrespective of 
chemotaxis.

The anterior-posterior orientation of each explant 
and its position in relation to the second explant on 
the agar was noted. The explants were then incubated 
for up to two hours to allow sufficient time for them 
to settle on the agar surface. Warmed culture medium 
(see Appendix X) was then added carefully to each agar
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FIGURE 3.1 A. Diagram to illustrate the crescent of
presumptive cardiac areas (stippled) in a 
stage 6 chick embryo. The area of mesoderm 
and endoderm to be removed as an explant 
(delineated in black) was of a specific 

shape so that the anterior and posterior 
ends could be distinguished during 
transplantation.

B. Diagram of a pair of post 
-transplantation explants (one from a chick 
embryo and one from a quail embryo), 
arranged in tandem.

C. Diagram of a pair of post
transplantation explants (one chick and one 
quail), in an abutting arrangement, with 
anterior ends of both explants in contact.

a - anterior p - posterior
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dish so that the explants were submerged but still 
settled on the agar, maintaining the original in tandem 
or abutting position. All explant pairs were then 
incubated for 17 to 24 hours at 37°C in a LEEC gassed 
tissue-culture humidified incubator.

The explants were later examined under a Nikon 
dissecting microscope, and the presence of pulsating 
and/or non-pulsating heart tissue was noted before the 
explants were fixed at various stages in Carnoy's fluid 
(see Appendix XII) then dehydrated in graded alcohols 
and stored in cedar wood oil. Fixed explant pairs were 
later embedded in wax for microtome sectioning. Serial 
sections of 7\im thickness were stained with Harris's 
Haematoxylin by the method of Hutson and Donahoe (1984) 
(see Appendix XIII) to distinguish quail cells from 
chick cells. The stained serial sections were examined 
and photographed to record the position of the cells in 
both explants and the location of any heart tissue, in 
an attempt to ascertain whether chemotaxis was a factor 
involved in attracting cells in the posterior region 
toward the nearest anterior region.
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RESULTS

Best results were obtained when quail heart-forming 
regions were explanted onto the agar dishes prior to
the chick embryos, as they were smaller and therefore 

more difficult to operate on, although they could not 
be left for long without a chick explant pair as they 
would begin to desiccate, and this would lead to
difficulty in manipulating the orientation of the pair 
of explants. With practice, it was possible to 
manoeuvre the two explants into the required position. 
Due to the small size of the explants, difficulty also 
arose in the fixing and sectioning processes. Prior to 
fixation, the shape of each pair of explants was 
recorded to allow later identification of the antero
posterior axis. The presence and location of any 
beating heart tissue was also noted (see figure 3.2).

A total of twenty-eight pairs of explants fused
successfully and formed heart tissue, which was beating 
in twenty-three (82%) of the pairs (see Table 3.1). 
The majority of the paired explants had rounded up, but 
in most cases this did not interfere with the
identification of the antero-posterior axis, providing 
a total of twenty specimen pairs to be examined. 
However, the remaining eight pairs of chick and quail 
explants had twisted around one another in such a
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FIGURE 3,2 Two pairs of explants arranged in tandem, on an 
agar-covered culture dish, with a quail explant 
as the anterior explant and a chick explant as 
the posterior explant, following incubation at 
37°C for up to twenty-four hours in culture 
medium.

The explants have remained in contact with 
their pair although they have rounded up 
considerably. A large beating heart vesicle is 
visible at the anterior of each explant.

Magnification: X 105
Scale bar = 0.1 mm

AC anterior end of chick explant

AQ anterior end of quail explant
CHV chick heart vesicle
PC posterior end of chick explant

PQ posterior end of quail explant
QHV quail heart vesicle
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Figure 3.2
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manner that although occasional heart vesicles could be 
identified in the anterior of the chick or quail 
explant, the lack of a suitable axis for sectioning 
lead to these specimens being discarded. The final 
twenty pairs of explants (71%) with an identifiable 
axis were examined further.

A common occurrence in several of the specimens was a 
slight folding of the explants over one another as the 
mesoderm and endoderm rounded. This folding did not 
appear to interfere with the identification of the 
position of the heart vesicles or the orientation of 
the specimen for sectioning. However, despite pre
sectioning identification of heart vesicles in various 
regions of the specimens, actual heart vesicles in the 
serial sections of these specimens often appeared not 
to be restricted to either end of each explant, and 
instead appeared to extend over a considerable region 
of the explant. This was due to the difficulty in 
sectioning the specimen along the optimum axis that 
would encompass the full length of both the quail and 
chick explants and respective heart vesicles in one 
section, as the folding together of the two explants 
created a three-dimensional structure that possessed 

differing planes.
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A further contributory factor for the heart vesicle 
often appearing to occupy the majority of the explant 
rather than be confined to one end, was that the 
grafted explants consisted of an underlying layer of 
endoderm cells and an overlying layer of mesoderm 
cells, the latter of which were mostly precardiac 
mesoderm cells. These precardiac cells differentiate 
into a large mass of heart tissue, so that in relation 
to the remaining endoderm cells, the heart tissue would 
occupy a considerable part of each explant. The 
remaining twenty pairs of explants that were sectioned, 
were therefore examined with great care to determine 
the position of the heart vesicles and the occurrence 
of cells migrating from one explant to the other.

In examining the serial sections, migration of the 
precardiac mesoderm cells from one explant to the other 
was accomplished by locating the quail cells as, due to 
the staining method, these cells were easier to 
distinguish than the chick cells. In none of the 
explant pairs examined were quail cells observed to 
migrate from their own explant into the chick explant. 
In both the abutting and in tandem arrangement of 
explants, there appeared to be a boundary between the 
chick and quail explants.



Where the explants had been in an in tandem 
arrangement, fourteen (77%) of the total eighteen 
specimens obtained, exhibited beating heart tissue. 
Seven of these had the quail explant in the anterior 
position and seven had the quail explant in the 
posterior position. Two separate heart vesicles were 

usually produced, one in the anterior region of each 
explant. Cells from the posterior region of the 
anterior explant were not observed in the anterior 
region of the posterior explant. This situation was 
found regardless of whether the chick explant was the 
anterior explant or the posterior explant, and was best 
perceived in the in tandem arrangement where the quail 
was the anterior explant and the chick posterior 
(Tandem® in Table 3.1) as the quail cells could be 
identified more readily due to their darker staining 
(see figures 3.3 and 3.5 C). Similarly in the abutting 
controls, nine (90%) out of the ten specimens obtained 
exhibited beating heart tissue. Where the cells had 
been in an abutting arrangement with the anterior ends 
of the explants in contact with one another (six of the 
nine pairs), one large heart vesicle was produced in 
the mid-region of the pair where the two anterior areas 
were adjoined and was therefore in contact with both 
explants (see figures 3.4 and 3.5 A). Where the
explants had been cultured in an abutting arrangement 
with the posterior ends in contact with each other (see
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FIGURE 3.3 A longitudinal section through a pair of
explants that are in the in tandem arrangement, 
with the quail explant placed anteriorly.

The quail heart vesicle is situated at the 
anterior of the explant and in this section 
appears to occupy most of the quail region due 
to its large size and the angle of sectioning.
A number of small chick heart vesicles (which 
join together in adjacent sections) can be seen 
in the anterior of the chick explant. No quail 
cells appear to have migrated from the 
posterior of the quail explant to the anterior 
of the chick explant and a clear boundary is 
seen between the two explants.

Magnification: X 355 
Scale bar = 50 pm

AC anterior end of chick explant
AQ anterior end of quail explant
CHV chick heart vesicle
PC posterior end of chick explant
PQ posterior end of quail explant
QHV quail heart vesicle
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Figure 3.3

181



FIGURE 3.4 A longitudinal section through a pair of
explants that- are in the abutting arrangement, 
with the anterior ends of each explant in 
contact.

One large heart vesicle is visible in the 
abutting explants, encompassing the anterior 
regions of both explants, with several smaller 
vesicles in the remaining tissue of each 
explant. No quail cells appear to have 
migrated from the quail explant to the chick 
explant, or vice versa, and a clear boundary is 
seen between the two explants.

Magnification: X 355 
Scale bar = 50 pm

AC anterior end of chick explant
AQ anterior end of quail explant

HV heart vesicle
PC posterior end of chick explant
PQ posterior end of quail explant
QHV quail heart vesicle
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Figure 3.4
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FIGURE 3.5 Longitudinal sections through various pairs of 
explants that are in the abutting and in tandem 
arrangement.

A. A pair of explants in the abutting 
arrangement, with the anterior ends of 
the quail and chick explants in contact.
One large heart vesicle has developed at 
this point of contact.

B. A pair of explants in the abutting 
arrangement, with the posterior ends of 
the quail and chick explants in contact.
Two separate heart vesicles have developed 
at the anterior end of each explant.

C. A pair of explants in the in tandem 
arrangement, with the quail explant as the 
anterior explant. A large heart vesicle has 
developed at the anterior end of the quail 
explant and several smaller heart vesicles 
have developed throughout the chick explant.

See Figures 3.3 and 3.4 for key to symbols.

Magnifications: A and C: X 245 B: X 155
Scale bars: A and C: 0.05 mm B : 0.1 mm
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figure 3.5 B) two separate heart vesicles were 
produced, one in the anterior region of each explant 
(i.e. at the opposite ends of the explant pair).

An account of the different types of explant pairs is 
given in Table 3.1. Anterior migration was discerned 
by the position of the heart vesicle in the examined 
section so that if the vesicle was situated in the 
anterior end of the explant this was scored as positive 
anterior migration.

Of the twenty pairs examined for anterior migration 
(71% of the total number of pairs) 90% of the chick 
explants and 80% of the quail explants exhibited 
positive anterior migration. It should be pointed out
however, that in those explants where the score was
negative, it was not possible to detect whether the
heart tissue had migrated anteriorly or not as the
heart vesicle tended to be in an exact central 
position, taking up most of the cut section of the 
explant. As this itself does not constitute migration 
in a posterior direction, it is plausible that these 
explants too could be scored as positive for anterior 
migration, giving an overall result of 100% of both 
chick and quail explants exhibiting migration of the 
precardiac mesoderm in an anterior direction.
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Of the 13 in tandem pairs examined, 21 (81%) of the
26 explants exhibited anterior migration. Of the seven 
pairs produced in the abutting arrangement, 13 (93%) of 
the 14 explants examined exhibited anterior migration.
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Table 3.1 Chick-quail explants which exhibit beating 
heart tissue and anterior migration of 
precardiac mesoderm.

Type of 
explant

No. of 
explants

Beating
heart

No. of
pairs
sectioned

Anterior 
migration 
in chick

Anterior 
migration 
in quail

TandemA 8 7 (88%) 5 4 (80%) 3 (50%)
Tandem® 10 7 (70%) 8 7 (88%) 7 (88%)
Abutting0 6 6 (100%) 3 3 (100%) 3 (100%)
Abutting® 4 3 (75%) 4 4 (100%) 4 (100%)

Total 28 23 (82%) 20 (71%) 18 16

A In tandem, with the chick explant anterior to the quail.
B In tandem, with the quail explant anterior to the chick.
c Abutting, with the anterior ends of the explants in contact.
D Abutting, with the posterior ends of the explants in contact.
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DISCUSSION

The experiments were aimed to ascertain whether 
chemotaxis was involved in the directional migration of 
the precardiac mesoderm cells, whereby a chemotactic 
substance, released at the anterior end of the 
endoderm-mesoderm interface, might be attracting the 
posterior precardiac cells and hence guiding the 
posterior-anterior directional migration of the cells. 
As described in the Introduction to this chapter, the 
movement of cells by chemotaxis is difficult to examine 
as it is difficult to prove the existence of a gradient 
in concentration of a substance in solution, 
particularly in vivo. The best documented cases of 
chemotaxis taking place in cell movement are in the 
cellular slime moulds (Bonner, 1947) and in 
polymorphonuclear leukocytes (Zigmond, 1977).

Instead of attempting to detect a chemical gradient, 
the rationale involved in the experiments described 
here was to produce combinations of chick and quail 
explant pairs and utilize the unique quail nucleolar 
marker (Le Douarin and Barq, 1969) in ascertaining 
whether a group of cells in vitro altered the direction 
in which they migrated if they were placed close to the 
supposed chemotactic agent. By placing the explants of 
quail and chick precardiac mesoderm and endoderm in
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specific orientations with respect to one another, the 
posterior cells of the anterior explant would be near 
to the anterior cells of the posterior explant in 
tandem so that the former would therefore be close to 
the supposed source of the putative chemotactic
gradient. If chemotaxis were indeed playing a role in 
the directional migration of the precardiac cells, then 
the posterior precardiac cells in the anterior explant 
would be closer to the anterior end of their paired 
explant than to the anterior region of their own
explant, and would therefore change their direction of
migration to move toward the former anterior region.

The examination of the chick-quail explant pairs 
revealed that there was no migration of posterior quail 
cells against the "posterior-anterior” direction of 
migration, into the anterior of the chick section, 
producing results that were very similar to those 
obtained by DeHaan (1964) using chick-chick explant 
pairs. The results here were consistent with the
interpretation that chemotaxis was not playing a role 
in the directional migration of the precardiac mesoderm 

cells. Posterior precardiac cells migrated to the 
anterior region of their own explant, regardless of the 
orientation of the two explants in each pair, and 
differentiated into heart tissue that was most often 
pulsating. The main experimental pair arrangement had
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the two explants positioned in tandem with the quail 
explant as the anterior explant. Heart vesicles were 
observed in the anterior region of each explant, with 
no crossing over of the posterior quail cells to 
contribute to the anterior chick heart vesicle.

The results of the control explants that were in the 
abutting arrangement were again consistent with the 
interpretation that chemotaxis was not involved, with 
heart tissue developing in the anterior of each 
explant, and both explants with anterior ends in 
contact contributing mesoderm cells to the one heart 
vesicle, with neither chick cells nor quail cells 
migrating into the opposite explant.

The results from these in vitro experiments have 
since been published together with the results from 
experiments that determined whether chemotaxis was 
acting in vivo using chick-quail chimaeras (Easton et 
al, 1990). The latter experiments involved grafting 
the entire precardiac area and associated tissue in the 
anterior region of one embryo onto the precardiac 
region and associated tissue in the posterior region of 
a second embryo to produce chick-quail chimaeric 
embryos that possessed two precardiac regions in 
tandem. The results from the chimaera experiments are 
similar to those observed in the chick-quail explant
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pairs, and are therefore also in accordance with the 
idea that chemotaxis does not play a role in the 
directional migration of precardiac mesoderm.

One possible explanation for the results of the 

chick-quail chimaera experiments revealing that no 
crossing over occurred from chick to quail or vice 

versa, could be the existence of a species-specific 
factor that would prohibit interaction between the two 
cell types, regardless of any chemotactic factors. 
However, the extensive work that has been performed on 
cell migration using chick-quail chimaeras (Le Douarin, 
and Barq, 1969; Le Douarin 1982) has encountered no 
such evidence in favour of the existence of such a 
species-specific mechanism.

Earlier work by Linask and Lash (1986) using indirect 
immunofluorescence and scanning electron microscopy 
(SEM) to follow the directional movement of chick 
precardiac mesoderm cells through the extracellular 

matrix, with respect to the adhesive glycoprotein 
fibronectin provided no evidence for physical 

orientation of the substratum in relation to contact 
guidance. The finding of an anterior-posterior 
difference in fibronectin from stages 6 to 8 with 
fibronectin concentration increasing cephalad, lead 
Linask and Lash to the suggestion that haptotaxis was
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playing a major role in the directional movement of the 
precardiac cells (see p. 166). Further evidence by the 
same authors (Linask and Lash, 1988a; 1988b) has lead
to the likely suggestion that a haptotactic mechanism 
along an increasing gradient of fibronectin existing at 
the mesoderm-endoderm interface is the major and 
possibly the only mechanism that is involved in the 
directional migration of the precardiac mesoderm.

Linask and Lash (1988a) tested the importance of 
fibronectin to precardiac cell migration in the chick 
embryo by examining the effects of increasing 
concentrations of an antibody to fibronectin. A dose- 
dependent effect of anti-fibronectin was observed in 
the embryos that had been incubated in concentrations 
of the antibody that ranged from 5 to 80 pg/ml, with 
the arrest of heart development occurring at high 
concentrations. Younger embryos (stage 5 to 6 of 
Hamburger and Hamilton, 1951) were more sensitive to 
the antibody treatment with the precardiac cells 
ceasing their migration at different locations in the 
region of the cardiogenic crescent and forming heart 
tissue at that location. Only the most anterior of 
the precardiac cells appeared able to migrate to the 
anterior intestinal portal. Slightly older embryos of 
stage 7, where a large proportion of the precardiac 
cells were able to migrate to the anterior intestinal
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portal but were unable to reach the lateral anterior 
intestinal portal walls, revealed heart anomalies only 
at the higher concentrations of antibody, and these 
were similar to anomalies occurring at a lower 
concentration in the younger embryos. Linask and Lash 
(1988a) concluded that their results provided further 
evidence in favour of the hypothesis that fibronectin 
is a major component in the extracellular matrix and 
therefore in the migratory pathway, and hence plays an 
important role in the antero-medial directional 
migration of the precardiac mesoderm.

To further substantiate this hypothesis, Linask and 
Lash (1988b) interrupted the increasing concentration 
of fibronectin existing at the mesoderm-endoderm 
interface, by microsurgically manipulating the mesoderm 
and endoderm of the precardiac region so that the 
grafts were rotated an angle of 180°, therefore 
determining whether the precardiac mesoderm cells still 
followed cues found in the endodermal substratum with 
regard to the direction of migration or whether other 
systemic factors played a role in guiding the cells. 
Additional experiments were also performed to perturb 
the migration with the use of an antibody to 
fibronectin. When the precardiac mesoderm and endoderm 
of stage 5 embryos were rotated, normal hearts later 
developed as the fibronectin at the mesoderm-endoderm
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interface is evenly distributed at stage 5, so that 
there is no existing fibronectin gradient to be altered 
by rotation of the precardiac areas and the precardiac 
and endoderm cells are still able to create the normal 
anterior-posterior cues for normal directional 
migration.

However, when endoderm and precardiac mesoderm grafts 
from stage 7 embryos were rotated (Linask and Lash, 
1988b), the hearts that subsequently developed were 
abnormal in that they formed at the lateral sides of 
the embryos, which suggested that the precardiac 
mesoderm had not migrated in its normal antero-medial 
direction prior to its differentiation into heart 
tissue. At stage 7, fibronectin is normally
distributed in a gradient that increases cephalad, so 
that a 180° rotation of the mesoderm-endoderm grafts 
results in the greater concentration of fibronectin now 
existing caudad. The precardiac cells follow the 
posterior to anterior directional cues in the endoderm 
which are now reversed, and develop a heart in the 
lateral heart-forming region.

Linask and Lash (1988b) have provided indirect 
evidence in favour of fixed extracellular cues being 
involved in the directional migration of the precardiac 
mesoderm rather than diffusible cues arising from other
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regions of the embryo, as with the occurrence of 
chemotaxis. The heart-forming regions (consisting of 
mesoderm and associated endoderm) were removed from 
chick embryos of stage 7, and the remaining embryo was 
placed into a medium containing anti-fibronectin for 
twenty minutes, then rinsed in saline. The untreated 
heart-forming region was then replaced in its original 
position in the treated embryo and allowed to develop 
into heart tissue. Normal migration of the precardiac 
cells was perturbed and heart tissue developed in situ 
at the lateral sides of the embryo, suggesting that the 
fibronectin sites around the cut edge of the excised 
graft had been blocked by the anti-fibronectin antibody 
and could no longer support normal cell migration, 
therefore supporting the idea that fibronectin in the 
heart-forming region is involved in precardiac cell 
migration.

Therefore, although several authors have shown by 
various methods that fibronectin is the predominant 
factor playing a role in the directional cell migration 
of precardiac mesoderm and that the migration of these 
cells appears to be by a haptotactic mechanism up an 
increasing gradient of fibronectin, the mechanism(s) 
that initiates the progressive synthesis of fibronectin
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so that it increases in an anterior-posterior gradient 
and hence provides the normal cephalad-caudad cue(s), 
remains, as yet, unknown.
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CHAPTER FOUR.

D I F F E R E N T I A T I O N  OF THE 
I? RE CARD X AC M E S O D E R M  XINJ THE 

E AR L Y  CHX C K EMBR YO

INTRODUCTION

Heart Development

The heart develops in the chick embryo from two 
regions of precardiac mesoderm that can be detected as 
early as stage 5 (Hamburger and Hamilton, 1951) . The 
main methods of examining the location of the 
precardiac mesoderm are by utilizing isolates or by 
labelling, using either radioactive isotopes or the 
quail nucleolus marker. Using isolates, Rawles (1943) 
determined the boundaries of the precardiac mesoderm by 
examining the developmental capacities of fragments of 
tissue taken from the head-process stage embryo, and 
found the heart-forming material to be located in two 
bilateral oval areas, situated either side of the 
primitive node. Following this, experiments were 
performed using radioactively labeled tissue fragments 
implanted into homologous regions to more accurately 
map the prospective embryonic fate of the precardiac
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mesoderm cells (Rosenquistf 1966; Rosenquist and 
DeHaan, 1966; Stalsberg and DeHaan, 1969).

Rosenquist and DeHaan (1966) followed a series of 
chick embryonic cells by replacing small squares of 
blastoderm with equivalent squares taken from donor 
embryos that had been incubated in tritiated thymidine. 
The invagination of the precardiac mesoderm cells into 

a localized area of the primitive streak was followed 
by their migration as a cohesive sheet with the lateral 
plate mesoderm in a cephalo-lateral position to form 
the broad lateral wings of the precardiac area observed 
by Rawles, and also an area across the midline that 
bridged the bilateral heart-forming areas and hence 
formed a horseshoe-shaped crescent of precardiac 
mesoderm cells. Using a similar method, Stalsberg and 
DeHaan (1969) revealed that the precardiac mesoderm was 
organized in a substantially narrower field than first 
estimated by Rawles. This is because once the isolates 
in Rawles' experiments were removed from their original 
position and from the corresponding influences in that 
area, they possessed further potential for development. 
Therefore isolates from areas that would not normally 
differentiate into heart tissue have the ability to do 
so when removed from their original location, 
explaining the over-estimation by Rawles of the 
presumptive precardiac area.
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Between stages 7 and 8 (Hamburger and Hamilton, 1951) 
the lateral plate mesoderm divides into somatic 
(dorsal) and splanchnic (ventral) layers (Rosenquist 
and DeHaan, 1966) . The precardiac mesoderm layer 
thickens and separates from the splanchnic layer, in 
close association with the endoderm. The precardiac 
cells then migrate over the underlying endoderm in an 
anterio-medial direction toward the midline where they 
meet. During this migration of the precardiac mesoderm 
and later in the formation of the tubular heart, the 
cells behave as a cohesive sheet, retaining their 
integrity as a sheet as they do not break up into 
single cells or cell clusters as the cell sheet 
condenses, folds and stretches during development 
(Stalsberg and DeHaan, 1969) . An area of the endoderm 
folds across the midline to form the anterior 
intestinal portal and early foregut, the latter 
lengthening as the mesoderm cells of the cardiogenic 
crescent migrate to fuse in the midline and the 
primitive heart primordia fuse with one another in a 
progressively caudal direction to form the primitive 
tubular heart.

Directional cell migration is highly dependent on the 
presence and specific distribution of certain 
extracellular matrix components. Using fluorescent 
antibody techniques, Thiery et al (1982) located the
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presence of N-CAM (a neural cell adhesion molecule) in 
a number of regions in the early chick embryo that were 
associated with embryonic induction of the primary 
developmental axis. Crossin et al (1985) used
immunohistochemical techniques to demonstrate that 
cytotactin, an extracellular matrix protein, appeared 
in a temporal sequence in the basement membrane of the 
developing neural tube and notochord. It has recently 
been shown by examining the effect of increasing 
concentrations of an antibody to fibronectin that an
increasing gradient of fibronectin, which exists at the 
endoderm-mesoderm interface, plays an important role in 
the directional anterio-medial migration of the 
precardiac mesoderm in the chick embryo (Linask and 
Lash, 1988a). High concentrations of the antibody 
arrested further heart development whereas lower
concentrations lead to the development of abnormal 
hearts, so that the adverse effects occurred in a dose- 
dependent manner.

At about stage 10 or 11 the folds of splanchnic 
mesoderm begin to fuse dorsal to the primitive heart
tube, separating the heart from the dorsal mesocardium. 
As the anterior intestinal portal moves relatively 
posteriorly with elongation of the foregut, the
precardiac cells remaining in the bilateral areas 
continue to migrate in an anterio-medial direction and
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contribute to the caudal end of the heart. Evidence 
from electron microscopy revealed that the wall of the 
tubular heart is composed of a thick wall of loosely 

organized myocardium cells, with a wide extracellular 
space filled with cardiac jelly separating the 
myocardium from the endocardium (Manasek, 1968).

As development progresses, there is a gradual change 
in the contributions of the left and right lateral 
wings of the precardiac area to the formation of the 
heart (Rosenquist and DeHaan, 1966). Labelled cells 
that had been placed on the right side of a stage 5 
embryo had not crossed the ventral midline of the later 
heart examined at stage 10, so that material from the 
right heart-forming region formed the entire right half 
of the primitive heart tube. However by stage 12, the 
original ventral midline has separated from the ventral 
mesocardium and shifted to the right dorsal aspect of 
the heart, possibly due to the differential growth of 
the heart (Butler, 1952). Therefore precardiac
mesoderm from the left heart-forming area contributes 
to a much greater part of the ventral myocardial wall 
at this stage than precardiac mesoderm from the right 
heart-forming region. Similarly, Rosenquist (1966) 
used autoradiography to show that the majority of the 

epimyocardial cells in the anterior sections of the 
heart tube were derived from the right heart-forming
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area whereas the majority of the cells in the posterior 
part of the heart tube are derived from the left heart- 
forming areas.

Early cardiac primordia of chick embryos have been 
examined to ascertain whether the early position of the 

precardiac cells in the cardiogenic crescent reflected 
their later position in the heart (DeHaan, 1963a; 
1963d). Lateral heart primordia were dissected into 
anterior, middle and posterior fragments and incubated 
with culture medium. The anterior-most fragments, 
which were found to develop first, ultimately formed 
conus arteriosus tissue; the middle sections developed 
into ventricular tissue; and the posterior fragments 
formed atrial and sinus tissue. These results were 
confirmed in the later study by Stalsberg and DeHaan 
(1969) when the fate of precardiac cells was mapped 
using radio-actively labeled tissue fragments, and the 
cells from the anterior, middle and posterior fragments 
were seen in their respective locations.
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Looping of the Heart

Dextral looping, the process of the tubular heart 
normally bending to the right, is the earliest known 
feature of morphological asymmetry in the vertebrate 
embryo. In the chick embryo, looping occurs over about 
a five-hour period starting at stage 9 (seven to eight 
somites) during which time the tubular heart undergoes 
a major morphological change, from an approximately 
midline, straight structure to one with a distinct C- 
shape bulging to the embryonic right (Stalsberg, 1970; 
Nakamura et al, 1980). The right lateral myocardial 
surface bulges into the pericardial cavity (Patten, 
1922) and the left side becomes concave (See Figure 1.1 
p.23 -27) .

Several hypothetical mechanisms of looping exist, 
although the controls of these morphoregulatory methods 
are poorly understood. The tubular heart is a three- 
layered structure consisting of an outer myocardium and 
an inner endocardium with a dividing area of cardiac 
jelly (Manasek, 1981).

Patten (1922) proposed one of the earliest theories 
of looping, suggesting that the bending of the heart 
tube was a passive function that occurred due to the 
restricting pericardial space accommodating the ever
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increasing length of the heart tube. However, Patten's 
theory did not explain the predominant curving of the 
heart to the right. Furthermore, later experiments by 
Butler (1952) revealed that curvatures still develop in 
isolated hearts explanted in culture. The results from 
Butler's experiments further suggested that the 
mechanisms that controlled the deformation of the heart 
tube from an unlooped tubular heart to a looped 
structure were in fact intrinsic to the heart itself. 
However, the control of looping is not likely to be 
totally intrinsic as the developing heart is subject to 
significant influences from surrounding structures, in 
particular the endoderm of the foregut and the 
subcephalic part of the yolk sac (Stalsberg and DeHaan, 
1968). The heart tube is formed between these two 
structures, with the foregut floor on the dorsal side 
of the heart and the subcephalic yolk sac on the 
ventral side of the heart. Results from radiographic 
labelling of the myocardium have provided evidence that 
as the caudal movements of the subcephalic yolk sac 
endoderm and the endoderm of the foregut floor occur, 
the endoderm pulls the heart and other splanchnic 

mesoderm along with it (Rosenquist and DeHaan, 1966; 
Stalsberg and DeHaan, 1968).

A differential mitotic rate by which differential 
growth produces progressive deepening of the left
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bulboventricular space, therefore forcing the tube to 
bend by mechanical compulsion was suggested (Davis, 
1927) but there appears to be no evidence for such a 
mitotic gradient.

A model of unequal contributions from left and right 
sides of the heart was proposed by Wilens (1955) who, 
by staining the presumptive heart regions of amphibians 
with vital dyes, found that the ventricle was 
predominantly formed from material from the left side. 
Wilens concluded that an overgrowth of the ventricular 
component of the left heart rudiment pushes the heart 
axis to the right. Stalsberg (1969) similarly analyzed 
the differential pattern of cell aggregation by 
examining the relationship between right and left 
contributions to the heart tube of chick embryos during 
stages at which the bulboventricular loop is formed. 
Although an asymmetry of cell numbers was observed, 
Steinberg concluded that this was not significantly 
great enough to explain the degree of bending that 
occurs.

Butler (1952) demonstrated that as looping commenced, 
the total anterior-posterior length of the bulging, 
convex (potential right) side of the heart increased 
relative to the concave (potential left) side. This 
increase in length along the greater curvature of the
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heart is not dependent upon the addition of new cells 
to this area, but is instead related to the change in 
cell shape of the myocardial cells of the greater 
curvature (Manasek et al, 1972a). Scanning electron 
micrographs revealed that during looping the myocardial 

cells of the prospective bulging right side of the 
heart increased their apical surface at the expense of 
their height, with their long axes oriented in a random
manner. This was converse to the myocardial cells of
the potential left side which possessed a smaller 
apical surface area and had their major axes arranged 
in a more ordered circumferential manner. The overall 
result of these shape changes of the myocardial cells 
lead to cells on the prospective right side becoming
spread out and flattened while cells on the prospective 
left side remained columnar. Manasek et al (1972a) 
proposed that the distinctive regional shape changes
observed in the myocardial cells are responsible for 
the looping of the heart. However, as the authors 
themselves stated, the possibility exists that the 
myocardial shape changes may be the result rather than 
the cause of the looping process.

The mechanisms by which the myocardial cells change 
shape are temporally correlated with the process of 
myofibrillogenesis, indicated by reversible disruption 
of myofibrils and the arrest of looping in developing
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hearts exposed to cytochalasin B (Manasek et al, 
1972a). However, experiments have shown that
myofibrillar growth temporally succeeds myocardial 
shape change in cultured embryonic cardiac myocytes so 
that myof ibrillogenesis could not be the force 
responsible for the deformation observed in the 
myocardial cells (Kulikowski and Manasek, 1979). 
Nakamura et al (1980) proposed that the acquisition of 
myofibrils by the myocardium enabled the latter to be 
capable of regulating the deformation of the developing 
heart, but that the forces required for this 
deformation were not necessarily myocardial in origin. 
Evidence in favour of a correlation between actin 
bundles on the right side of the developing heart and 
tension in this area playing a role in the looping of 
the heart to the right has recently been presented 
(Itasaki et al, 1991) and is discussed later (p. 213).

Using polarized light micrographs of developing chick 
hearts, Nakamura et al (1980) examined the geometry of 
the tubular heart with respect to the development of a 
unique set of forces which result in an orderly 
assembly of myofibrils, the latter directing the 
changes in shape. Although lacking in conclusive 
evidence for all the proposed steps, the authors 
suggested that the linear arrangement of filaments in 
the cardiac jelly observed in earlier experiments
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(Nakamura and Manasek, 1978) together with the 
myocardium produce an unequal force, and that this 
force is the first step in a sequence involving force, 
strain, fibrillogenesis, force direction, and new 
fibrillogenesis, all of which control bending.

More recent studies by Manasek and Nakamura (1985) 
provide further evidence that the cardiac jelly is the 
primary source of the deforming force that leads to 
cardiac looping and that the deformation is regulated 
by the myocardium. Embryonic myocardial cells
synthesize and elaborate the cardiac jelly, a component 
which forms the largest compartment of the early heart. 
Histochemical analysis has previously shown that 
cardiac jelly contains a large amount of hyaluronic 
acid (Gessner et al, 1965), a substance that has a 
distinct characteristic in its ability to retain large 
quantities of water molecules and is hence involved in 
hydration and swelling of cell-free spaces (Solursh, 
1976) .

Manasek and Nakamura (1985) have shown that the 
hydration properties of the cardiac jelly are 
responsible for swelling which results in a change in 
internal tissue pressure. The authors suggested that a 
significant amount of morphogenesis can be achieved by 
a mechanism that involves a pressure change due to

210



hydration by the cardiac jelly. In addition, Manasek 
and Nakamura (1985) intimated the importance of 
myofibrillogenesis for the process of normal looping, 
with the suggestion that a specific myofibrillar 
alignment within the myocardial cells enables the 
former to act as a tensile skeletal system.

During any morphological deformation such as the 
change in the myocardium during the process of looping, 
strain is introduced and results in stress. The cells 
of the prospective right side of the myocardium undergo 
the greatest deformation and are therefore sustaining 
the greatest stress in an anterior-posterior dimension 
(Nakamura et al, 1980). The interaction between stress 
and the orientation of myofibrils was analyzed by 
examining the effects of a stress-free environment on 
the orientation of myofibrils in culture (Kulikowski, 
1981). The myofibrils appeared morphologically normal 
but lacked a predictable orientation within the 
cytoplasm. It is therefore possible to conceive that 
the absence of stress or a significant change from the 
normal stress pattern in the developing heart could 
result in an abnormal myofibrillar pattern. In turn, if 
myofibrils are involved in the mechanisms that control 
bending, such abnormal myofibrillar patterns could 
result in abnormal looping and related heart anomalies.
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The process of dextral looping of the tubular heart 
can be divided into two features: the actual looping of 
the heart and the looping of the heart to the embryo's 
right. It is the second feature that is of interest 
regarding the occurrence of the chimaeras that 
exhibited inverted hearts. The development of heart 
asymmetry is seen as a later result of earlier 
processes in which the asymmetry was established (Brown 
and Wolpert, 1990). This theory is supported by 
evidence from Satin et al (1988) who demonstrated that 
differences in the rate of contraction on left and 
right sides were present in tissues explanted prior to 
heart-looping. Stalsberg (1969) has shown that the 
direction of the heart loop is not determined by 
differences in size of right or left premyocardial 
mesodermal contributions to the heart by demonstrating 
that contributions from right and left premyocardial 
regions are equal in both dextro and levo-loops.

Experiments by Lepori (1967) demonstrated that 
sidedness (the direction of heart looping) can be 
influenced by mechanical changes in the surrounding 
tissues. Small glass rods placed on the left 
splanchnopleure resulted in an increase of inverted 
hearts (hearts that looped to the embryo's left). 
Similar results were obtained when a small cut was made 
in the right splanchnopleure. Lepori concluded that
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these two operations had the effect of either 
increasing the tension on the left side of the embryo 
or decreasing the tension on the right side 
respectively.

More recent experiments on the tubular heart provide 
further evidence that cytoskeletons (such as actin 
bundles or myofibrils) play an important role in the 
dextro-looping of the heart (Itasaki et al, 1991). 
Small crystals of cytochalasin B were applied to the 
caudal part of the heart on either the left or right 
side in order to disorganize the actin bundles in a 
limited region of the heart tube. Application of 
cytochalasin B to the left side resulted in 
disorganization of the actin bundles on this side and 
the normal right-looping of the heart, whereas 
disorganization of actin bundles on the right side 
resulted in left-looping inverted hearts. In normal 
heart tube rotation, actin bundles are arranged in a 
circular orientation on both sides of the heart tube 
producing tension in a circular direction, which pulls 
the heart tube toward the dorsal mesocardium. When the 
tension on both sides becomes unbalanced, this could 
result in heart rotation. Itasaki et al (1991) 
proposed that in disorganizing the actin bundles on the 
left side, the right pulling force remained and this 
pulled the heart to the embryo’s right, whereas the
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disorganization of actin bundles on the right resulted 
in only the left pulling force remaining which pulled 
the heart to the embryo's left, resulting in levo- 
looping. These results imply that in the normal right- 
looping of the heart, it is the tension on the right of 
the developing heart that is the important factor in 
the dextro-looping of the heart. Support for this 
comes from Lepori1s experiments regarding tension in 
the splanchnopleura where tension was either increased 
on the left side or decreased on the right, both of 
which resulted in hearts displaying levo-looping 
(Lepori, 1967). At the 7- to 8-somite stage, the 
splanchnopleura attach to the ventral midline of the 
heart tube via the ventral mesocardium so it is 
possible that the splanchnopleura and the heart tube 
share the tension at this time.
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Heart Beat

The chick heart begins to beat at a very early stage 
in its development when only the anterior and middle 
portion of the primitive heart tube has differentiated, 

and the intrinsic rhythmicity produced in specific 
pacemaker cells can be utilized as an internal 
physiological marker to demonstrate the possibility of 
regionalization. While culturing anterior, middle and 
posterior fragments of the heart-forming areas, DeHaan 
(1963d) examined the tissues for the presence of 
spontaneous beating and determined the intrinsic 
pulsation rates of the fragments. Within twenty-four 
hours after the primitive streak stage, the pacemaker 
cells from each of the heart regions had sufficiently 
differentiated to begin pulsating. The posterior 
fragments were the earliest to produce spontaneously 
contractile heart vesicles at stage 4+, followed 
closely by the middle fragments. The anterior-most 
fragments were the last, at stage 7, to develop beating 
heart vesicles. DeHaan concluded that the conus, 
ventricle, atrium and sinus are all represented in 
specific, localized areas in the early heart-forming 
regions, with each area containing pre-pacemaker cells 
which develop a level of intrinsic rhythmicity that is 
congruous to the particular part of the heart that will 
develop.
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Within hours after they form in the heart tube, the 
cells in ventricular, atrial and sinu-atrial tissues 
exhibit differences in shape and parameter of recorded 
action potentials and also in their intrinsic rate of 
contraction (DeHaan, 1980). The heartbeat begins in 
the chick heart in the right margin of the ventricle 
after approximately thirty-six hours of incubation. 
The beat soon develops a rhythmic, slow rate of thirty 
to forty beats per minute after an initial irregular 
start. The heart beat rate slowly increases as 
successive regions of the posterior heart tube 
differentiate. After approximately sixty hours of 
incubation, the chick embryonic heart normally beats 
110 to 120 times per minute. DeHaan (1980) suggested 
that the gradual increase in the rate of the heart beat 
in the whole heart tube was due to each consecutive 
area of the heart differentiating with a successively 
higher intrinsic beat rate, so that each new 
differentiated segment had the dominant rate and acted 
as the pacemaker for the rest of the heart. This is 
supported by evidence from Van Mierop (1967) who used 
intracellular and surface-exploring electrodes to 
determine the site of the pacemaker region in the chick 
heart tube before and during the time of initiation of 
the heart beat. Van Mierop revealed that the pacemaker 
activity was situated in the posterior end of the 
tubular heart and suggested that, prior to fusing in
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the midline, cells caudal to the forming tubular heart 
begin to act as primary pacemakers then, following 
fusion, these cells are incorporated into the beating 
heart.

The relatively new method of using a voltage 
sensitive dye to detect dye-related absorption signals 
has provided a successful means to monitor the 
spontaneous activity of the early embryonic heart 
(Kamino et al, 1981; Yada et al, 1985). The technique 
is based upon the information that alterations in 
optical properties such as absorption and fluorescence, 
accompany alterations in action potential across 
membranes that have been stained with particular 
voltage-sensitive dyes. Such changes can then be 
monitored. Using their results, Kamino et al (1981) 
established a basic developmental map of the regional 
localization of pacemaking areas during early heart 
development in chick embryos from stage 9 (seven pairs 
of somites) to stage 10+ (eleven pairs of somites). 
Kamino et al concurred with the earlier suggestion from 
Van Mierop (1967) that it was a possibility that 
pacemaker cells are originally located in the cardiac 
primordia just prior and subsequent to their fusing in 
the midline.
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Further evidence from the voltage-sensitive dyes 
revealed that the pacemaking region that possessed the 
highest intrinsic rhythmicity in the developing tubular 
heart was located primarily in the left atrial 
primordium and later in the sinus primordium. It has 
been suggested that as the heart develops further, it 
is likely that the pacemaking cells of the sinus 
primordium, while continuing to retain their original 
relationship with the surrounding musculature, become 
organized into the nodes and bundles characteristic of 
the adult pacemaker (Kamino et al, 1981) .
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Left-Heart Dominance

Early experiments revealed the possibility of 'Left- 
Heart Dominance' where the left caudal pacemaker region 
drives the heart at a faster beat rate than the right 
(DeHaan, 1959, 1963d; Van Mierop, 1967). DeHaan first 
reported that a lateral asymmetry existed between the 
two cardiac primordia by executing a surgical division 
between the two heart-forming regions and hence 
preventing them from fusing in the mid-line (DeHaan, 
1959). The two separate heart-forming regions later 
developed into two separate hearts, with the left 
lateral heart generally beating at a faster rate than 
the right lateral heart. As development continued, 
DeHaan observed that the beat rate of both hearts 
gradually increased, to peak at around the eighteen- 
somite stage (Stage 13- of Hamburger and Hamilton, 
1951) . After this the pulsation rate in the right 
lateral heart remained constant whereas the rate in the 
left lateral heart decreased dramatically.

In later experiments where the lateral heart 

primordia were divided into anterior, middle and 
posterior fragments and incubated to produce 
spontaneously contractile vesicles, DeHaan did not 
observe any significant differences between the right 
and left sides (DeHaan, 1963d), although the small size
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of the fragments and the relatively short culture 
period may well have prevented any significant 
differences in the heart beat rate in the two sides 
from arising. However, lateral asymmetry in the 
posterior fragments of later stages (stage 7 to 9) was 
observed, with the right fragments decreasing in their 
capacity to develop beating heart tissue in comparison 
to the left fragments. Further evidence from early 
experiments of left-heart dominance came from Van 
Mierop's use of intracellular and surface-exploring 
electrodes to locate the pacemaker region in the early 
chick heart (Van Mierop, 1967). He observed that 
contractile activity had begun in the stage 9+ 
embryonic heart and recorded the earliest action 
potentials in the left atrial region of the stage 10+ 
beating heart.

More recently, experiments using voltage-sensitive 
dyes have provided further evidence in favour of left- 
heart dominance (Kamino et al, 1981; Yada et al, 1985). 
Using such a method to record simultaneous spontaneous 
action potentials from several portions of the early 
embryonic heart, Kamino et al (1981) found that in the 
seven to eight-somite embryo, the action potential was 
most often detected in the left. Similarly in the 
later nine to eleven-somite embryo, the left atrial 
portion was the first to produce the detected action
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potential. Kamino et al concluded that in the 
developing embryo from the seven to ten-somite stage, 
the cardiac rhythm in general is controlled by the left 
atrium, despite each of the lateral two atria 
possessing intrinsic pacemaking abilities.

Yada et al (1985) microsurgically produced 'cardia- 
bifida1 chick embryos by cutting through the tissue of 
the anterior intestinal portal in embryos where the 
cardiac primordia had yet to fuse in the 
bulboventricular region (one to six-somite stage). 
Using a voltage-sensitive dye, spontaneous electrical 
action potentials and contractions were recorded and 
compared in both of the lateral hearts that later 
developed in each embryo. In the majority of embryos 
examined from the seven-somite stage to the thirteen- 
somite stage (stage 9 to 11 of Hamburger and Hamilton, 
1951), the frequency of the spontaneous action 
potentials was greater, and hence the heart beat rate 
faster, in the left lateral heart than in the right 
lateral heart. Furthermore, Yada et al detected a 
difference in the stability of the action potential 
rhythms between the lateral hearts, with the half heart 
that possessed the faster beat (most often the left), 
exhibiting a more stable rhythm.
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It would therefore appear from the early experiments 
using microsurgery (DeHaan, 1959, 1963d) and electrodes 
(Van Mierop, 1967) , and from the later voltage- 
sensitive dye experiments (Kamino et al, 1981; Yada et 
al, 1985) that there is strong evidence in favour of a 
regional gradient of rhythmicity between the left and 
right side of the early embryonic heart, with the left 
side being dominant in the pacemaking capacity.
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Commitment of the Precardiac Mesoderm Cells

Several authors have interpreted their results as 
implying that the early precardiac mesoderm cells are 
already committed at stage 5. From the results of 
dividing the heart primordia into anterior, middle and 
posterior fragments that later produced conus 
arteriosus, ventricular tissue and sinu-atrial tissue 
respectively and exhibited an anterior-posterior beat 

rate gradient, DeHaan suggested that an early 
regionalization of the pacemaker was present with the 
possibility of the gradient of rhythmicity being coded 
into the cells of the embryo before the heart itself 
formed (DeHaan, 1963d; 1980). In accordance with such 
a hypothesis, the heart-beat rate gradient previously 
defined in the heart-forming regions of the head- 
process stage embryo, would already be represented in 
specific localized areas of the heart-forming regions 
at this early stage. However, two separate studies 
have recently provided results that dispute the idea 
that cells of the precardiac mesoderm are committed by 
stage 5. The first study by Linask and Lash (1988b) 
examined the directional migration of the precardiac 
mesoderm to develop in to heart tissue, whereas the 
second study by Satin et al (1988) was more specific in 
examining the commitment of certain cells to develop

i
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into pacemaker cells and subsequently produce the heart 
beat.

By surgically rotating the precardiac mesoderm region 
and overlying endoderm of stage 5 and 7 chick embryos a 
total of 180°, Linask and Lash (1988b) altered the 
position of the precardiac mesoderm cells to determine 
whether the cells were following systemic cues and were 
already committed at these stages to form specific 
heart tissue, or whether the cells followed only cues 
in the endodermal substratum with respect to migration. 
Normal hearts developed in those embryos that had 
undergone the surgical rotation at stage 5, regardless 
of the reversal of cephalic and caudal cues, whereas 
anomalous heart development was exhibited in the later 
stage 7 embryos with abnormal hearts developing at the 
lateral sides of the embryos. Linask and Lash 
concluded that at the earlier stage, the factor(s) that 
controlled the directional movement of the precardiac 
mesoderm had yet to come into play, whereas by stage 7, 
such factor(s), which include an anterior-posterior 
gradient of fibronectin in the mesoderm-endoderm 
interface (see p. 166), were then present and their 
position had been altered by the 180° rotation of the 
heart-forming areas. Therefore, in the stage 5 
embryos, rotation of the heart-forming areas did not 
alter the anterior-posterior fibronectin gradient as
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this had not yet been established. However, in the 
stage 7 embryos the precardiac mesoderm migrated 'up' 
the now present gradient of fibronectin which, due to 
the 180° rotation, was now in a high concentration in 
the posterior position instead of in the anterior one, 
and hence differentiated into heart tissue in the 
posterior areas of the lateral heart-forming regions.

It would appear from the experiments of Linask and 
Lash (1988b) that the cells in the endoderm and 
mesoderm which are responsible for the synthesis and 
secretion of fibronectin in the heart-forming regions, 
and hence the formation of the anterior-posterior 
fibronectin gradient, are not yet committed at stage 5 
as they are able to adapt to the 180° rotation of the 
area of tissue in which the fibronectin gradient will 
eventually develop, by subsequently creating the 
correct anterior-posterior cues for the migration of 
the precardiac mesoderm cells to form normal hearts in 
the proper position in the embryo. Similarly, the 
results from the stage 7 embryos suggest that these 
cells have now become regionally specialized for the 

formation of an anterior-posterior gradient in the 
original position in the embryo, as the 180° rotation 
now resulted in abnormal heart development.
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As mentioned previously, an anterior-posterior 
sequence was found to exist in the development of the 
heart, with conus arteriosus tissue developing from the 
anterior-most tissue of the heart-forming region; 
ventricular tissue from the middle region and atrial 
and sinus tissue from the posterior region (DeHaan, 
1963d). Satin et al (1988) utilized this information 
to microsurgically manipulate chick embryos so that 
they presented a left heart-forming region with the 
sequence anterior-middle-anterior (and hence
conus/ventricle/conus) and a right heart-forming region 
with the sequence posterior-middle-posterior (sinus- 
atrium/ventricle/sinus-atrium). Subsequent examination 
of the developed hearts, together with the accompanying 
heart beat rate, revealed that the exchanged area of 
precardiac mesoderm developed a rate that was 
appropriate to its new position following microsurgery, 
rather than its original position prior to 
microsurgery. Following transplantation to the pre- 
conus region of the future right half-heart, pre-sinus 
tissue which, in its original caudal position generally 
produces the fastest beating cells, formed tissue with 
the slower beat rate typical of the conus. Similarly, 
pre-conus mesoderm transplanted to the pre-sinus 
position differentiated into heart tissue that had the 
faster beat characteristic of normal sinus tissue. 
Satin et al concluded that the precardiac mesoderm
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cells were not yet stably coded at stage 5-7 for their 
future intrinsic beat rate, and that local 
environmental cues in the heart-forming regions of the 
stage 5-7 embryos were effective in altering the normal 
beat rate development of the pre-conus and pre-sinus 
tissues.

Although the results of the work by Linask and Lash 
(1988b) and Satin et al (1988) strongly suggest that 
cells in the heart-forming region of stage 5 chick 
embryos are not yet committed at this early stage, 
neither group of workers examined the histology or the 
regional morphology in the areas of tissue 
transplantation to discern whether any differences 
resulting from the microsurgery had taken place.

The aims of the following experiments were to 
ascertain whether the insertion of grafts of posterior 
or anterior heart-forming mesoderm into the anterior or 
posterior heart-forming region of chick embryos 
provided further information about heart development, 
the time at which regional commitment transpires in the 

precardiac area and whether it takes place at the same 
time for the different regions of the future heart. 
Following this, the further aim was to establish 
whether positional information played a role in the 
regional commitment. The proposal was that if the
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precardiac tissue was not yet, or only partially, 
committed at the stage of grafting, it would alter its 
development according to its new position, whereas if 
it was already fully determined at this stage, the 
tissue would differentiate according to its original 

fate.

Although the general approach of the experiments was 
similar to that of Linask and Lash (1988b) and Satin et 
al (1988), two important differences were present in 
the method; namely the transplantation of mesoderm 
alone (without its overlying endoderm) and the grafting 
of precardiac mesoderm from quail embryos into host 
chick embryos (by the technique of Le Douarin, 1973) 
rather than using chick embryos as both donor and 
recipient. The use of mesoderm alone ruled out the 
possibility of any inductive action that the endoderm 
might be having on the precardiac mesoderm. The use of 
donor quail mesoderm was to permit subsequent 
histological identification of individual cells.
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METHOD

Fertile Ross Broiler hens1 eggs in the experiments 
described in this chapter were incubated and prepared 
in the same manner described in Chapter 2, except that 
eggs were incubated to Hamburger and Hamilton (1951) 
stages 6 to 7. Japanese Quail eggs obtained from the 
Institute of Animal Health, Houghton Poultry Research 
Centre, Huntingdon, were incubated for up to 32 hours 
to develop to the same stages, and the eggs were 
prepared in a similar manner to those of the hens'.

Hens' eggs were set up in New Culture (see Appendix 
I) , whereas blastoderms from the quail embryos were 
removed from the vitelline membrane to a 35mm Nunclon 
tissue culture dish where they were trypsinized (see 
Appendix XIV). The trypsinization enabled the
precardiac mesoderm to be dissected free of the 
endoderm. With the use of a sharp tungsten needle, the 
endoderm was peeled back from the quail blastoderm to 
expose the precardiac mesoderm which was dissected away 
from the embryo. Grafts of either the anterior or 

posterior precardiac region of the quail were produced 
by this procedure and removed by micro-pipette to host 
chick embryos that were set up in New Culture. Each 
graft was inserted into the precardiac mesoderm region 
of a separate host chick embryo by the technique of Le
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Douarin (197 3). The host embryos were then incubated 
at 37° in a LEEC gassed tissue-culture incubator for a 
further 20 to 24 hours. Following this, a drawing was 
made and a photograph taken of each embryo to record 
the shape of the heart and the presence of any 
particular anomalies. Where possible, the location of 
the heart beat was also noted. The embryos were 
subsequently fixed using Carnoy's fluid (see Appendix 
XII) then dehydrated in graded alcohols, cleared in 
cedar wood oil and embedded in wax for microtome 
sectioning.

Various combinations were performed so that 
experimental embryos consisted of either anterior quail 
tissue that had been transplanted to the posterior 
precardiac region of the chick (referred to as QACP for 
quail-anterior; chick posterior), or posterior quail 
tissue that had been transplanted to the anterior 
region of the chick (referred to as QPCA for quail- 
posterior; chick-anterior). Control embryos were 
produced by transplanting anterior quail tissue into 
the anterior region of the chick (QACA for quail- 

anterior; chick-anterior) or posterior quail tissue to 
the posterior chick precardiac region. Figure 4.1 
shows the various embryo combinations that were 
produced using mesoderm from the left precardiac region 
of the donor quail embryo transplanted to the left
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precardiac region of the host chick embryos. 
Corresponding experiments were performed by 
transplanting quail tissue from the right side of the 
donor quail to the right precardiac region of the 
chick, producing a further four combinations. A total 
of eight different chick host combinations was 
therefore produced. The contra-lateral side of both 
experimental and control host embryos was not operated 
on, hence providing a further control for the 
possibility of surgical trauma.

Coronal and T.S. serial sections of 5pm thickness 
were stained with Harris's Haematoxylin by the method 
of Huston and Donahoe (1984) (see Appendix XIII), to 
identify the darkly staining nucleolus of the quail 
cells and hence to distinguish the quail cells from 
those of the chick. The serial sections were examined 
to ascertain whether the transplanted tissues had 
developed strictly in accordance to the position in 
which they were explanted or whether they developed 
according to their original position in the donor 

embryo. A series of normal unoperated chick and quail 
embryos was incubated for the same duration to 
approximately equal stages as the operated embryos and 
prepared histologically in the same manner. These 
embryos provided a basic comparison for the 
histological identification of the various tissues such
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FIGURE 4.1 Diagram to illustrate the various
combinations of experimental and control 
embryos that were produced by 
transplantation of either the anterior or 

the posterior precardiac region from a 
donor quail embryo to a host chick embryo.
The four combinations shown here on both 
the donor and host's left were also 
performed on the right side of the embryos 
(not shown), therefore totalling eight 
possible combinations.

A. Experimental embryo of QACP type (quail 
anterior precardiac mesoderm transplanted 
to chick's posterior region).

B. Experimental embryo of QPCA type (quail 
posterior precardiac mesoderm transplanted 
to chick's anterior region).

C. Control embryo of type QACA (quail anterior 
mesoderm transplanted to chick's anterior 
region).

D. Control embryo of type QPCP (quail 
posterior mesoderm transplanted to chick's 
posterior region).
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as the walls of the developing conus 
which are distinctly thicker than the 
developing atrium and sinus venosus.

and ventricle 
walls of the
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RESULTS

Ninety-three chick-quail chimaeras were successfully 
produced. Following twenty to twenty-four hours
incubation, the chimaeras were examined under a
dissecting microscope and a photograph was taken of 
each embryo. A sketch was also drawn of each embryo to 
note the location of the start of each heart beat and 
also the presence of any anomalies in the appearance of 
the heart that might not be recorded by film. The 
chimaeric embryos were then fixed for later sectioning 
and histological examination.

Morphological Appearance of Embryos Prior to Fixation

Table 4.1 shows the number of chimaeras of various
combinations that were produced. Of the total ninety-
three chimaeras produced, seventy-two were heterologous 
experimental chimaeras where mesodermal tissue from the 
anterior or posterior of the heart-forming region of a 
quail embryo was transplanted to a heterologous region 
in the host chick embryo. Forty-one of the seventy-two 
experimental embryos had had anterior quail precardiac 
mesoderm transplanted into the posterior precardiac 
region (QACP combination) in the chick, while thirty- 
one had had the reverse transplantation performed, with
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posterior quail mesoderm being transplanted into the 
anterior precardiac region of the chick (QPCA 
combination). The remaining twenty-one chimaeras were 
homologous controls where the precardiac mesoderm graft 
was transplanted from one area in the quail to the 
corresponding area in the host chick (either the QACA 
or QPCP combination). Fifteen unoperated chick embryos 
were also examined after they had developed to stages 
corresponding to the chimaeras. None of these fifteen 
embryos revealed any of the anomalies that were 
observed in the operated chimaeras.

As the early embryo has both a right and a left 
heart-forming region, this doubled the potential number 
of various combinations that could be produced, with 
precardiac mesoderm from the quail's right side being 
transplanted to the chick's right and similarly 
mesoderm from the quail's left side transplanted to the 
chick's left. Approximately equal numbers of right and 
left transplantations were produced with forty-six of 
the total ninety-three chimaeras being produced from 
right-to-right transplantations and forty-two from 
left-to left transplantations. Similarly,
approximately equal numbers of right-to-right and left- 
to-left transplantations were produced in each of the 
different chimaera combinations. In five chimaeras it 
was not possible to transplant the precardiac mesoderm
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into the same side of the embryo from which it had 
originated due to difficulty in either the general 
manipulation of the host embryo or the insertion of the 
graft into the excision between the ectoderm and 
mesoderm of the host. Therefore in these embryos, the 
graft was transplanted to the opposite side in the 
host.

The quail and chick embryos used were all of either 
stage 6 or stage 7 (Hamburger and Hamilton, 1951) 
although there were small divisions within each stage, 
and these were taken into account when manipulating the 
two embryos in order to produce a chimaera that 
consisted of tissues from relatively similar stage 
embryos. From a total of ninety-three chimaeras 
produced and therefore one hundred and eighty-six chick 
and quail embryos collectively, a total of one hundred 
and eighteen (63.4 %) chick and quail embryos were of 
stage 6 with the remaining sixty-eight (36.6 %) of
stage 7 (see Table 4.3). In the majority of the 
chimaeras (48.4 %) the donor quail tissue was from an 

embryo of a later stage than the host chick although 
the embryos used were from two consecutive stages. 
Table 4.2 divides the chimaeras into the number and 
percentage of comparative ages, and reveals that an 
equal number of chimaeras (24, 25.8%) was produced
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where the quail tissue was either from the same stage 
embryo or a younger embryo than its host chick.

Three main types of anomaly were observed in the 
chimaeras following a twenty to twenty-four hour 
incubation period (see Table 4.4). In eleven of the 
ninety-three chimaeras (11.8%), the heart was inverted 
so that it was bent to the embryo's left (Figure 4.2) 
rather than the embryo's right which is the norm. In 
twenty-one of the chimaeras 22.6%) the heart appeared 
not to have looped or fused correctly resulting in a 
compact shape (Figure 4.3). Thirteen of the chimaeras 
(14.0 %) possessed hearts that revealed an extra area 
of tissue that was either protruding from the heart or 
existed as an extra region (Figure 4.4). These 
anomalies totalled forty-five (48.4%) of the ninety- 
three chimaeras produced. Only one chimaera exhibited 
more than one of the anomalies, possessing a heart of 
'compact' shape that appeared to be positioned on the 
embryo's left (inverted).

Of the eleven chimaeras that possessed hearts that 

were inverted (Figure 4.2), seven (15.2 %) were in
chimaeras that had been produced by transplanting quail 
tissue from the embryo's right to the right side of the 
chick embryo, with the remaining four (9.5 %) produced 
from left-to-left transplantations. Six chimaeras
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FIGURE 4.2 Wholemount photographs of: embryos in New
culture exhibiting inverted hearts that have 
bent to the embryos' left instead of the right 
following transplantation of a graft of quail 
precardiac mesoderm into the heart-forming 

region in the chick embryo.

A. Stage 10+ embryo of type QPCA* resulting 
from a right-to-right transplantation.

B. Stage 11+ embryo of type QACP resulting from 
a right-to-right transplantation.

C. Stage 11+ embryo of type QPCP resulting from 
a right-to-right transplantation.

D. Stage 12 embryo of type QACA resulting from 
a left-to-left transplantation.

[*See Table 4.1 for key to abbreviations.]

Magnification: X 15

HT heart

Scale bar: 1.0 mm Normc
Heart
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FIGURE 4.3 Wholemount photographs of embryos in New

culture exhibiting the 'compact heart1 anomaly 
following transplantation of a graft of quail 
precardiac mesoderm into the heart-forming 
region in the chick embryo.

A. Stage -11 embryo of type QPCA* resulting 
from a left-to-left transplantation.

B. Stage 11 embryo of type QACP resulting from 
a right-to-right transplantation.

C. Stage 10 embryo of type QPCA resulting from 

a left-to-left transplantation.

D. Stage 11+ embryo of type QPCA resulting from 
a right-to-right transplantation.

[*See Table 4.1 for key to abbreviations.]

Magnification: X 15

HT heart

Scale bar: 1.0 mm
Norma
Heart
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E. Stage -11 embryo of type QPCA resulting from 
a right-to-right transplantation.

F. Stage 10+ embryo of type QPCA resulting from 
a right-to-right transplantation.

G. Stage -11 embryo of type QPCA resulting from 
a right-to-right transplantation.

H. Stage 11 embryo of type QPCA resulting from 
a right-to-right transplantation.

Magnification: X 15 
Scale bar: 1.0 mm

HT heart
Normal
Heart

/
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FIGURE 4.4 Wholemount photographs of embryos in New
culture exhibiting an extra region of tissue in 
the heart area following transplantation of a 
graft of quail precardiac mesoderm into the 
heart-forming region in the chick embryo.

A. Stage 11 embryo of type QACP* resulting 
from a left-to-left transplantation.

B. Stage 11 embryo of type QPCA resulting from 

a left-to-left transplantation.

C. Stage -12 embryo of type QPCA resulting from 
a left-to-left transplantation.

D. Stage 11+ embryo of type QACA resulting from 
a right-to-right transplantation.

[*See Table 4.1 for key to abbreviations.]
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(14.6%) of the QACP combination exhibited this anomaly 
compared to three (9.7 %) in the QPCA category and one 
(10.0 and 9.1 %) in each of the control chimaera
categories (QACA and QPCP respectively). [See Table 
4.5.] None of the unoperated controls exhibited this 
anomaly.

Of the twenty-one chimaeras that exhibited the 
'compact heart1 anomaly (Figure 4.3), thirteen (28.3 %) 
were in chimaeras produced from right-to-right 
transplantations, seven (16.7 %) from left-to-left
transplantations and the remaining one from a left-to- 
right transplantation. Seventeen (54.8 %) of the
chimaeras in the QPCA category exhibited this anomaly 
in comparison to only four (9.8 %) in the QACP
category. None of the control chimaeras (QACA or QPCP) 
or of the unoperated controls exhibited compact hearts. 
[See Table 4.6.]

Of the thirteen chimaeras that exhibited the 'extra 
tissue region' anomaly (Figure 4.4), four (8.7 %) were
in chimaeras produced from right-to-right 
transplantations, with the remaining nine (21.4 %) from 
left-to-left transplantations. Six of the thirteen 
(19.4 %) chimaeras in the QPCA category exhibited this 
anomaly in comparison to three (7.3 %} in the QACP
category, three (30.0 %) in the control chimaera QACA
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category and one (9.1 %) in the control chimaera QPCP 
category. [See Table 4.7.] None of the unoperated 
controls exhibited this anomaly.

The significance of the numbers of chimaeras with 
particular anomalies arising in each transplantation 
combination was examined by the X2 method (see Tables 
4.8 to 4.14). Table 4.15 summarises the various 
results obtained by the X2 tests, and reveals whether 
the differences in the number of anomalies in the 
groups compared were significant (positively scored) or 
insignificant (negatively scored). The values for X2 
for the pooled results of the total number of anomalies 
(the last column in Table 4.15) have only been 
calculated when both positive and negative scores were 
present for the separate anomalies in each of the 
compared groups.

The results from Table 4.8 reveal that there was no 
significant difference between the number of each of 
the anomalies produced from right-to-right 
transplantations or from left-to-left transplantations. 

However, Table 4.9 reveals that the number of 
heterologous chimaeras with anomalies was significantly 
greater than the number of homologous chimaeras with 
anomalies. When examining each of the anomaly groups 
separately, the occurrence of the compact heart anomaly
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was significantly greater in the heterologous chimaeras 
than in the homologous chimaeras, but the occurrence of 
the other two anomalies (inverted heart and extra 
tissue region) was not significantly different in the 
heterologous and homologous groups.

When comparing the two groups of heterologous 
chimaeras to one another (Table 4.10), there was a 
significant difference in the number of chimaeras with 
anomalies, with more anomalies from posterior to 
anterior transplantations than from anterior to 
posterior. Similarly, the number of chimaeras with the 
compact heart anomaly was significantly greater in the 
chimaeras that had had posterior quail tissue 
transplanted to the anterior region in the chick, in 
comparison to the chimaeras that had had the reciprocal 
transplantation performed. The occurrence of the other 
two anomalies in the two categories examined was not 
significantly different.

Table 4.11 compares the heterologous group that had 
anterior quail tissue transplanted to the posterior of 
the quail, to the homologous group that had anterior 
quail transplanted to the anterior of the chick, 
therefore comparing the two groups that had quail 
tissue originating in the anterior of the quail heart- 
forming region that was transplanted to reciprocal
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areas in the chick heart-forming region. No
significant differences in the numbers of chimaeras 
with anomalies were found between the two groups.

Table 4.12 compares the heterologous group that had 

posterior quail tissue transplanted to the anterior of 
the chick, to the homologous group that had posterior 
quail transplanted to the posterior of the chick, 
therefore comparing the two groups that had quail 
tissue originating in the posterior of the quail heart- 
forming region that was transplanted to the reciprocal 
area in the chick.. The total number of anomalies was 
significantly greater in the heterologous group than in 
the homologous group. Similarly, the chimaeras in the 
heterologous group exhibited a significantly greater 
number of compact heart anomalies than those in the 
homologous group. The occurrence of the other two 
anomalies in the two categories examined was not 
significantly different.

Table 4.13 compares the heterologous group that had 
anterior quail tissue transplanted to the posterior of 
the quail, to the homologous group that had posterior 
quail transplanted to the posterior of the chick, 
therefore comparing the two groups that had quail 
tissue that was transplanted to the posterior of the 
chick heart-forming region. No significant differences
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in the numbers of chimaeras with anomalies were found 
between the two groups.

Table 4.14 compares the heterologous group that had 
posterior quail tissue transplanted to the anterior of 
the chick, to the homologous group that had anterior 
quail transplanted to the anterior of the chick, 
therefore comparing the two groups that had tissue 
originating in reciprocal areas of the quail heart- 
forming region that was transplanted to the anterior of 
the chick heart-forming region. The chimaeras in the 
heterologous group exhibited a significantly greater 
number of compact heart anomalies than those in the 
homologous group. However, the occurrence of the other 

two anomalies, and of the total number of anomalies in 
the two categories examined was not significantly 
different.

The results all show that the most critical 
transplantation was that in which posterior quail 
tissue was transplanted to the anterior region in the 
chick. Similarly the compact heart anomaly was the 
only significant anomaly to occur as a result of all 
the transplantations.
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Effect of Donor and Host Age

In the donor quail embryos, the grafts of posterior 
precardiac mesoderm were more readily removed than the 
anterior grafts and appeared thinner than the latter. 
Similarly, the grafts from the older stage 7 quail 
embryos came away more readily than those from the 
younger stage 6 embryos.

Tables 4.16 to 4.18 divide the experimental chimaeras 
into the number of donor quail and host chick embryos 
of stage 6 and stage 7 with respect to the different 
anomalies that occurred following incubation.

Table 4.16 shows that of the total 93 experimental 
chimaeras, fifty-four were produced from stage 6 host 
chick embryos and thirty-nine from stage 7. Of the 
fifty-four stage 6 host embryos, 24 (44.44 %) exhibited 
no anomaly compared to 25 (64.1 %) of the stage 7 host 
embryos. When examining the occurrence of the three 
anomalies with respect to the host age, the compact 
heart anomaly was shown to occur more frequently in 
chimaeras where the host was a stage 6 embryo with 
33.33 % of the host stage 6 embryos exhibiting this
anomaly. Contingency tables for the X* test were 
compiled comparing the frequency of occurrence of all 
the anomalies (both separately and in total) in
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chimaeras of host stage 6 to chimaeras of host stage 7. 
The only statistically significant difference between 
the two stages occurred when comparing the number of 
host stage 6 chimaeras with the compact heart anomaly 
to the number of host stage 7 chimaeras with the same 
anomaly; the occurrence being significantly greater in 
the former (see Table 4.19).

Table 4.17 divides the experimental chimaeras with 
respect to the age of the donor quail embryo and 
reveals that of the total 93 experimental chimaeras, 49 
were produced from stage 6 quail embryos and 44 from 
stage 7 quail embryos. Of the forty-nine stage 6 donor 
embryos, 24 (48.98 %) exhibited no anomaly in
comparison to 25 (56.81 %) of the forty-four stage 7
embryos. Table 4.18 further divides the donor age 
columns in Table 4.17 into host age. Contingency 
tables for the X* test were compiled comparing the 
frequency of occurrence of all the anomalies (both 
separately and in total) in chimaeras of donor stage 6 
to chimaeras of donor stage 7. None of the comparisons 
proved to be statistically significant.
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Effect of Right and Left Side

The experimental chimaeras were divided into those 
which had precardiac tissue from the right or left side 
of the quail (regardless of whether it was from the 

anterior or the posterior region) transplanted into the 
right side of the host chick heart-forming area and 
those which had right or left quail tissue transplanted 
into the left side of the chick heart-forming area (not 
tabulated). Forty-nine of the ninety-three
experimental chimaeras were produced from quail tissue 
transplanted into the right side of the chick and 
forty-four from quail tissue transplanted into the left 
side. With respect to those chimaeras that exhibited 
any of the three anomalies, 25 were from ' into-right- 
side1 transplantations compared to 20 from 'into-left- 
side’ transplantations. Statistical analysis revealed 
that there was no significant difference in the 
occurrence of anomalies between the into-right-side and 
the into-left-side transplantations.
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Histological examination of chimaeras

Serial sections of the chick-quail chimaeras that had 
been stained in order to differentiate the quail cells 
from the chick cells were examined. This was to
determine whether the cells in the quail graft had 
altered their development according to their new 
position or according to their original fate i.e. 
whether or not the quail precardiac tissue was 
committed at the time of grafting.

The quail cells were identified in the majority of 
the sectioned chimaeras and were always located in the 
corresponding area to where they had originally been 
transplanted (Figures 4.5 to 4.9) so that where quail 
grafts had been transplanted to the anterior of the 
chick heart-forming region, quail cells were later 
found in the anterior of the heart region. Similarly, 
where quail grafts were transplanted to the posterior 
of the chick heart-forming region, quail cells were 
subsequently located in the posterior of the heart 
region. In some specimens the quail cells formed part 
of the atrial (Figure 4.9) or ventricular walls (Figure 
4.6), but in the majority of specimens the quail cells 
tended to be present in a large mass either within the 

heart (Figure 4.5 B) , extending from the heart wall 
either into the heart (Figure 4.5A and 4.8) or external
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FIGURE 4-5 Longitudinal sections of chick-quail chimaeras 
showing histology of heart region and location 
of transplanted quail cells.

A. Stage 11 chimaeric embryo, resulting from a 
transplantation of anterior quail tissue to 
posterior chick (QACP). Quail cells are 
visible in the atrial lumen and atrium wall.

B. Stage -11 chimaeric embryo with compact 
heart, resulting from a transplantation of 
posterior quail tissue to anterior chick 
(QPCA). Quail cells are visible within the 
ventricular lumen.

C. Stage 11 chimaeric embryo compact heart, 
resulting from a transplantation of posterior 
quail tissue to anterior chick (QPCA). Quail 
cells are visible in the anterior region of 
the embryo, external to the heart itself.

A Magnification: X 96 Scale bar: 100 pm

B and C Magnification: X 155 Scale bar: 100 pm

A atrium 
QC quail cells 
V ventricle
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FIGURE 4.6 Longitudinal sections of a chick-quail chimaera 
with the compact heart anomaly, showing 
histology of heart region and location of 
transplanted quail cells.

A. Stage 10+ chimaeric embryo resulting from a 
transplantation of posterior quail tissue to 
anterior chick (QPCA).

Magnification: X 155 Scale bar: 100 pm

B. Higher magnification of the same chimaeric 
embryo. Quail cells are visible in the 
anterior ventricular wall.

Magnification: X 387 Scale bar: 50 pm

End Endocardium
Epi Epimyocardium
Ht Heart

QC Quail cells
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Figure 4.7 Longitudinal sections of a chick-quail chimaera 
with the compact heart anomaly, showing 
histology of heart region and location of 
transplanted quail cells.

A. Stage 10 chimaeric embryo resulting from a 
transplantation of posterior quail tissue to 
anterior chick (QPCA).

Magnification: X 155 Scale bar: 100 pm

B. Higher magnification of the same chimaeric 
embryo. Quail cells are visible in the 
anterior ventricular wall and as a mass 
protruding from the wall.

Magnification: X 387 Scale bar: 50 \im

A Atrium
End Endocardium
Epi Epimyocardium

QC Quail cells
V Ventricle
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Figure 4.8 Longitudinal sections of a chick-quail chimaera 
with the compact heart anomaly, showing 
histology of heart region and location of 
transplanted quail cells.

A. The same chimaeric embryo as in Figure 4.7 
showing a serial section from further along the 
specimen.

Magnification: X 155 Scale bar: 100 urn

B. Higher magnification of the same chimaeric 
embryo. Quail cells are visible in the 
anterior ventricular wall and also as a mass 
protruding into the ventricular lumen.

Magnification: X 387 Scale bar: 50 vim

A Atrium
End Endocardium
Epi Epimyocardium

QC Quail cells
V Ventricle
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Figure 4.9 Longitudinal sections of a chick-quail chimaera 
showing histology of heart region and location 
of transplanted quail cells.

A. Stage -11 chimaeric embryo resulting from a 
transplantation of anterior quail tissue to 
posterior chick (QACP).

Magnification: X 155 Scale bar: 100 pm

B. Higher magnification of the same chimaeric 
embryo. Quail cells are visible in the 
posterior atrial wall.

Magnification: X 387 Scale bar: 50 pm

A Atrium
End Endocardium
Epi Epimyocardium

QC Quail cells
V Ventricle
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to the heart (Figure 4.7), or as a mass completely 
external to the heart itself (Figure 4.5C).

The histological examination revealed that the extra 
tissue regions seen in the initial morphological 

examination of the chimaeras exhibiting these anomalies 
prior to sectioning, did not generally correspond to 
the location of the transplanted graft of quail cells. 
When identified in the histological sections, the extra 

region consisted of only chick, or chick and quail 
cells in the majority of specimens, and these areas of 
the heart wall did not appear to differ from other 
areas.

Although the location of the quail cells could be 
identified, it was not possible to determine whether 
the quail cells had differentiated into atrial or 
ventricular tissue due to the frequent presence of the 
quail cells as large masses of cells that were not 
usually part of the heart wall. Therefore, in order to 
ascertain whether a difference existed between the 
thickness of the atrial and ventricular heart walls, 
random measurements of these areas were taken and 

analyzed.
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Width of Heart Walls

The thicknesses of the sectioned atrium and ventricle 
walls in unoperated chick embryos, unoperated quail 
embryos and the experimental chimaeras were measured on 

photographs of equal magnification. For each embryo 
three random measurements were taken of both the atrium 
and ventricle wall to obtain an average width 
measurement which was expressed in urn (See Figure 4.10 
and Table 4.20 A-C). The heart walls measured in the 
experimental chimaera group consisted of those from 
embryos that had exhibited anomalies and those that had 
not exhibited any anomalies. Where the quail tissue in 
the chimaeras was in part of the heart wall, at least 
one of the three random wall measurements was taken 
from this area

T tests were performed on the data obtained, 
comparing the thickness of the atrium wall to the 
thickness of the ventricle wall within each group and 
also comparing the thickness of the atrium wall in all 
three groups and the thickness of the ventricle wall in 
all the three groups. (See Appendix XVI for the 
statistical data for the t tests performed).

Statistical analysis revealed that the thickness of 
the ventricle walls was significantly greater than the
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FIGURE 4.10 Longitudinal sections of a chick embryo showing 
histology of the head and heart region.

A. Stage 11+ chick embryo.

Magnification: X 155 Scale bar: 100 pm

B. Higher magnification of a chick embryo heart 
showing three random measurements taken for the 
width of both the atrial and ventricular walls.

Magnification: X 387 Scale bar: 50 pm

DA Dorsal Aortae
E Endoderm
End Endocardium

Epi Epimyocardium

FB Forebrain
Ht Heart
P Pharynx

PAA Pharyngeal Arch Artery
PC Peritoneal Cavity
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|o Ventricular Wall
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thickness of the atrium walls in the unoperated chick 
embryos and the unoperated quail embryos (t = 3.08 and 
t = 3.13 respectively, at 1.0 % significance level). 
However in the experimental chimaeras there was no 
significant difference in the thickness of the atrium 

and ventricle walls (t = 1.137, at 5.0 % significance 
level).

When comparing the thickness of the atrial walls in 
unoperated chick and unoperated quail embryos, the 
quail atrial walls were shown to be significantly 
thicker than those of the chick (t = 4.92, at 0.1 % 
significance level). However, when comparing the 
chimaera atrial walls separately to those of the 
unoperated chick and unoperated quail, there was a 
significant difference between the chick and chimaera 
atria (with the chimaera atrial walls being thicker 
than those of the chick, t = 4.93, at 0.1 %
significance level) but not between the quail and the 
chimaera atria (t = 1.19, at 5 % significance level).

Similarly, the thickness of the ventricular walls 
was significantly greater in the unoperated quail 
embryos than in the unoperated chick embryos (t = 3.12, 
at 1.0 % significance level). When comparing the
chimaera ventricular walls separately to those of the 
unoperated chick and unoperated quail, there was again
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a significant difference between the chick and chimaera 
walls (with the chimaera ventricular walls being 
thicker than those of the chick, t = 2.66, at 2.0 % 
significance level) but not between the quail and the 
chimaera atria (t = 0.53, at 5 % significance level).

271



Embryo length

As in Chapter Two, measurements were taken of the 
total length of the embryo and of the distance from the 
head apex to the anterior intestinal portal in the 
chimaeras which exhibited the three anomalies (Table 
4.21 A-C). These were compared to unoperated control 
chick embryos (Table 2.7). T tests were performed on 
the results to determine whether statistically 
significant differences existed between the mean total 
embryo length, the mean distance from the head apex to 
the anterior intestinal portal, and the mean of the 
second distance expressed as a percentage of the first, 
when comparing the unoperated chick group to each of 
the group of anomalies. (See Appendix XVII for t Test 
data.)

Using a significance level of t<0.01, the total 
length of the embryos when compared to the unoperated 
chick group, was found to be significantly shorter in 
the chimaeras that exhibited the compact heart anomaly 
or the inverted heart anomaly but not in the extra 
tissue region anomaly group ( tD = 2.81. 3.09 and 1.87 
respectively).

Statistical analysis comparing the distance in the 
unoperated chick embryos from the head apex to the
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anterior intestinal portal to the same distance in the 
chimaeras exhibiting anomalies, revealed that the 
distance was significantly shorter in the compact heart 
chimaeras, when using a significance level of t<0.001 
( tE = 5.80, highly significant). This same distance 
was significantly shorter in the inverted heart 
chimaeras , but at a lesser significance level of 
t<0.01 ( tE = 3.20). The same distance in the extra
tissue region chimaeras was not significantly shorter 
than in the unoperated chick embryos (tE = 1.55).

The distance from the head apex to the anterior
intestinal portal expressed as a percentage of the 
total embryo length provides a measurement of 
proportion with respect to whether the former distance 
is in proportion with the length of the whole embryo. 
Results of the t test revealed that proportion of the 
head length to the total embryo length was
significantly smaller in the compact heart chimaeras 
(using a significance level of t<0.01, tF = 7.75)
whereas the same distance was in proportion in both the
inverted heart chimaeras and the extra tissue region
chimaeras (tF = 1.53 and 0.89 respectively).
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TABLE 4.1: Record of various combinations of control and 
experimental chimaeric embryos produced from donor 

quail embryos and recipient chick embryos.

Chimaeric
Combination

Right-Right
(R-R)1

Left-Left
(L-L)2

Left-Right 
(L-R or R-L)3 TOTAL

QACP4 
(heterologous)

22 17 2 41

QPCA3 
(heterologous)

15 15 1 31

QACA6 
(homologous)

5 5 - 10

QPCP7 
(homologous)

4 5 2 11

TOTAL
(operated)

46 42 5 93

TOTAL
(unoperated) - - - 15

1 Graft from the right side of the quail transplanted to the 
right side of the chick.

2 Graft from the left side of the quail transplanted to the
left side of the chick.

3 Graft from either the left or right side of the quail
transplanted to the opposite side of the chick.

4 Graft from the anterior region of the quail transplanted to 
the posterior region of the chick.

3 Graft from the posterior region of the quail transplanted to 
the anterior region of the chick.

6 Graft from the anterior region of the quail transplanted to 
the anterior region of the chick. This acts as a control 
chimaera.

7 Graft from the posterior region of the quail transplanted to 
the posterior region of the chick. This acts as a control 
chimaera.
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TABLE 4.2: Number and percentage of comparative
ages of chimaeric embryos produced.

Chimaeric
Combination

Q > C* Q = C2 Q < C3
Number

TOTAL
Percentage

QACP
(heterologous)

20 9 12 41 44.1

QPCA
(heterologous)

16 11 4 31 33.3

QACA
(homologous)

5 2 3 10 10.8

QPCP
(homologous)

4 2 5 11 11.8

TOTAL Number 45 24 24 93
Percentage 48.4 25.8 25.8

1 Donor quail embryo is older than host chick embryo.
2 Donor quail embryo and host chick embryo are the same stage.
3 Donor quail embryo is younger than host chick embryo.
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TABLE 4.3: Number of donor (quail) and host 
(chick) embryos used from each stage.

Chimaeric Embryo 
Combination

Stage 6 Stage 7 TOTAL

QACP (heterologous)
quail 25 16 41
chick 27 14 41

QPCA (heterologous)
quail 18 13 31
chick 23 8 31

CONTROLS quail 12 9 21
(QACA & QPCP)
(homologous) chick 13 8 21

TOTAL 118 68 186
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TABLE 4.4: Number and percentage of each type of anomaly
observed in the chimaeric embryos.

Anomalies Number Percentage1

Inverted heart2 11 11.8

Compact heart3 21 22.6

Extra tissue region 
visible4

13 14.0

TOTAL 45 48.4

1 Percentage is calculated from the total number of chimaeric 
embryos produced (93).

2 Inverted heart refers to those embryos in which the 
heart was bending toward the embryo's left rather than the 
more common bending toward the right.

3 Compact heart refers to hearts that appeared not to have 
fused or looped properly and were therefore of a more 
'solid' appearance.

4 Extra tissue region visible refers to those embryos that, 
although of normal appearance, possessed additional tissue 
that was either a small region of tissue protruding from the 
rest of the heart, or appeared as an extra heart region.
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TABLE 4.5: Number and percentage of those embryos exhibiting 
the inverted1 heart anomaly, divided 

into various combinations.

(See Table 4.1 for key to abbreviations of combinations in column 
one. )

Chimaeric
Combinations

Number (Total) Percentage1

R-R 7 46 15.2
L-L 4 42 9.5

R-L or L-R 0 5

QACP 
(heterologous)

6 41 14.6

QPCA 
(heterologous)

3 31 9.7

QACA 
(homologous)

1 10 14.6

QPCP 
(homologous)

1 11 10.1

Unoperated
Controls

0 15 0.0

TOTAL 11

Percentage is calculated from the total number of embryos 
that are in each particular combination category and not 
from the total number of embryos that exhibited that 
particular anomaly.
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TABLE 4.6: Number and percentage of those embryos exhibiting 
the ’compact heart1 anomaly, divided into various combinations.

(See Table 4.1 for key to abbreviations of combinations in 
column one.)

Chimaeric
Combinations

Number (Total) Percentage1

R-R 13 46 28.3
L-L 7 42 16.7

R-L or L-R 1 5 20.0

QACP 
(heterologous)

4 41 9.8

QPCA 
(heterologous)

17 31 54.8

QACA 
(homologous)

0 10 0.0

QPCP 
(homologous)

0 11 0.0

Unoperated
Controls

0 15 0.0

TOTAL 21

Percentage is calculated from the total number of embryos 
that are in each particular combination category and not 
from the total number of embryos that exhibited that 
particular anomaly.
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TABLE 4.7: Number and percentage of those embryos exhibiting
the 'extra tissue region' anomaly, divided 

into various combinations.

(See Table 4.1 for key to abbreviations of combinations in 
column one.)

Chimaeric
Combinations

Number (Total) Percentage1

R-R 4 46 8.7
L-L 9 42 21.4

R-L or L-R 0 5

QACP 
(heterologous)

3 41 7.3

QPCA 
(heterologous)

6 31 19.4

QACA 
(homologous)

3 10 30.0

QPCP 
(homologous)

1 11 9.1

Unoperated
Controls

0 15 0.0

TOTAL 13

Percentage is calculated from the total number of embryos 
that are in each particular combination category and not 
from the total number of embryos that exhibited that 
particular anomaly.
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TABLE 4.8 A-C: Contingency Tables for X2 Test 
Comparing the Frequency of Occurrence of Anomalies 

in the R-R and L-L transplantation groups.
Table 4.8 A: Data for 'Inverted Heart1 Anomaly: R-R vs L-L
No. R-R chimaeras with anomaly 

Total no. R-R chimaeras
No. L-L chimaeras with anomaly 

Total no. L-L chimaeras
7
46

4
42

X2 = (184 - 294)2 x 99
53 x 46 x 11 x 88

7 46 53

4 42 46

11 88 99

= 1197900
2359984

X2 = 0.508

Therefore X2 is not 
significant at a 
probability of 0.05

Table 4.8 B: Data for 'Compact Heart* Anomaly: R-R vs L-L
No. R-R chimaeras with anomaly : No. L-L chimaeras with anomaly

Total no. L-L chimaerasTotal no. R-R chimaeras

13 : 7
46 42

13 46 59

7 42 49

20 88 108

X2 = (322 - 546)2 x 108 
59 x 49 x 20 x 88

= 5419008
5088160

X2 = 1.065

Therefore X2 is not
significant at a
probability of 0.05
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Table 4.8 C: Data for 'Extra Tissue1 Anomaly: R-R vs L-L
No. R-R chimaeras with anomaly : No. L-L chimaeras with anomaly 

Total no. R-R chimaeras Total no. L-L chimaeras

4
46

9
42

X2 = (414 ~ 168)2 x 101
50 x 51 x 13 x 88

4 46 50

9 42 51

13 88 101

= 6112116 
2917200

X? = 2.095

Therefore X2 is not 
significant at a 
probability of 0.05
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TABLE 4.9 A-D: Contingency Tables for X2 Test 
Comparing the Frequency of Occurrence of Anomalies in the 

Total Heterologous groups and Total Homologous Groups 
[QACP + QPCA : QACA + QPCP]

Table 4,9 A: Data for 'Inverted Heart* Anomaly
No. heterologous chimaeras
______with anomaly________

Total no. heterologous 
chimaeras

No. homologous chimaeras
_______with anomaly_____

Total no. homologous 
chimaeras

9
72

2
21

X2 = (144 - 189)2 x 104
81 x 23 x 93 x 11

9 72 81

2 21 23

11 93 104

= 2106000 
1905849

X2 = 0.111

Therefore X2 is not 
significant at a 
probability of 0.05

Table 4.9 B: Data for 'Compact Heart' Anomaly
No. heterologous chimaeras
______with anomaly________

Total no. heterologous 
chimaeras

No. homologous chimaeras
_______with anomaly_____

Total no. homologous 
chimaeras

21
72

0
21

X2 = (441 - 0)2 x 114
93 x 21 x 21 x 93

21 72 93

0 21 21

21 93 114

= 22170834
3814209

X2 = 5.813

Therefore X2 is highly
significant at a
probability of 0.02
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Table 4.9 C: Data for * Extra Tissue Region* Anomaly
No. heterologous chimaeras
______with anomaly________

Total no. heterologous 
chimaeras

No. homologous chimaeras
_______with anomaly_____

Total no. homologous 
chimaeras

9
72

4
21

X? = (288 - 189)2 x 106
81 x 25 x 13 x 93

9 72 81

4 21 25

13 93 106

= 1038906
2448225

A2 = 0.424

Therefore .X2 is not 
significant at a 
probability of 0.05

Table 4.9 D: Data for Total Number of Anomalies
Total no. heterologous chimaeras
________with anomalies__________

Total no. heterologous 
chimaeras

Total no. homologous chimaeras
_________ with anomalies_______

Total no. homologous 
chimaeras

39
72

6
21

39 72 111

6 21 27

45 93 138

X* = (819 ~ 432)2 x 138
111 x 27 x 45 x 93

= 20668122 
12542445

X2 = 1.648

Therefore X? is not 
significant at a 
probability of 0.05
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TABLE 4.10 A-D: Contingency Tables for X2 Test
Comparing the Frequency of Occurrence of Anomalies 

in the two Heterologous groups (QACP : QPCA)
Table 4.10 A; Data for ’Inverted Heart' Anomaly:OACP vs QPCA 
[Comparing both heterologous combinations]
No, QACP chimaeras with anomaly 

Total no. QACP chimaeras
6 : 3

41 31

6 41 47

3 31 34

9 72 81

No. QPCA chimaeras with anomaly 
Total no. QPCA chimaeras
X2 = (123 ~ 186)2 x si

47 x 34 x 9 x 72
= 321489

1035504
X? = 0.311

Therefore X? is not 
significant at a 
probability of 0.05

Table 4.10 B: Data for * Compact Heart* Anomaly;QACP vs QPCA 
[Comparing both heterologous combinations]
No. QACP chimaeras with anomaly : No. QPCA chimaeras with anomaly 

Total no. QACP chimaeras Total no. QPCA chimaeras

__4
41

17
31

X? = (697 - 124)2 x 93
45 x 48 x 21 x 72

4 41 45

17 31 48

21 72 93

= 30534597
3265920

X2 = 9.349

Therefore X? is highly
significant at a
probability of 0.01
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Table 4.10 C: Data for 'Extra Tissue* Anomaly:QACP vs QPCA 
[Comparing both heterologous combinations]
No. QACP chimaeras with anomaly : No. QPCA chimaeras with anomaly 

Total no. QACP chimaeras Total no. QPCA chimaeras

3
41

6
31

X2 = (246 - 93)2 x 81
44 x 37 x 9 x 72

3 41 44

6 31 37

9 72 81

= 1896129
1054944

A2 = 1.797

Therefore X? is not 
significant at a 
probability of 0.05

Table 4.10 D: Data for Total Number of Anomalies
Total no. QACP chimaeras
______with anomaly______
Total no. QACP chimaeras

Total no. QPCA chimaeras
______with anomaly______
Total no. QPCA chimaeras

13
41

26
31

13 41 54

26 31 57

39 72 111

&  = (1066 - 403)2 x 111
54 x 57 x 39 x 72

= 48792159
8643024

A2 = 5.645

Therefore X? is highly 
significant at a 
probability of 0.02
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TABLE 4.11 A-C; Contingency Tables for X2 Test Comparing 
The Frequency of Occurrence of Anomalies in the 

Heterologous and Homologous groups that had Tissue 
Transplanted from the Anterior Region of the Quail

[QACP : QACA]
Table 4.11 A; Data for 'Inverted Heart* Anomaly:
No. QACP chimaeras with anomaly : No. QACA chimaeras with anomaly 

Total no. QACP chimaeras Total no. QACA chimaeras

6
41

1
10

X2 = (60 ~ 41)2 x 58
47 x 11 x 7 x 51

6 41 47

1 10 11

7 51 58

X2 =

= 20938
184569
0.113

Therefore X? is not 
significant at a 
probability of 0.05

Table 4.11 B: Data for ’Compact Heart* Anomaly:
No. QACP chimaeras with anomaly : No. QACA chimaeras with anomaly 

Total no. QACP chimaeras Total no. QACA chimaeras

4
41

0
10

X2 = (40 ~ 0)2 x 55
45 x 10 x 4 x 51

4 41 45

0 10 10

4 51 55

X2 =

= 88000 
91800
0.959

Therefore X2 is not
significant at a
probability of 0.05
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Table 4.11 C: Data for * Extra Tissue1 Anomaly:
No. QACP chimaeras with anomaly : No. QACA chimaeras with anomaly 

Total no. QACP chimaeras Total no. QACA chimaeras

3
41

3
10

X2 = (123 - 30)2 x 57
44 x 13 x 6 x 51

3 41 44

3 10 13

6 51 57

= 492993
175032
2.817

Therefore A!2 is not 
significant at a 
probability of 0.05
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TABLE 4.12 A-D: Contingency Tables for X2 Test Comparing 
The Frequency of Occurrence of Anomalies in the 

Heterologous and Homologous groups that had Tissue 
Transplanted from the Posterior Region of the Quail

[QPCA : QPCP]
Table 4.12 A: Data for * Inverted Heart1 Anomaly:
No, QPCA chimaeras with anomaly : No. QPCP chimaeras with anomaly 

Total no. QPCA chimaeras Total no. QPCP chimaeras

3
31

1
11

3 31 34

1 11 12

4 42 46

X2 = (33 ~ 31)2 x 46
34 x 12 x 4 x 42

= 184
68544

X? = 0.003

Therefore X? is not 
significant at a 
probability of 0.05

Table 4.12 B: Data for 'Compact Heart* Anomaly:
No. QPCA chimaeras with anomaly : No. QPCP chimaeras with anomaly 

Total no. QPCA chimaeras Total no. QPCP chimaeras

17.
31

0
11

X2 = (187 - 0)2 x 59
48 x 11 x 17 x 42

17 31 48

0 11 11

17 42 59

= 2063171
376992

X? = 5.47

Therefore X? is highly
significant at a
probability of 0.02
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Table 4.12 C: Data for ’Extra Tissue* Anomaly:
No. QPCA chimaeras with anomaly : No. QPCP chimaeras with anomaly 

Total no. QPCA chimaeras Total no. QPCP chimaeras

6
31

1
11

A2 = (66 - 31)2 x 49
37 x 12 x 7 x 42

6 31 37

1 11 12

7 42 49

A2 =

= 60025
130536
0.460

Therefore A2 is not 
significant at a 
probability of 0.05

Table 4.12 D: Data for Total number of anomalies:
Total no. QPCA chimaeras
_____with anomalies_____
Total no. QPCA chimaeras

Total no. QPCP chimaeras
_____with anomalies_____
Total no. QPCP chimaeras

26
31

2
11

A2 = (286 ~ 62)2 x 70
57 x 13 x 28 x 42

26 31 57

2 11 13

28 42 70

= 3512320
871416

A2 = 4.031

Therefore A2 is
significant at a
probability of 0.05
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TABLE 4.13 A-C: Contingency Tables for X2 Test Comparing 
The Frequency of Occurrence of Anomalies in the 

Heterologous and Homologous groups that had Tissue 
Transplanted to the Posterior Region of the Chick

[QACP : QPCP]
Table 4.13 A: Data for * Inverted Heart* Anomaly:
No. QACP chimaeras with anomaly : No. QPCP chimaeras with anomaly 

Total no. QACP chimaeras Total no. QPCP chimaeras

6
41

1
11

6 41 47

1 11 12

7 52 59

X2 = (66 - 41)2 x 59
47 x 12 x 7 x 52

= 36875
205296
0.180

Therefore X? is not 
significant at a 
probability of 0.05

Table 4.13 B: Data for Compact Heart' Anomaly:
No. QACP chimaeras with anomaly : No. QPCP chimaeras with anomaly 

Total no. QACP chimaeras Total no. QPCP chimaeras

_4
41

0
11

4 41 45

0 11 11

4 52 56

-X2 = (44 ~ 0)2 x 56

X2 =

45 x 11 x 4 x 52 
108416
102960
1.053

Therefore X? is not
significant at a
probability of 0.05
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Table 4.13 C; Data for 'Extra Tissue' Anomaly:
No, QACP chimaeras with anomaly : No. QPCP chimaeras with anomaly 

Total no. QACP chimaeras Total no. QPCP chimaeras

3
41

1
11

3 41 44

1 11 12

4 52 56

X2 = (41 - 33)2 x 56
44 x 12 x 4 x 52

= 3584
109824

X* = 0.03

Therefore X? is not 
significant at a 
probability of 0.05
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TABLE 4.14 A-D; Contingency Tables for X2 Test Comparing 
The Frequency of Occurrence of Anomalies in the

Heteroloaous and Homoloaous arouDS that had Tissue
Transplanted to the Anterior Reaion of the Chick

[QPCA : QACA]
Table 4.14 A: Data for 'Inverted Heart* Anomaly:
No. QPCA chimaeras with anomaly : No. QACA chimaeras with anomaly

Total no. QPCA chimaeras Total no. QACA chimaeras

3
31

1
10

3 31 34

1 10 11

4 41 45

&  =

A2 =

(31 - 30)2 x 45 
34 x 11 x 4 x 41
45

61336
0.0007

Therefore A2 is not 
significant at a 
probability of 0.05

Table 4.14 B: Data for 'Compact Heart' Anomaly:
No. QPCA chimaeras with anomaly : No. QACA chimaeras with anomaly 

Total no. QPCA chimaeras Total no. QACA chimaeras

17
31

0
10

17 31 48

0 10 10

17 41 58

A2 = (170 - 0)2 x 58
48 x 10 x 17 x 41

= 1676200
334560

JK2 = 5.010

Therefore .X2 is
significant at a
probability of 0.05
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Table 4.14 C: Data for 'Extra Tissue* Anomaly:
No. QPCA chimaeras with anomaly : No. QACA chimaeras with anomaly

Total no. QPCA chimaeras Total no. QACA chimaeras

6
31

3
10

X* = (60 ~ 93)2 x 50
37 x 13 x 9 x 41

6 31 37

3 10 13

9 41 50

-X2 =

= 54450
177489
0.307

Therefore -X2 is not 
significant at a 
probability of 0.05

Table 4.14 D: Data for Total number of anomalies:
Total no. QPCA chimaeras
_____with anomalies_____
Total no. QPCA chimaeras

Total no. QACA chimaeras
_____with anomalies_____
Total no. QACA chimaeras

26
31

4
10

X* = (260 ~ 124)2 x 71
57 x 14 x 30 x 41

26 31 57

4 10 14

30 41 71

= 1313216
981540

X2 = 1.338

Therefore X2 is not 
significant at a 
probability of 0.05
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TABLE 4.15: Summary of Results of X2 Tests in Tables 4.8 to 4.14
ANOMALY

Inverted
heart

Compact
heart

Extra
tissue
region

Total
Anomalies

TABLE GROUPS
COMPARED

4.8 R-R : L-L -VE -VE -VE

4.9 QACP QACA 
+ : + 

QPCA QPCP
-VE +VE -VE +VE

4.10 QACP : QPCA -VE +VE -VE +VE

4.11 QACP : QACA -VE -VE -VE

4.12 QPCA : QPCP
9

-VE +VE -VE +VE

4.13 QACP : QPCP -VE -VE -VE

4.14 QPCA : QACA -VE +VE -VE -VE

-VE denotes a result for X2 that was not significant at a 
probability of 0.05f so that the numbers of chimaeras with
anomalies in the two groups compared were not significantly 
different from one another.
+VE denotes a result for X2 that was highly significant at a
probability of 0.05, so that the numbers of chimaeras with
anomalies in the two groups compared were significantly different
from one another.
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TABLE 4.16: Effect of Host Age on the Occurrence of Anomalies
in the experimental (Homologous and Heterologous) Chimaeras

HOST AGE
ANOMALY STAGE 6 STAGE 7 TOTAL

Number Percentage Number Percentage

Inverted
heart

6 11.11 % 5 12.82 % 11

Compact
heart

18 33.33 % 3 7.70 % 21

Extra
Tissue
Region

7 12.96 % 6 15.38 % 13

Total 
number of 
anomalies

31 14 45

Normal (no 
anomaly)

24 44.44 % 25 64.10 % 49

TOTAL 
NUMBER OF 
CHIMAERAS

54* 39 93*

* The total number of chimaeras is not necessarily the total 
number of anomalies added to the total number of chimaeras 
without anomalies as one chimaera exhibited two of the anomalies.
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TABLE 4.17: Effect of Donor Age on the Occurrence of Anomalies
in the experimental (Homologous and Heterologous) Chimaeras

DONOR AGE
ANOMALY STAGE 6 STAGE 7 TOTAL

Number Percentage Number Percentage

Inverted
heart

4 8.13 % 7 15.91 % 11

Compact
heart

15 30.61 % 6 13.64 % 21

Extra
Tissue
Region

7 14.29 % 6 13.64 % 13

Total 
number of 
anomalies

26 19 45

Normal (no 
anomaly)

24 48.98 % 25 56.81 % 49

TOTAL 
NUMBER OF 
CHIMAERAS

49* 44 93*

* The total number of chimaeras is not necessarily the total 
number of anomalies added to the total number of chimaeras 
without anomalies as one chimaera exhibited two of the anomalies.
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TABLE 4.18: Effect of Donor and Host age on the
Occurrence of Anomalies in the experimental 

(Homologous and Heterologous) Chimaeras

DONOR AGE
ANOMALY STAGE 6 STAGE 7 TOTAL

Host age Host age
Stage 6 Stage 7 Stage 6 Stage 7

Inverted
heart

3
(9.09 %)

1
(6.25 %)

3
(14.29 %)

4
(17.39 %)

11

Compact
heart

13
(39.39 %)

2
(12.50 %)

5
(23.81 %)

1
(4.35 %)

21

Extra
Tissue
Region

4
(10.26 %)

3
(18.75 %)

3
(14.29 %)

3
(13.04 %)

13

Total 
number of 
anomalies

20 6 11 8 45

Normal (no 
anomaly)

14
(35.90 %)

10
(62.50 %)

10
(47.60 %)

15
(65.22 %)

49
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TABLE 4.19 :Contingency Table for X2 Test Comparing the
Frequency of Occurrence of the Block Heart Anomaly in 

Chimaeras where the Host was of stage 6 to 
chimaeras where the host was of stage 7

No. Host stage 6 chimaeras 
with compact heart anomaly 
Total no. Host stage 6 

chimaeras

No. Host stage 7 chimaeras 
with compact heart anomaly 
Total no. Host stage 7 

chimaeras

18
54

_3
39

X2 = (702 - 1622 x 114
72 x 42 x 21 x 93

18 54 72

3 39 42

21 93 114

= 33242400
5905872

X2 = 5.63

Therefore X* is highly 
significant at a 
probability of 0.05
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TABLE 4.20 A-C: Measurements of thickness of atrium and
ventricle walls in unoperated chick, unoperated quail 

and experimental chick-quail chimaeric embryos.
Table 4.20 A: Unoperated chick embryos

ATRIUM (pm) VENTRICLE (pm)
12.5 1 1 . 6

10.3 14.6
8 . 2 1 0 . 8

8 . 6 9.9
1 2 . 1 16.4
9.5 14.2
9.0 1 1 . 2

10.3 15.9

Mean 1 0 . 1 13.1
Range 8.2 - 12.5 9.9 - 16.4
Standard
Deviation

1.469 2.33

The age of the unoperated chick embryos ranged from 
stage -11 to stage 12 (Hamburger and Hamilton, 1951).
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Table 4.20 B: Unoperated quail embryos

ATRIUM (pm) VENTRICLE (pm)

1 1 . 2 18.1
13.8 2 2 . 0

12.5 16.4
1 2 . 1 16.8
17.2 15.9
14.6 17.2
13.4 18.9
13.4 15.9
12.9 12.9
1 1 . 6 12.9

Mean 13.7 16.7
Range 11.2 - 17.2 12.9 - 22.0
Standard
Deviation

1.63 2.56

The age of the unoperated quail embryos ranged from 
stage 11 to stage 12+ (Hamburger and Hamilton, 1951).
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Table 4.20 C; Experimental chick-quail chimaeras

ATRIUM (pm) VENTRICLE (pm)

14.6 13.8
9.0 1 0 . 8

15.9 13.8
15.9 14.2
9.5 13.8

20.7 1 0 . 8
1 2 . 1 15.9
15.9 14.6
19.4 2 2 . 8
12.5 12.9
9.0 13.3
9.9 1 2 . 1

16.8 2 2 . 8
1 2 . 1 15.9
15.1 16.4
14.6 17.7
23.7 22.4
19.4 2 1 . 1
15.5 18.1
16.4 17.2
16.4 19.4
1 2 . 1 14.6

Mean 14.84 16.11
Range 9.0 - 23.7 1 0 . 8  - 2 2 . 8

Standard 3.79 3.62
Deviation

The age of the chick-quail chimaeras ranged from stage 
-10 to stage 12 (Hamburger and Hamilton, 1951) .
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TABLE 4.21 A-C: Length measurements of chimaeric 
embryos displaying the various anomalies.

Total length of embryo (D) ; length from apex of head to anterior 
intestinal portal (E) ; and the latter expressed as a percentage 
of total body length (F) are given. Measurements are in mm.
Table 4.21 A: Chimaeras with compact heart anomaly

Specimen D
(mm)

E
(mm)

F
(%)

C6 5.47 1.40 25.6
C14 4.53 1.27 28.0
C24 6.07 1.67 27.5
C30 5.10 1.60 31.4
C39 5.20 1.40 26.9
C45 6.50 2 . 2 0 33.8
C46 5.90 1.80 30.5
C52 5.35 1.45 27.1
C54 4.85 1 . 1 0 22.7
C60 6.07 1.67 27.5
C96 3.20 0.95 29.7
C97 3.95 0.85 21.5
C98 4.53 1 . 2 0 26.5
C101 5.20 1.17 22.5
C102 4.93 1.24 25.5
C105 5.52 1.52 27.5
C106 5.72 1 . 6 8 29.4
C108 5.60 1.70 30.4
C109 4.84 1.32 27.3

Mean 5.19 1.43 27.4
Range 3.20 - 6.50 0.85 - 2.20 21.5 - 33.8
Standard
Deviation

0.765 0.315 3.038
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Table 4.21 B: Chimaeras with inverted heart anomaly

Specimen D E F
(mm) (mm) (%)

C2 4.54 1.44 31.7
C15 4.60 1.70 37.0
C20 5.70 1.70 29.8
C26 5.28 1.63 30.9
C37 5.30 1.63 30.8
C71 5.77 2 . 0 1 34.8
C92 5.31 1 . 8 8 35.4
C94 5.11 1.57 30.7

Mean 5.20 1.70 32.64
Range 4.54 - 5.77 1.44 - 2.01 29.8 - 35.4
Standard 0.419 0.167 2.51
Deviation

Table 4.21 C: Chimaeras with extra tissue region anomaly

Specimen D E F
(mm) (mm) (%)

C23 5.73 2 . 0 1 35.1
C25 5.65 1.85 32.7
C29 5.80 1 . 8 8 32.4
C47 5.74 2 . 0 1 35.0
C57 5.44 1.92 35.3
C62 5.46 1.94 35.5
C80 5.25 1.67 31.8
C85 5.37 1.76 32.8
C87 5.65 1.85 32.7
C104 5.35 1.76 32.9

Mean 5.54 1.87 33.62
Range 5.25 - 5.80 1.67 - 2.01 31.8 - 35.5
Standard 0.183 0.106 1.347
Deviation
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DISCUSSION

The aims of the experiments in this chapter were to 
ascertain whether the transplantation of precardiac 
tissue within the heart-forming region of chick embryos 
provided further information about heart development 
and regional commitment in the precardiac area, whether 
commitment takes place at the same time for all the 
regions and, following this, to determine whether 
positional information plays a role in the regional 
commitment. Although it was not possible to fulfill 
all these aims, some significant results were obtained 
which have a bearing on our understanding of heart 
looping.

Morphological Examination

The general morphology of the heart was examined in 
wholemounts of the ninety-three chick-quail chimaeras 
prior to fixation and histological analysis in order to 
ascertain whether any morphological differences were 
apparent. Three recurring anomalies were visible, 
although following statistical analysis it was found 
that the occurrence of only one of these anomalies, the 
compact heart, was significant. It is of interest 
however, that although the frequency of occurrence of 
two of the three anomalies was insignificant, no
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anomalies of any type were observed in the fifteen 
control chick embryos that were not operated upon, 
which would imply that these anomalies occurred as a 
result of the microsurgery and not by chance.

The occurrence of anomalies was shown statistically 
to be significantly greater in the heterologous 
chimaeras (QACP and QPCA) than in the homologous 
chimaeras (QACA and QPCP) , and when comparing the two 
groups of heterologous chimaeras, the overall 
occurrence of anomalies was greater in the chimaeras 
that had posterior quail tissue transplanted to the 
anterior region of the chick (QPCA).

The two statistically insignificant anomalies that 
were observed consisted of inverted hearts that had 
turned to the embryo's left instead of right and hearts 
that exhibited an extra region of tissue. These two 
anomalies appeared in both the heterologous 
experimental chimaeras where the quail precardiac 
tissue was transplanted to an area heterologous to its 
origin and the homologous control chimaeras where the 

quail precardiac tissue was transplanted to an area in 
the chick homologous to its origin.

The statistically significantly occurring anomaly was 
that of the compact hearts. It is of further interest
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that this anomaly only occurred in the heterologous 
experimental chimaeras (QPCA) and not in the homologous 
controls (QACA or QPCP) or in the unoperated chick 
embryos. This would suggest that the compact heart 
anomaly arose as a result of quail tissue being 
transplanted to an area reciprocal to its origin. 
Furthermore, the statistical analysis revealed that the 
frequency of occurrence of the compact heart anomaly 
was only significant in the heterologous chimaeras that 
had precardiac tissue transplanted from the posterior 
of the quail to the anterior of the chick (QPCA).

Precardiac mesoderm in the anterior area of the 
heart-forming region has been shown by DeHaan (1963d) 
to differentiate earlier than that of the posterior 
region. Therefore the significant transplantation in 
the experiments reported in this chapter of posterior 
quail into anterior chick involved the grafting of 
"younger", (i.e. less-differentiated) posterior tissue 
into an anterior area of tissue that was "older" and 
further differentiated. In addition to this, as cells 
in the posterior heart-forming have not differentiated 
as much as those in the anterior, the posterior graft 
is thinner than the anterior area into which it is 
grafted.
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The appearance of the compact hearts in the chimaeras 
suggests that these hearts have failed to loop
successfully and have instead remained more in the 
midline. The occurrence of the inverted heart anomaly 
was not of statistical significance with regards to the 

criteria examined in the experiments. However, as this 
anomaly occurred in eleven of the ninety-three (1 1 . 8  %) 
chimaeras, it is of interest because it is an anomaly 
of the looping process. Therefore it would appear from 
the lack of looping in the compact hearts and the 
inverted loop in the inverted hearts that the
occurrence of both of these heart anomalies is somehow 
linked to the looping process, although a disruption in 
this alone may not be the only causal factor.

With regards to the compact heart anomalies observed
in the experiments described in this chapter, it is 
possible that a combination of a cut to the anterior 
area of the chick heart-forming region and the nature 
of the graft of posterior heart-forming tissue from the 
quail were two important factors affecting heart 
looping. In conjunction with the various theories of 
heart-looping discussed in the Introduction to this 
chapter (p. 205), it is possible that these two factors 
may affect either the shape change of the myocardial 

cells, myofibrillogenesis, the normal stress pattern of

308



the developing tubular heart, a combination of all 
three features, or even additional unknown features.

fromRegarding the inverted hearts that resulted the

transplantation experiments described in this chapter, 
one of the possible explanations for their occurrence 
is an increase in tension on the left side of

the heart. Lepori (1967) showed that a decrease in 
tension on the right side of the embryo or an increase 
in tension on the left side resulted in inverted hearts 
(see p.212). However, this explanation cannot be 
applied to the inverted-heart chimaeras as no 
significant differences were disclosed between left and 
right side transplantations.

It is difficult to conceive how the transplantations 
would affect such factors as myofibrillogenesis, 
myocardial cell shape, or tension, particularly as the 
occurrence of the compact heart anomaly was only 
significant when it resulted from a posterior to 
anterior transplantation. It is possible that the 
insertion of extra tissue as such into the anterior of 
the chick heart-forming region somehow interfered with 
the myofibrillogenesis or the stress pattern in that 
area to the extent that looping was interrupted, 
however this does not explain why only the insertion of 
posterior tissue and not anterior tissue was
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significant, as no compact heart anomalies were seen in 
the anterior to anterior transplantations. Similarly, 
if it was only the specific nature of the posterior 
area of quail heart-forming tissue (consisting of 
tissue that was thinner, younger and therefore less 
differentiated than the area into which it was to be 
transplanted), that was somehow interfering with the 
myocardial cells or the process of myofibrillogenesis 
in the developing heart, then this does not explain why 
compact heart anomalies were observed when the 
posterior tissue was transplanted to the anterior 
region and not when the posterior tissue was 
transplanted to the homologous posterior region.

Therefore it would seem likely that it is a 
combination of the nature of the posterior graft and 
its transplantation into the anterior area, that was 
responsible for the formation of the unlooped compact 
hearts.

The first evidence of looping of the early chick 
tubular heart is seen in the future ventricular region 
of the stage 9 heart (Hiruma and Hirakow, 1985) and at 
this stage the heart is made up predominantly of cells 
that originated from the anterior precardiac area 
(Manasek, 1968). Therefore, it can be inferred that 
precardiac cells that were anterior in origin are
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involved in the process of looping prior to precardiac 
cells that were posterior in origin. The most 
significant result obtained from the chick-quail 
chimaera experiments was the transplantation of 
posterior precardiac mesoderm into the anterior heart- 

forming region and this, together with the fact that
looping begins in the area of the heart which
originates from anterior precardiac cells, leads to the 
suggestion that some type of morphogen is present in 
the anterior and/or the posterior of the heart-forming 
mesoderm that partially controls the looping of the 
heart.

Wolpert (1969, 1970) proposed the existence of a
diffusible morphogenetic chemical that sets up a
positional information gradient in developing systems, 
thereby determining the developmental fate of the
surrounding cells. Kaufman et al (1978) have proposed 
such a gradient for the specification of compartments 
in Drosophila. A morphogen present in the anterior of 
the heart-forming area or early tubular heart could 
promote looping as the looping process begins in this 
area. Similarly, a morphogen present in the posterior 
of the heart-forming region could inhibit looping. 
Therefore, the transplantation of a graft of posterior 
precardiac tissue into the anterior heart-forming 
region is in effect introducing the loop-inhibiting
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factor into the area that would normally commence 
looping, hence producing the compact hearts that had 
failed to loop. That the introduction of posterior 
grafts into the posterior region did not produce 
chimaeras with compact hearts is in accordance with 
this morphogen hypothesis, as the pro-looping factor in 
the anterior region would not be affected and the 
tubular hearts would be able to loop successfully.

Further evidence to corroborate a chemical or 
biochemical involvement in heart looping comes from 
experiments with protein inhibitors. Chacko and Joseph 
(1974) noted that heart looping was either retarded or 
abnormal in chick embryos that had previously been 
exposed to 5-bromodeoxyuridine, a thymidine analogue 
that inhibits the synthesis of muscle-specific 
proteins. Later studies by Manasek (1976) revealed 
that looping in embryonic hearts was prevented when the 
protein-synthesis inhibitor, cycloheximide, was added 
to cultured chick embryos.
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Histological examination

Although quail cells were identified in the
chimaeras, the results were not such that the
developmental fate of the quail cells, with respect to 
their new position or original position, could be 
ascertained. The quail cells, while always situated 
within the area they had been planted, were generally 
present as a large mass of cells, and often projected 
into or outside the heart wall or were not part of the 
heart wall itself. This interfered with the
identification of the quail cells as having
differentiated into atrial or ventricular tissue, hence 
preventing any further determination of regional
commitment. Therefore the initial aims of determining 
when regional commitment takes place in the precardiac 
area and following this, whether positional information 
played a role in the regional commitment, could not be 
further fulfilled.

By measuring the thickness of the atrial and 
ventricular walls in the chick-quail chimaeras and 
comparing them to unoperated chick and unoperated quail 
embryos, various differences were observed. Both the 

unoperated chick and unoperated quail embryos displayed 
the characteristic thicker ventricle walls. However, 
in the chimaeric embryos, there was no significant
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difference in thickness between the walls of the atria 
and the walls of the ventricles. This was most likely 
accounted for by the approximately equal presence of 
quail cells in both the atrial and ventricle walls of 
the chimaeras (as approximately equal anterior-to- 
posterior and posterior-to-anterior transplantations 
were performed), making the walls relatively thick in 
the chimaeric embryos.

The thicker walls of the atria and ventricles in the 
quail compared to those of the chick is likely to be 
due to the quail embryos being from a slightly older 
stage (stage 11 to 12+, Hamburger and Hamilton, 1951) 
than the chick embryos (stage - 1 1  to 1 2 ) r so that the 
quail hearts were further developed, the cells further 
differentiated and the walls thicker. A further 
possible explanation for the thickness difference could 
be the presence of a species difference between chick 
and quail embryos.

The significantly greater thickness of the atrial and 
ventricular walls of the chimaeras when compared to 
those of the unoperated chick can be explained by the 
presence of masses of quail cells in the chimaera walls 
(both atrial and ventricular) making the walls 
relatively thicker in the areas measured. Again, as 
the number of reciprocal transplantations was
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approximately equal, both the atrial and ventricular 
walls would appear thicker as quail cells could be 
found in both. It is therefore of interest that there 
were no significant differences in wall thickness 
between the unoperated quail embryos and the chimaeras. 
This would imply that, although the chimaeras were on 
average of stage 1 1 (calculated by the number of 
somites as the stage of the heart was not a good 
criterion due to the frequent presence of anomalies) 
and were therefore younger than the quail embryos, 
their walls were of comparable thickness to those of 
the older quail. This can be explained by the frequent 
presence of the quail cells as separate masses in 
regions of the chimaera heart walls intimating that the 
latter were equivalent in thickness to walls of older 
hearts that would be further differentiated.
Several of the chimaeras displayed heart anomalies that 
caused the hearts to deviate greatly from the normal 
appearance and this itself could affect the thickness 
of the walls.

Therefore, although analysis of the wall thicknesses 
in the chimaeras and unoperated chick and quail embryos 
disclosed particular facts regarding differences or 
similarities, it is difficult to apply these to the 
determination of developmental fate.
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Embryo length

The length measurements of the chimaeras compared to 
those of control chick embryos revealed a number of
additional features that accompanied the disturbance of 
the looping process. The measurements of the total 
length of the embryo and the head and heart region 

provided information regarding the general size of the 
embryo, whereas the third calculation of the second
distance expressed as a percentage of the first
provided information on whether the head and heart
region were in proportion with the rest of the embryo. 
Statistical analysis revealed that the chimaeras 
exhibiting the extra tissue region anomaly were in the 
same length range as control chick embryos, whereas 
chimaeras exhibiting compact heart and inverted heart 
anomalies were generally shorter than control chick 
embryos. However, when examining whether the head and 
heart region was in proportion with the total length of 
the embryo, only the chimaeras exhibiting the compact 
heart anomaly were not in proportion, with the head and 
heart region being significantly shorter.

As the chimaeras with the extra tissue region anomaly 
were not significantly shorter than the control chick 
embryos, this excludes the possibility that the 
operational procedure in general was responsible for
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the shortened length found in other chimaeras. The 
feature that chimaeras with the compact heart or 
inverted heart anomalies had in common was the 
disturbance in the looping process. This disturbance 
was more severe in the chimaeras with the compact heart 
anomaly, as supported by the evidence that the 
distances in the inverted heart chimaeras, although 
smaller, were in proportion to one another, whereas the 
head and heart region in the compact heart chimaeras 
was out of proportion with respect to the total body 
length, the former being significantly smaller.

The involvement of the movement of the endoderm of 
the foregut with the formation of the heart (Stalsberg 
and DeHaan, 1968) has been discussed previously (p 
206). it is likely that the transplantation of 
posterior quail tissue into the anterior of the heart- 
forming region of the chick partially perturbed the 
movement of the foregut endoderm and possibly the 
development of the head fold. This would have the 
effect of shortening the head and heart region so that 
it was no longer in proportion with the rest of the 
embryo.

The aim of the experiments reported in this chapter 
was to further the results obtained in the earlier

317



experiments by Linask and Lash (1988b) and Satin et al 
(1988), both of which provided strong evidence that the 
cells in the heart-forming region were not committed to 
their developmental fate as early as stage 5 or 6 

(Hamburger and Hamilton, 1951) . There are slight 
discrepancies between the two sets of results from 
these authors as the results from Linask and Lash 

suggested that the heart-forming cells at stage 7 were 
regionally specialized whereas results from Satin et al 
suggest that the precardiac mesoderm cells at stage 5 
to 7 are not yet stably coded. These discrepancies can 
be explained by the fact that two separate processes 
are actually being studied with respect to 
developmental potential. Linask and Lash were
examining the anterior-posterior fibronectin gradient, 
and found that the cells responsible for the formation 
of this gradient were not committed at stage 5 but were 
specialized by stage 7. Whereas the experiments by 
Satin et al were aimed at the commitment of the 
precardiac cells to future intrinsic beat rate.

Although it is not possible from the results in this 
chapter to ascertain the time at which regional 
commitment occurs in the precardiac area and whether 
regional commitment takes place at the same time for 
different regions of the heart, the results from the 
Linask and Lash (1988b) and Satin et al (1988)
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experiments lead to the suggestion that different 
aspects of regional commitment in the precardiac area 
do not take place at the same time. Therefore, the
cells would be committed to form the anterior posterior 
gradient by about stage 7, but not yet committed as far 
as future intrinsic beat and likely not yet committed 
with regard to developmental fate.
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CHAPTER FIVE

GENERAL D I S C U S S I O N

Not enough information is known about the processes 
involved in normal heart development to enable us to 
fully comprehend the alterations that occur during

abnormal development. The heart is a very complex
structure so it is credible that several different 
aspects of development such as structure-function 
relationships, cell migration, cell interactions, 
tissue composition and many other properties are 
intimately associated with the normal development of 
the heart. Therefore it is important to remember, when 
examining one particular aspect, such as cell 
migration, that this aspect is not a solitary process, 
but is instead likely to occur in association with 
several other factors and processes.

Several cardiac malformations can be traced back to 

abnormalities in very early stages of heart 
morphogenesis. The looping of the heart takes place 
early on in cardiac morphogenesis and abberations in
this process have been linked to particular heart 
malformations. Fox and Goss (1957) related the 
occurrence of atrial malformations to distortion of the 
early heart loop after subjecting rat fetuses to the
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teratogen trypan blue. Similarly, Okamoto et al (1980) 
subjected rat fetuses to neutron irradiation and 
revealed a high incidence of conotruncal malformations 
in the developed hearts, the early stages of which 
revealed loop distortions which frequently included 
inversion of the heart loop so that it curved to the 
embryo's left rather than the normal right.

Although different aspects of heart formation were 
under examination in this thesis, the experiments with 
the ionophore monensin and the experiments involving 
the transplantation of quail precardiac mesoderm into 
the heart-forming areas of the chick (as described in 
Chapters Two and Four respectively), both produced 
embryos with heart malformations, many of which 
involved a failure of the heart to loop. Those in the 
monensin experiments were explained by the perturbation 
by the ionophore of various extra-cellular 
macromolecules, particularly fibronectin and hyaluronic 
acid, thus having the primary effect of interfering 
with migration of the precardiac mesoderm cells, a 
process that occurs much earlier in development than 
heart looping. Whereas the heart malformations in the 
transplantation experiments were more difficult to 
explain and were thought to have resulted from a 
combination of several factors, particularly a 
disturbance in the anterior heart-forming area caused

322



by the anterior incisions and the nature of the 
posterior quail tissue, both of which acted to disturb 
myofibrillogenesis, local tension and foregut 
formation. The possibility of the existence of a 
morphogen in the anterior and/or the posterior of the 
heart-forming region that partially controls heart- 
looping has been suggested.

It is therefore apparent that a fault in cardiac 
looping is of great importance in the pathogenesis of 
many common malformations and a better understanding of 
this event and the events that occur even prior to this 
in the initial formation of the early tubular heart is 
necessary before any advances in the prevention and 
treatment of congenital heart disease can be made.

In addition to the heart malformations revealed in 
both sets of experiments, another common anomaly 
revealed in the two areas of study was the shortened 
embryo length seen in embryos treated with monensin and 
chimaeras exhibiting compact hearts following the 
transplantation of quail tissue into the host chick. 
An interference in the formation of the anterior- 
posterior axis and the formation of the head-fold and 
foregut have been suggested to interpret these results. 
A reduction in tension in the embryo, caused either by 
the inhibition by monensin of specific macromolecules
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involved in setting up tension in the developing 
embryo, or the failure of the heart to loop due to a 

loss in local tension as seen in the transplantation 
experiments, may also explain the similar results in 
shortened embryo length.

Events as early as the initial cell migration of the 
precardiac mesoderm to the future site of the 
developing heart are of importance, not only with 
respect to the development of the heart, but also as a 
model for directional cell migration. The experiments 
reported in Chapter Three presented a valid method in 
which to examine certain aspects of directional cell 
migration. The aim of the experiment was to ascertain 
whether chemotaxis, in addition to haptotaxis (as shown 
by Linask and Lash, 1986; 1988a; 1988b), played a role 
in the directional migration of the precardiac cells, 
by providing the migrating precardiac cells with the 
supposed source of the chemotactic substance. The 
results were consistent with the concept that 
chemotaxis was not involved in the directional 
migration of the precardiac cells. Future work in this 

area is likely to involve the attempt to identify the 
factor or factors that control the synthesis and the 
organized alignment of the anterior-posterior gradient 
of fibronectin that is present at the mesoderm-endoderm 
interface in the heart-forming region.
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Both the experiments in Chapter Three, on directional 
cell migration in the precardiac region, and those in 

Chapter Four, on the differentiation of these cells in 
relation to positional information, relied on the 
technique of using nucleolar markers as a labeling 
mechanism to identify certain cells. Although this is 
useful as a cell marker for morphological aspects of 
development, it would seem that much of the future work 
on early heart development lies in the direction of 
using molecular techniques to identify receptors and 
genes that may be of importance in cardiac 
morphogenesis, thereby relating cardiac malformations 
to one or a series of specific molecular events. 
However, with the increasing use of molecular 
biological techniques, great care should be taken not 
to lose sight of the organism as a whole, so future 
research should involve an interaction of developmental 
biology at a gross morphological level, particularly 
comparative anatomy and embryology, together with 
cellular and molecular biology.
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APPENDIX I

New Culture
(After New, 1955).

The New Culture technique allows whole chick embryos to 
develop in vitro from an early stage for approximately 
24 hours, therefore allowing access to the embryo. 
Eggs were first incubated for the required period of 
time in a Westernette rotating incubator then removed 
soon before use and the shells wiped with 70% alcohol. 
The shell at the blunt end of the egg was removed using 
blunt forceps. The thick albumen was poured away but 
the thin albumen was decanted into a small beaker to be 
retained. When it was free of as much albumen as 
possible, the yolk was carefully tipped into a dish 
containing Pannett and Compton’s saline (see Appendix 
II) so that it was submerged and the remaining albumen 
was cleaned off the vitelline membrane surrounding the 
yolk with a Pasteur pipette. The vitelline membrane 
was carefully held with fine forceps and a cut was made 
with fine scissors around the equator of the yolk. 
Using two pairs of fine forceps, the vitelline 
membrane, with the underlying blastoderm, was gently 
peeled away from the yolk and transferred, still 
submerged in saline, to a sterile watch glass which was 
placed in a petri dish. Following this, manipulation
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of the vitelline membrane and blastoderm was conducted 
under a Nikon dissecting microscope.

The vitelline membrane was spread out, blastoderm- 
side up, on the watch glass and any residual yolk 
cleaned off carefully using a Pasteur pipette and 

saline. A sterile glass ring was placed on the 
membrane so that it encircled the blastoderm. With the 
membrane and ring still submerged, membrane outside the 
ring was carefully pulled up over the rim of the ring 
with fine forceps so that the membrane and blastoderm 

in the ring were pulled taut. Excess membrane on the 
rim of the ring was trimmed away and saline was removed 
from both the blastoderm surface and outside the ring. 
Approximately 1 ml of the thin albumen was applied to 
the outer side of the ring and the ring was gently 
lifted to allow the albumen to spread under the
vitelline membrane, therefore creating a system similar 
to that in vivo. Finally, approximately 2-4 ml of 

saline was added to the petri dish and a lid placed on
the dish to maintain humid conditions while in the
incubator. The petri dish was then placed in a

humidified incubator at 37.5° C.

BLASTODERM

VITELLINE
MEMBRANE PETRI

DISH

SALINE ALBUMEN
WATCH GLASSGLASS RING
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APPENDIX II

Pannett and Compton's Saline

Two separate solutions, A and B, were prepared:

SOLUTION A: NaCl 121.0 g
KC1 15.5 g

CaCl2 7.7 g
MgCl2 .6 H2 O 0.4 g

Make up to 1 litre with distilled water

SOLUTION B: Na2HP04 1.887 g
NaH2 PO4 .H2 O 0.145 g

Make up to 1 litre with distilled water

Solutions A and B were put in separate medical flat 
bottles and autoclaved.

To make up a working volume of Pannett and Compton's 

saline, 900 ml of distilled water were autoclaved in a 
conical flask prior to requirement. When they had 
cooled, 40 ml of solution A and 60 ml of solution B 
were added to the conical flask to produce 1 litre of 
Pannett and Compton's saline.
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APPENDIX III

Photography

Wholemount embryos were photographed with an Olympus 

OMIO 35 mm camera with a bellows attachment and 20 mm 
lens. Illumination was by either direct or reflected 
fibre optics (Schott Mainz). Histological sections 
were photographed with an Olympus OM2 35 mm camera with 
a Zeiss WL photomicroscope. Fluorescence photographs 
were taken with a Zeiss fluorescence photomicroscope.

For wholemount and histological photographs, Ilford Pan 

F 3 5 mm (50 ASA) black and white, or Kodak Ektachrome 
35 mm (200 ASA) films were used. For fluorescence 
photographs, Kodak Tri-X Pan (400 ASA) black and white 
film was used.

Black and white film processing was done with Paterson 
Acutol developer and Amfix fixer. Black and white 
prints were made on Ilford Multigrade III RC deluxe 
paper with an enlarger and processed with Ilford 
Multigrade developer and Amfix fixer. Colour films and 
prints were processed commercially.
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APPENDIX IV

Alcian Blue Method for staining for Acid 
Mucopolysaccharides 

(After Steedman, 1950).

Method:
1. Bring sections to water, removing mercury 

precipitate where necessary.
2. Stain in a freshly filtered 1.0% solution of 

Alcian Blue 8GX in 3% acetic acid [pH 2.2] 
Recommended time, 10-30 minutes.
(Best result was obtained after 25 minutes 
staining).

3. Rinse in distilled water.
4. To distinguish hyaluronic acid; stain in 1% 

neutral red for 60 seconds recommended time.
(Best result was obtained after 20-30 seconds).

5. Rinse quickly in water.
6 . Blot dry and allow to dry completely in air (22° 

to 37°C).
7. Clear in xylene and mount in DPX.
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APPENDIX V

Fixatives for Immunocvtochemical localization of 
Fibronectin for Early Chick Embryos 

treated with Monensin 
(After Harrisson et al, 1984).

METHOD 1: PARAFORMALDEHYDE SOLUTION.

Required concentrations Stock solutions
Cacodylate buffer pH 7.4 0.1M 0.2M
Paraformaldehyde 1 % 4%
Glutaraldehyde 0.5% 25%

CaClz ImM lOmM

Preparation of Cacodvlate Buffer 0.2M
Dissolve 4.28g sodium cacodylate trihydrate in 100 ml 
distilled water. Adjust to pH 7.4 using 0.2 N (= 0.2M) 
HC1 (approximately 5.5 to 6.0 ml HC1).

Preparation of 4% Paraformaldehyde
Dissolve lg of paraformaldehyde in 25ml distilled 
water. Heat water to 80°C. Add paraformaldehyde to 
water in fume cupboard and stir on a magnetic stirrer. 
Add a few drops of 1M NaOH to clear the solution. Cool 
rapidly using water from cold tap or ice. Filter if
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there are any particles which remain. Must be made up 
freshly.

Glutaraldehvde 25%
Is supplied as a 25% solution.

Preparation of Calcium Chloride lOmM 
Molecular weight of Calcium Chloride is 219.09g. 
Therefore dissolve 0.219g of CaCl2 .6H2 0 in 100 ml 
distilled water to give lOmM.

Composition of 100ml of fixative:
50ml 0.2M buffer
25ml 4% paraformaldehyde
2 ml 25% glutaraldehyde

1 0 ml calcium chloride
13ml distilled water

METHOD 2: ETHANOL SOLUTION.

96% ethanol containing 1% acetic acid.

Composition of 100ml of fixative:
96ml absolute ethanol 
lml acetic acid 
3ml distilled water
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APPENDIX VI

Method for Immunocvtochemical localization of 

Fibronectin in early chick embryos 
treated with Monensin

REAGENTS:

Goat Anti-Human Fibronectin
The stock solution was prepared by adding 2ml of 
deionized water to reconstitute the powder, dissolving 
the latter to give a final volume of 2ml. Various 
dilutions were prepared in order to determine the 
optimum dilution necessary to produce the required 
amount of fluorescence. The dilutions used were 1/10, 
1/50 and 1/100 of stock solution.

Rabbit Anti-Goat Immunoglobulin G; FITC conjugate 
This was supplied as a solution in 0.01 phosphate 
buffered saline, pH 7.4, containing 0.1% sodium azide 
and 1% bovine serum albumen. The stock solution was of 
a concentration of l.Omg/ml. Two dilutions of 1/50 and 
1/100 of stock solution were used.

Phosphate buffered saline (PBS) was used for diluting 
the antibodies and for rinsing the treated sections on 
the slides.
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METHOD:

1. Mark off sections.
2. De-wax sections in xylene and bring them down 

through a series of alcohol concentrations to PBS.
3. Soak slides in PBS. 10 minutes recommended time.
4. Treat with 1% Bovine Serum Albumen in PBS. 30 

minutes recommended time.
5. Quick rinse in PBS.
6. Anti-Fibronectin diluted in PBS. 1 hour 

recommended time.
(Refrigerated in sealed box to retain moisture).

7. Wash in PBS for 15 minutes, changing solution once 
and agitating occasionally.

8. Anti-Goat IgG and FITC diluted in PBS. 1 hour 
recommended time. (Refrigerated in sealed box to 
retain moisture).

9. Wash in PBS for 15 minutes, changing solution once 
and agitating occasionally.

10. Mount in DABCO or Citifluor.
11. Examine under fluorescence microscope.
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APPENDIX VII

Data for t test comparing results in 
Table 2.7 and Table 2.8.

A = total length of embryo (mm).
B = length from apex of head to sinus venosus (mm).
C « B expressed as a percentage of A.
y =* data from Table 2.7.
z = data from Table 2.8.

A B C

NUMBER IN GROUP (ny) 10 10 10

MEAN (Y) 5.78 1.98 34.23
STANDARD DEVIATION (oy) 0.363 0.194 1.706

NUMBER IN GROUP (nz) 27 27 27
MEAN (Z) 4.45 1.28 28.87
STANDARD DEVIATION (az) 0.562 0.251 4.59

DEGREES OF FREEDOM (d.f.; 35 35 35

VALUE OF t A-C tA = 8.42 tB = 9.01 = 5.17
Significance
(Probability < 0.001) + + +
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APPENDIX VIII

Agar-coated dishes

AGAR SOLUTION:

0.5 g agar
25 ml Earle's Balanced Salt Solution 
(see Appendix IX)
15 ml Culture Medium 212H (see Appendix X)

The agar and the Earle's Balanced Salt Solution were 
heated and brought to the boil, then allowed to cool in 
a water bath to 37°C. The culture medium was warmed to 
37° C and added to the cooled agar solution. This 
final solution was kept warmed to maintain the solution 
at a runny consistency. Approximately 1 ml of the 
final solution was added to each sterile Nunclon tissue 
culture dish so that the base of each dish was covered. 
Coated dishes were kept refrigerated until use.
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APPENDIX IX

Earle's Balanced Salt Solution
(From Gibco Catalogue on Liquid Media, p.18)

Inorganic Salts: g/L
NaCl 6.8
KC1 0.4
MgS04 .7H20 0.2

NaH2P04 . 2H2 0 0.158
CaCl2 .2H2 0 0.264 or CaCl2 .6H20 0.393 g/L

NaHC03 2.2 (added after autoclaving)

Other Compounds; g/L 
glucose 1.0
phenol red 0.01

All ingredients except for the 2.2 g of sodium hydrogen 
carbonate were made up to 890 ml with distilled water. 
This was sterilized by autoclaving and stored in 
medical flat bottles, each containing 178ml.

Each bottle was buffered with 22 ml of 1% sodium 
hydrogen carbonate which was added by syringe through a
0.22 um Millipore filter.
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APPENDIX X

Culture Medium 212H 
(After DeHaan, 1964).

For a final volume of 20 ml:

4 ml chick embryo extract (see Appendix XI)
6 ml horse serum (Gibco 034-06050 H)
10 ml Earle's Balance Salt Solution

(see Appendix IX)

50 ug/ml Penicillin-Streptomycin (Gibco 15P2171)

The above ingredients are combined under sterile
conditions.
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APPENDIX XI

Chick Embryo Extract 
(From "Cell and Tissue Culture” edited by J. Paul, 
1970, p 78).

Hens' eggs were incubated for 8 to 10 days. A simple 
embryo juice is prepared by the following method which 
basically involves the placing of the embryos into the 
barrel of a syringe and expressing them into a suitable 
receiver. This juice is the diluted with a balanced 
salt solution to 50% so that subsequent to 
centrifugation, the supernatant constitutes EEso.

Method of Preparation:

1. Wipe the egg shell with 70% alcohol and crack 
the blunt end open with a pair of large forceps.

2. Remove the shell over the air space to expose 
the membrane which is then removed.

3. Slip a curved pair of forceps under the embryo's 
neck, applying no pressure, and extract the 
embryo slowly from the egg and deposit it in a 
dish containing saline.

4. When all the embryos have been removed (ten is a 
sufficient number), rinse each embryo three 
times in balanced salt solution (or Pannett and
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Compton's saline) to remove blood and yolk.
Drop embryos into the barrel of a syringe and 
gently insert the plunger. Insert the tip of 
the syringe into the centrifuge tube and express 
the embryos.

Add an equal volume of balanced salt solution 
(Earle's Balanced Salt Solution, see Appendix 
IX, or Tyrode's Saline, see Appendix XV) to the 
pulp and stir with a sterile glass rod. Leave 
for 30 minutes at room temperature and then 
centrifuge for 20 minutes at 2000G.
Remove the supernatant (EEso), distribute to 
Eppendorf tubes and stopper.
Store in refrigerator if extract is to be used 
the same day. For longer storage (up to 6 
weeks) use deep freeze. Before use, thaw slowly 
and centrifuge for 10 minutes at 2000G.
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APPENDIX XII

Carnov's Fluid (Fixative)
(After Carnoy, 1887; in "Carleton’s Histological 
Technique" edited by R.A.B. Drury and E.A. Wallington, 
1967, p44).

For a final volume of 100 ml:

60 ml absolute alcohol
30 ml chloroform
10 ml ethanoic acid

Fix for approximately 1 hour, then dehydrate in 95% and 
100% alcohol (about 15 minutes in each alcohol).

Carnoy's fluid is a rapidly penetrating and acting 
micro-anatomical or cytological fixative. Its primary 
use is for the quick fixation and partial dehydration 
of tissues for early analysis.
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APPENDIX XIII

Staining Method for Quail Marker using 
Harris's Haematoxvlin 

(After Hutson and Donahoe, 1984; in "Stain Technology" 

59: 2) .

The following method has been successfully used on 
avian embryonic tissue that has previously been fixed 
with Carnoy1s Fluid (see Appendix XII) and stored in 
cedar wood oil, prior to wax embedding and microtome 
sectioning.

PROCEDURE:
1. De-wax sections with xylene.
2. Transfer sections to absolute alcohol, then

through 90% and 70% to distilled water.
3. Pass slides quickly through a dish of distilled 

water that has been previously warmed to 37°C.
4. Carry out hydrolysis with 3.5N HC1 for 45

minutes at 37°C.
(The acid should be warmed in advance and kept
in a sealed plastic box while in the incubator.)

5. Rinse with running tap water for 15 to 30
minutes then rinse with distilled water.

6. Stain with Harris's Haematoxylin for 5 minutes
then blue in tap water for a short time.
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Differentiate with acid alcohol. (A few quick 

dips is sufficient.)
Blue in tap water for 20 minutes.
Dehydrate in graded alcohols, clear with xylene 
and mount.
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APPENDIX XIV

Trvpsinization

Blastoderms were placed in a Nunclon tissue-culture 
dish that contained Pannett and Compton's Saline. The 
saline was removed and replaced with the trypsin 
solution. The tissue-culture dish was incubated at 
37°C for 10 to 15 minutes, then removed to room 
temperature where the trypsin was removed and the 
embryos rinsed first in CMF Tyrode's Saline (see 
Appendix XV) then Pannett and Compton's Saline. This 
procedure facilitates the separation of cells from one 
another, therefore assisting in the separation of the 
mesoderm from the endoderm and ectoderm.

PREPARATION OF TRYPSIN SOLUTION:

1. Prepare a 0.1% solution of Trypsin 1:250 (DIFCO 
0152-13-1) in CMF Tyrode's (see Appendix XV), 

allowing the solid to dissolve over 1 to 2 
hours.

2. Pre-filter the solution using non-sterile 
Millipore filters, 0.45 pm followed by 0.22 pm 
pore size.
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Filter the solution through a sterile 0.22 
Millipore filter into a sterile MacCartney 
bottle.
Store frozen.
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APPENDIX XV

Calcium and Magnesium Free (CMF) Tyrode*s Saline

PREPARATION OF 10 X CONCENTRATED STOCK SOLUTION:

NaCl 80.0 g
KC1 2.0 g
NaH2 P04 0 . 5 g
Glucose 10.0 g

Made up to 900 ml with distilled water.

The 10 X solution was sterilized by autoclaving and 
stored in medical flat bottles.

For use, the concentrated stock solution was diluted as
follows:

1. 90 ml of stock solution was made up to 900 ml
with sterile double distilled water.

2. 180 ml was poured into each of 5 medical flat
bottles.

3. 20 ml of 1% Sodium Hydrogen Carbonate was added
by syringe through a 0.22 pm Millipore filter to 
each bottle.
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APPENDIX XVI
Data for t test comparing results in Table 4.20 A-C 
GROUP A = Control (unoperated) chick embryos 
GROUP B = Control (unoperated) quail embryos 
GROUP C = Experimental chimaeric embryos 
x = data from Table 4.20 A
y = data from Table 4.20 B
z = data from Table 4.20 C

ATRIUM VENTRICLE

NUMBER IN GROUP (nx) 8 8
GROUP A MEAN (X) 10.1 13.1

STANDARD DEVIATION (ax) 1.47 2.33
NUMBER IN GROUP (ny) 10 10

GROUP B MEAN (Y) 13.7 16.7
STANDARD DEVIATION (ay) 1.63 2.56
NUMBER IN GROUP (nz) 22 22

GROUP C MEAN (Z) 14.8 16.1
STANDARD DEVIATION (az) 3.79 3.62

df = degrees of freedom
1. Comparing atrium and ventricle measurements in
group A (unoperated chick embryos):
df = 14 t = 3.08 and therefore significant at p<0.01 
(1.0 % level).
2. Comparing atrium and ventricle measurements in
group B (unoperated quail embryos):
df = 18 t = 3.13 and therefore significant at p<0.01 
(1.0 % level).
3. Comparing atrium and ventricle measurements on
group C (experimental chimaeras):
df = 14 t - 1.137 and therefore not significant at 
p<0.05 (5.0 % level).

4. Comparing atrium measurements in group A
(control/unoperated chick embryos) to atrium
measurements in group B (unoperated quail embryos):
df = 16 t = 4.92 and therefore highly significant at 
p<0.001 (0.1 % level).
5. Comparing atrium measurements in group A
(control/unoperated chick embryos) to atrium
measurements in group C (experimental chimaeras):
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df = 28 t = 4.93 and therefore highly significant at 
p<0.001 (0.1 % level).
6. Comparing atrium measurements in group B 
(unoperated quail embryos) to atrium measurements in 
group C (experimental chimaeras):
df = 30 t = 1.19 and therefore not significant at 
p<0.05 (5 % level).
7. Comparing ventricle measurements in group A
(control/unoperated chick embryos) to ventricle 
measurements in group B (unoperated quail embryos):
df = 16 t = 3.12 and therefore significant at p<0.01 
(1.0 % level).
8. Comparing ventricle measurements in group A
(control/unoperated chick embryos) to ventricle 
measurements in group C (experimental chimaeras):
df = 28 t - 2.66 and therefore significant at p<0.02 
(2.0 % level).
9. Comparing ventricle measurements in group B
(unoperated quail embryos) to ventricle measurements in 
group C (experimental chimaeras):
df = 30 t - 0.53 and therefore not significant at 
p<0.05 (5.0 % level).
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APPENDIX XVII
Data for t test comparing results in 

Table 2.7 and Table 4.21 A-C
D = total length of embryo (mm).
E = length from apex of head to sinus venosus (mm).
F = B expressed as a percentage of A. 
w = data from Table 2.7 [Unoperated chick embryos]
x = data from Table 4.21 A [Compact heart]
y = data from Table 4.21 B [Opposite-side heart]
z = data from Table 4.21 C [Extra tissue region]
Values D, E and F from Tables 4.21 A to C were compared 
to those values from Table 2.7 (unoperated chick 
embryos in New Culture) in order to determine whether a 
significant difference in the length of the head and 
heart region existed between unoperated chick embryos 
and the chick-quail chimaeras that exhibited particular
a n o m a 1 l e s

D E F
NUMBER IN GROUP (nw) 
MEAN (W)
STANDARD DEVIATION (aw)

10
5.78
0.363

10
1.98
0.194

10
34.23
1.706

NUMBER IN GROUP (nx) 
MEAN (X)
STANDARD DEVIATION (ox)

19
5.19
0.765

19
1.43
0.315

19
27.40
3.038

DEGREES OF FREEDOM (d.f. 
VALUE OF t tD 
Significance (%) +

,) 27 
= 2.81 
(1%)

27
tE = 5.80 
+ (0.1%)

27
tE = 7.75 
+ (0.1%)

NUMBER IN GROUP (ny) 
MEAN (Y)
STANDARD DEVIATION (ay)

8
5.20
0.419

8
1.70
0.167

8
32.64
2.510

DEGREES OF FREEDOM (d.f. 
VALUE OF t D-F tD 
Significance (%) +

,) 16 
= 3.09 
(1%)

16
tE = 3.20 
+ (1%)

16
tF = 1.53 
- (5%)

NUMBER IN GROUP (nz) 
MEAN (Z)
STANDARD DEVIATION (az)

10
5.54
0.183

10
1.87
0.106

10
33.62
1.347

DEGREES OF FREEDOM (d.f, 
VALUE OF t D-F tD 
Significance (%)

J 18 
= 1.87 
(5%)

18
tE =1.55 
- (5%)

18
tE =0.89 
- (5%)
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Summary. The chick heart is formed from bilateral 
patches of presumptive cardiac mesoderm cells which 
migrate over the endoderm and fuse in the midline. We 
have tested the possibility that this migration is con
trolled, at least in part, by a chemotactic substance ex
uded by the anterior end of the endoderm. We have 
used chick/quail combinations to follow naturally 
marked cells during the course of their migration. Chi- 
maeric embryos were formed by fusing together parts 
of chick and quail embryos of stage 5-6. Each embryo 
possessed two pairs of precardiac regions, the quail pair 
lying immediately anterior to that of the chick. These 
chimaeras were then explanted in embryo culture. In 
the event of chemotaxis, cells from the posterior end 
of the quail precardiac mesoderm might be expected to 
invade the chick area. Samples of explants and chimaer
as were examined at intervals from 2 to 24 h, but in 
no case were cells found to have changed their direction 
of migration as a result of the proximity of anterior 
endoderm. It is concluded that this work does not pro
vide evidence for a chemotactic attraction by the anteri
or end of the endoderm.

Key words: Fibronectin -  Precardiac mesoderm -  Cell 
migration -  Chemo -  Chick/quail

Introduction
The splanchnic mesoderm cells which will give rise to 
the heart in the chick embryo are located on either side 
of the primitive streak, as a crescent at the anterior end 
of the area pellucida (Fig. 1 A). Experiments in which 
the right and left arms of this region have been followed
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and AHA 880696 (JWL); the British Heart Foundation, and Action Research (R.B.); and an SERC postgraduate studentship 
(HSE).
Offprint requests to: H.S. Easton

by cell labelling or by time-lapse cinematography have 
shown that the tissues migrate in an anterior direction 
into the midline where they fuse to form the primitive 
heart (DeHaan 1963). Most of the cells remain as a sheet 
whilst migrating, and are destined to form the myocar
dium. Others, however, separate off from the sheet and 
form the endocardial cells (Manasek 1976).

An important relationship exists between the 
splanchnic mesoderm and the underlying endoderm dur
ing the migration of the heart cells to the midline. Initial
ly it was thought that the mesoderm was carried passive
ly by the endoderm during the formation of the foregut, 
but it was later shown that it moved actively over the 
endoderm (Rosenquist and, DeHaan 1966). According 
to DeHaan (1963), the endoderm cells themselves begin 
to change at about this time from an irregular polygonal 
shape to a spindle shape, and he suggested that they 
provided orienting cues for the migrating mesoderm 
cells; this idea was in accordance with the concept of 
contact guidance of Weiss (1961).

Recently, however, Linask and Lash (1986), whilst 
supporting the idea that the endoderm plays a key role 
in the migration of the mesoderm, have been unable 
to find evidence of shape changes in the endoderm. 
These authors have studied the localisation of fibronec
tin at the mesodermal/endodermal interface during early 
heart development, and have demonstrated a correlation 
between fibronectin distribution and directional migra
tion. Thus, cellular fibronectin is not present at this in
terface until just before directional cell migration occurs, 
but it then increases steadily until by stage 7 there is 
a gradient in its distribution, the greatest amount being 
cranial to Hensen’s node. Linask and Lash suggested 
that the precardiac cells are guided up this gradient in 
a haptotactic manner. ( ’’H aptotaxis” is the migration 
up a gradient of adhesiveness on the substratum, as de
fined by Carter 1965). Further evidence to support this 
idea was obtained when the migration of the precardiac 
mesoderm was found to be disturbed in embryos treated 
with anti-fibronectin antibody (Linask and Lash 1988); 
similarly, explants of precardiac mesoderm were found



to be inhibited from migrating in vitro when treated 
with the specific adhesion peptide of fibronectin, 
GRGDS (Lash et al. 1987).

The possibility remains that the distribution of fibro
nectin may not be the sole factor controlling the direc
tional migration of the precardiac mesoderm cells. An
other possibility is that chemotaxis plays a role. (Chemo
taxis may be defined as the control of migration by a 
gradient caused by a chemical diffusing through a solu
tion from a source; it differs from an increasing concen
tration of fibronectin which is brought about by varying 
degrees of synthesis along the pathway). DeHaan (1964) 
investigated this idea of chemotaxis by dissecting the 
precardiac mesoderm region from each of two chick em
bryos and explanting the pieces of tissue in juxtaposi
tion. Each graft consisted of mesoderm and its normal 
substrate, endoderm. The mesoderm migrated only to 
the anterior end of its own piece of endoderm and there 
formed pulsating heart tissue, even when the anterior 
end of the other piece was nearer. Although this suggests 
that chemotaxis was not a factor, that interpretation 
was not tested fully, since at that time there was no 
available marker for avian embryonic cells.

Fortunately, it is now possible to use the nucleolar 
marker of quail embryos (Le Douarin & Barq 1969), 
and we have therefore devised experiments to test for 
the possibility that chemotaxis may be a factor in this 
directional migration. We have confronted chick and 
quail explants to determine whether an anterior portion 
of a chick precardiac-forming region (the putative region 
for a chemotactic influence) would attract adjacent quail 
cells. Additionally we have constructed chick/quail chi- 
maeras to test for in situ attraction.

First, we have modified the in vitro experiments of 
DeHaan (1964) by confronting chick and quail explants. 
Second, we have extended the analysis by confronting 
anterior and posterior precardiac cells in situ in chimaer- 
ic embryos.

In each case the rationale is to test if the cells of 
the anterior end actively attract those of the posterior 
end (whether by chemotaxis or not). Thus, do cells of 
posterior origin migrate towards the nearest cells of an
terior origin?

Materials and methods

Tissue explants. Chick and quail embryos were incub,ated to stage 6 of Hamburger and Hamilton (1951) and the prospective heart me
soderm, together with the associated endoderm, was then dissected from each embryo with tungsten needles. The shape of each piece was such that it was possible to recognise the anterior and posterior borders after it had been removed from the donor (Fig. 1 A). Paired 
chick and quail explants were transferred to agar-coated dishes and cultured in contact with one another, following the technique 
of DeHaan (1964). They were positioned so that they were arranged either “in tandem” (Fig. 1 B) or "abutting” (Fig. 1 C) one another. 
The aim of the “in tandem” experiments was to give cells from 
the posterior end of one piece the opportunity to be attracted by the adjacent anterior end of the other piece; the “abutting” 
experiments acted as a control and were designed to see if cells migrated from one tissue to another, irrespective of chemotaxis. 
The culture medium was 20% chick embryo extract, 30% horse

A

Fig. 1. A Diagram of a stage 6 embryo to illustrate the location 
and shape of the presumptive cardiac areas of DeHaan {stippled). 
The region of mesoderm and endoderm removed for explantation 
{outlined in black) is of such a shape that its anterior {a) and posterior {p) ends can be readily recognised at all stages during the trans
plantation procedure. B. C Diagram of two pairs of explants at 
the onset of the experiment, arranged in tandem B, or abutting 
C

Experim ental chim aera

ChickQ u ail

Control chim aera

Fig. 2. Diagram to illustrate how an experimental chimaera was obtained by grafting the precardiac area of one embryo (in this 
case a quail) anterior to the precardiac region of the other embryo 
(in this case a chick). The control chimaera was formed from the remnants of the two embryos and lacked precardiac tissue. The line of grafting extended across the area opaca (not illustrated here)

serum, 50% Eagle's Balanced salt solution, plus 50 pg/ml of strep
tomycin and 100 units/ml penicillin. The explants were then incubated for 17-24 h at 37 °C before fixation.
Chimaeric embryos. Chick and quail embryos were incubated to 
stage 5 or 6 of Hamburger and Hamilton (1951) and removed



from their eggs into a petri dish. The chick vitelline membranes 
were set up as for New cultures (New 1955). A chick and a quail 
of corresponding stage of development were assembled in a plastic 
culture dish (Falcon, USA). The anterior end of one was then 
grafted to the posterior part of the other, in such a way that the 
two prospective heart regions were in one chimaera (the experimental chimaera), and there was no prospective heart region in the 
other chimaera (the control chimaera), (Fig. 2). If heart tissue sub
sequently formed in the control chimaera, then this indicated that 
the full extent of the prospective heart area had been underestimated. Conversely, if the experimental chimaera possessed two hearts separated by non-cardiac tissue, then this indicated that the extent 
of the prospective heart tissue had been overestimated.

Before the microsurgery was carried out, one embryo was 
placed on the other so that the two endodermal surfaces were 
in contact. When the desired orientation had been achieved, cuts were made through the full thickness of the two embryos using 
either iridectomy scissors or Borrodaile knives. In successful cases 
the chick and quail tissues fused with each other along the line 
of the cut, so that both the experimental and control chimaera were produced simultaneously. Each chimaera was now removed to the prepared vitelline membrane in the New culture dish, and 
spread out with the ectoderm against the vitelline membrane. The 
culture dishes were placed in an incubator at 37.5 °C for periods up to 24 h.

In addition to the control chimaeras, two other control series were produced. Twelve “ normal controls ” consisted of unoperated chick embryos explanted in New culture under the same conditions 
as the experimental embryos. Six “supplementary controls”, which were acquired accidentally during the course of the experiments, 
consisted of chimaeras in which the line of fusion did not pass through cardiac tissue.
Histology. Specimens were fixed in Carnoy’s fluid (Lillie 1965) for about 1 h. After dehydration in graded ethanols, they were embed
ded in paraffin wax, serially sectioned in a longitudinal plane at 7 pm and stained with haematoxylin and eosin according to the 
technique of Hutson and Donahoe (1984).

Results
Tissue explants. Twenty eight pairs of explants fused suc
cessfully and developed heart vesicles (see Table 1). Most 
of these explants showed some rounding up, but the 
distortion was not usually such as to prevent identifica
tion of the antero-posterior axis. In eight specimens, 
however, the chick and quail explants had twisted

around each other so much that it was not possible to 
find a suitable plane for sectioning; these specimens were 
therefore not examined further. The remaining 20 were 
serially sectioned.

Prior to fixation, the antero-posterior orientation of 
each explant was determined from its shape, and the 
location of any beating heart tissue was recorded. In 
23 (82%) of the explant pairs, beating heart tissue was 
visible. Further evidence as to the position of heart tissue 
was obtained from the serial sections. The fused explants 
did not remain completely flattened on the substrate 
however, so it was not possible to pass through the entire 
length of the explant in a single section. Furthermore, 
the large bulk of the mesoderm in the grafts, in compari
son with tbe endoderm, resulted in heart tissue extending 
over a considerable region of the explant. Careful inspec
tion of every section in each series was therefore neces
sary to determine the position of the heart tissues.

In 14 (77%) out of a total of 18 cases where an 
explant had been placed “ in tandem ” with another ex
plant (Fig. 1B), it formed a separate beating heart vesicle 
at its own anterior end (Fig. 3); in 7 of these cases the 
chick component was at the anterior end, and in the 
other 7 at the posterior end (Table I). Similarly, in nine 
out of ten (90%) of the controls, where the two explants 
had been in an “ abutting” arrangement (Fig. 1C), 
hearts formed at the anterior end of each explant. A 
single large heart developed if the two anterior ends had 
been in contact (Fig. 4, Table 1), and two separate hearts 
if the posterior ends had been in contact (not shown). 
In the remaining cases of both experimental and control 
explants, it was not possible to decide whether the heart 
tissue had migrated anteriorly or not.

There was no evidence in any of the “ in tandem ” 
explants which were examined histologically that cells 
had migrated from one explant to the other. Irrespective 
of the relative positions of the chick and quail explants, 
there was a sharp boundary between the two tissues 
(Figs. 3, 4), and this was seen in every section of each 
series. Although it was easier to be confident of the re
sults when the quail tissues were in the “ anterior” posi
tion, nevertheless, the distinct boundary between chick 
and quail was apparent whatever the relative positions.

Table 1. Chick-quail explants which exhibit beating heart tissue and anterior migration of 
precardiac tissue
Type of 
explant No. of 

explants
Beating
heart

No.
sectioned

Anterior 
migration in chick

Anterior 
migration in quail

Tandem3 8 7 (88%) 5 4 (80%) 3 (60%)'T' A hTandem 10 7 (70%) 8 7 (88%) 7 (88%)
Abutting0 6 6(100%) 3 3 (100%) 3 (100%)Abutting*1 4 3 (75%) 4 4 (100%) 3 (75%)

28 23 20
a In tandem with chick explant anterior to quail b In tandem with quail explant anterior to chick 
c Abutting with anterior ends of the explants in contact d Abutting with posterior ends of the explants in contact (control)
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Fig. 3. Longitudinal section through an in tandem pair of explants 
in which the quail tissue was placed anteriorly. The quail heart vesicle is situated at the anterior end of the quail tissue, but because of its large size and the angle of section, it appears to be present throughout this section. Several small chick heart vesicles can be seen in the anterior area of the chick explant. In adjacent sections 
these vesicles join to form a cardiac mass at the anterior end of the chick explant. There is a clear division between the chick explant and the quail explant, and no quail cells appear to have migrated into the chick tissues, x 270. Ac, anterior end of chick explant; Ac/, anterior end of quail explant; Pc, posterior end of 
chick explant; pq, posterior end of quail explant; c.h.v., chick heart vesicles; q.h.v., quail heart vesicles
Fig. 4. Longitudinal section through an abutting pair of explants, 
in which the anterior ends of the two explanls were fused, x 270. Labels as in Fig. 3

Similarly, in the control explants where the two tissues 
abutted a sharp boundary was subsequently discovered.

Chimaeric embryos. Almost all the experimental chi
maeras developed well and differentiated to give not 
only hearts, but other axial tissues such as brain, spinal 
cord and somites. After about 20-24 h they had usually

reached the equivalent of stage 12-13 (Hamburger and 
Hamilton 1951), and corresponded with that of the un
operated normal controls explanted in New culture 
under comparable conditions.

Not all the resulting chimaeras were suitable for pro
cessing. Some, whilst remaining fused in the area opaca 
region, had not healed to one another satisfactorily in 
the midline, whilst in others the two axes were not well 
aligned. Neither of these two types of chimaeras could 
therefore be included among the successful experimental 
material.

Difficulties sometimes arose in assessing the anterior 
and posterior limits of the prospective heart areas at 
the time of operation, though any faults could be identi
fied later if the experiment was maintained until the 
heart beat began. Thus, if some of the precardiac materi
al had been excluded from the chimaera, this could be 
seen as beating tissue in the accompanying control chi
maera. By contrast, if some non-cardiac material had 
been included, so that the two precardiac masses were 
not in contact in the region of fusion, this became appar
ent later when two well-defined hearts developed, which 
were separated by a non-cardiac region. Whilst most 
of these chimaeras were discarded, a few were retained 
and sectioned and became the Supplementary controls.

Forty embryos were considered to have fused and 
developed satisfactorily. Twenty seven of these were 
fixed after 18-24 h, whilst 13 were fixed after 3-6 h. In 
those specimens maintained for a sufficiently long peri-



Fig. 5. A Chimaera fixed 22 h after grafting. The quail 
component (q) is at the anterior end and consists of truncus (qt), 
ventricle (qv) and atrium (qa).The chick component consists of left and right truncus (not visible 
at this level of focus), ventricles 
(lev, rev) and atria (lea, rca). x 30 B Coronal section through same chimaera. It is not possible to see 
all the cardiac components in a 
single plane, x 70
Fig. 6. A Control chimaera made from the same embryos as the one in Fig. 5. Fixed after 22 h. 
The chick component (c) is at the anterior end. No heart tissue is 
visible, x 40 B Coronal section through the same control 
chimaera to show absence of 
heart tissue, x 66
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Fig. 7. Enlargement of part of section adjacent to Fig. 5 B to show Fig. 9. Enlargement of part of section through the control chimaerathe sharp border between chick and quail cells. At this level the in Fig. 6B. The quail tissues extend down the right side of thequail endoderm (qe) extends further caudally than the mesoderm photograph. x450
of the chick truncus (ct). x 360

Fig. 10. Part of coronal section through chimaera fixed after 21 h. 
Fig. 8. Section through a chimaera fixed after 21 h. The junction The chick component (c) lies at the anterior end. The atrium (r«)of the chick and quail ectoderm is shown (arrow). Note that this of the chick is continuous with the thick walled truncus (qt) of
does not coincide with the junction of the chick and quail meso- the quail but there is a sharp border between them (arrow), x 425derm (not shown), x 560



od, the anterior embryo developed a heart with a single 
truncus and ventricle and, depending on the stage 
reached, a single or bifid atrium. The posterior embryo 
always exhibited diplocardia, the truncus of each small 
heart being continuous with the atrium (or occasionally 
sinus venosus) of the anterior embryo. In these speci
mens, the hearts were usually beating in both partners; 
in nine chimaeras, quail heart tissue only was found 
to be beating, despite the fact that both donors had 
been at the same stage of development at the time of 
operation. In two instances, where the chick heart alone 
was beating, the chick donor had been at stage 6 and 
the quail at stage 5 at the time of operation. The relative 
positions of the chick and quail appeared to be unrelated 
to the onset of heart beat. When unoperated control 
embryos were grown alone in New culture, the heart 
beat was found to begin at about stage 10-11.

Figures 5 and 6 illustrate a pair of chimaeras which 
have been allowed to develop for 24 h after fusion. A 
complex multiple heart can be seen in the experimental 
chimaera (Fig. 5), whilst no cardiac tissue is visible in 
the control chimaera (Fig. 6).

Longitudinal sections show that the junction between 
the chick and quail cells in a particular chimaera is not 
necessarily at precisely the same level for each tissue. 
This was the case for both the experimental (Figs. 7, 
8, 10) and control chimaeras (Fig. 9) and cannot there
fore be considered as the result of a specific disturbance 
of the precardiac tissue. More significantly from the 
viewpoint of the present investigation, these sections give 
no evidence for the penetration of mesoderm cells from 
the anterior heart mesoderm of any chimaera into the 
posterior part, or indeed of the reverse situation. The 
interface between quail and chick cells was always sharp
ly defined for each tissue, and intermingling of even two 
or three cells was rare. Similar results were obtained 
when chimaeras were examined at short intervals after 
fusion, e.g. after 3 h. Similarly, a sharply defined border 
was seen in sections of control chimaeras (Fig. 9).

Discussion
The aim of these experiments was to determine whether 
chemotaxis played a role in the migration of the precar
diac mesoderm. Trinkaus (1984) has described chemo
taxis as a “ means whereby cells may both acquire direc
tional movement and accumulate at a common destina
tion. -  Chemotaxis is involved when the direction of 
movement of cells is influenced by a gradient in concen
tration of a substance in solution” . This phenomenon 
is different from chemokinesis, where movement is pro
voked by the immediate chemical environment. (Hapto- 
taxis may be considered as a type of chemokinesis where 
a specific ligand on a substratum provokes movement, 
but toward increasing concentration of the ligand). Ide
ally, therefore, the proof of the presence of a chemotactic 
gradient requires the demonstration of such a substance, 
a requirement which is difficult to fulfil except in such 
special cases as the migration of leucocytes in vitro, or 
of slime moulds (see discussion by Trinkaus 1984).

An alternative approach, which we have used in these 
experiments, is to determine whether a group of cells 
can change the direction in which they migrate when 
they are placed near the supposed source of the putative 
chemotactic gradient. In both sets of experiments we 
have given the posterior cells of the precardiac region 
the opportunity to change their direction of migration 
by placing them closer to the anterior end of the asso
ciated explant, or embryo, than to their own anterior 
end.

The results were entirely consistent with the interpre
tation that chemotaxis does not play an identifiable role 
in the directional migration of the precardiac mesoderm. 
In no case did we find evidence that the direction of 
migration was altered by the grafting. These experiments 
may be considered negative in the sense that no evidence 
was obtained for chemotaxis in the migration of the 
precardiac mesoderm. If there were a species specific 
chemotactic factor in chick and/or quail our experimen
tal design would be invalid. However the extensive work 
that has been done with chick/quail chimaeras provides 
no evidence of species-specific mechanisms in cell move
ment (Le Douarin 1982). Our results are therefore not 
inconsistent with previous work on the migration of pre
cardiac mesoderm. DeHaan (1964) and Linask & Lash 
(1986, 1988), using unlabelled cells, have obtained evi
dence that is consistent with the interpretation that a 
haptotactic mechanism along a gradient of fibronectin 
at the mesoderm-endoderm interface is the only mecha
nism that can be substantiated by experimentation. The 
theoretical possibility remains that in our experiments 
the cells have responded to the haptotactic influence of 
their own substratum and have ignored a chemotactic 
influence from the neighbouring tissues; in that case, 
we would conclude that the supposed chemotactic effect 
was of minimal importance in comparison with the hap
totactic one. A similar situation appears to exist in the 
elongation of the pronephric duct. Zackson and Stein
berg (1987) who carried out grafting experiments in Am- 
bystoma mexicanum, concluded that the migrating tip 
was guided by information in the local substrate (i.e. 
chemokinesis) rather than by chemotaxis from a distant 
source.

Both of these experiments contrast with the findings 
on avian neural crest migration. Although neural crest 
cells from quails migrate extensively through chick tis
sues, apparently taking chemokinetic cues from a fibro
nectin substratum (Erickson 1987), they pass through 
and over heterogeneous tissues. By contrast, precardiac 
mesoderm migrates in intimate contact with the underly
ing endoderm. The reasons for the differences are un
known, but may reside in the complexity of the cell re
ceptors for fibronectin and their transmembrane effects 
upon cytoskeletal elements (cf. Buck and Horwitz 1987; 
Hynes 1987; Yamada 1989).

An additional interesting finding of the present ex
periments was that extensive shifting of the tissues had 
taken place in the chimaeric embryos, yet the precardiac 
mesoderm persisted in following the cues associated with 
its own endoderm, to which it is firmly attached. The 
ectodermal layer in the precardiac mesoderm region has



no noticeable effect upon the mesodermal migration 
(DeHaan 1964; Linask and Lash 1986,1988). Thus both 
the explant experiments of mesoderm and attached en
doderm, and the fusion chimaera embryos, fail to dem
onstrate chemotaxis, but suggest that some other mecha
nism, such as haptotaxis, may be a regulating factor 
for directional cell migration in early heart development.
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